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We previously reported the development of a prototype antibiotic sensitivity assay to detect drug-resistant Mycobacterium tu-
berculosis using infection by mycobacteriophage to create a novel nucleic acid transcript, a surrogate marker of mycobacterial
viability, detected by reverse transcriptase PCR (M. C. Mulvey et al., mBio 3:e00312-11, 2012). This assay detects antibiotic resis-
tance to all drugs, even drugs for which the resistance mechanism is unknown or complex: it is a phenotypic readout using nu-
cleic acid detection. In this report, we describe development and characteristics of an optimized reporter system that directed
expression of the RNA cyclase ribozyme, which generated circular RNA through an intramolecular splicing reaction and led to
accumulation of a new nucleic acid sequence in phage-infected bacteria. These modifications simplified the assay, increased the
limit of detection from 104 to <102 M. tuberculosis cells, and correctly identified the susceptibility profile of M. tuberculosis
strains exposed for 16 h to either first-line or second-line antitubercular drugs. In addition to phenotypic drug resistance or sus-
ceptibility, the assay reported streptomycin MICs and clearly detected 10% drug-resistant cells in an otherwise drug-susceptible
population.

Multidrug-resistant tuberculosis (MDR-TB) is caused by My-
cobacterium tuberculosis strains resistant to at least two of the

drugs, isoniazid (INH) and rifampin (RIF), in the recommended
four-drug TB treatment regimen (1). The World Health Organi-
zation (WHO) estimates the prevalence of MDR-TB to be approx-
imately 50 million people worldwide (2), expanding by nearly
500,000 new cases each year (3). A more disquieting development
is the increase in and global distribution of extremely drug-resis-
tant TB (XDR-TB) (M. tuberculosis resistant to INH, RIF, and key
second-line drugs) (4). Early recognition of M/XDR-TB through
the use of an accurate and sensitive antibiotic susceptibility test
(AST) promises to improve patient outcomes and assist in TB
control efforts.

Due to the notoriously slow doubling time of M. tuberculosis, a
standard AST using culture takes several weeks to months. Cul-
ture-based assays are the gold standard for AST, however, because
they measure every type of drug susceptibility and do not require
knowledge of the genetics underlying resistance. However, they
are slow or too insensitive to interrogate effects of antibiotics on
small numbers of M. tuberculosis present in most clinical samples.
Rapid molecular diagnostic tests such as Xpert MTB/RIF (Ceph-
eid) and GenoType MTBDR (Hain Lifescience) are the emerging
standard for rapid INH- or RIF-resistant M. tuberculosis detec-
tion, markers of MDR-TB, because their detection thresholds
from patient specimens are comparable to culture (5, 6). These
tests identify M. tuberculosis DNA in a patient sample and detect
common mutations that confer resistance to INH (GenoType
MTBDR) and/or RIF (GenoType MTBDR and Xpert MTB/RIF)
in 2 h (Xpert MTB/RIF) or 2 days (GenoType MTBDR) from the
initiation of the test. However, although these assays identify
MDR-TB, they do not detect susceptibility to the other first- or
second-line drugs. They are an excellent epidemiologic tool and
an indicator of what drugs not to use, but they do not function as
an AST should, guiding clinicians to the drugs that will be effective
for treating an individual patient.

For antitubercular drugs other than RIF and INH, the various
genes and genetic mutations responsible for clinical drug resis-

tance are either unknown or too numerous to test in a simple
assay. Clearly, a rapid technology capable of detecting phenotypic
drug resistance from low numbers of M. tuberculosis is needed. To
achieve this goal, we designed a nucleic acid detection system that
measures the phenotypic effects of antimicrobials. This strategy
combines the best attribute of nucleic acid detection methods,
namely, the ability to rapidly detect low numbers of cellular nu-
cleic acids, with the best attribute of phenotypic assays, namely,
the ability to detect the biological effects antimicrobials exert on
susceptible microorganisms.

The reporter system has two functional cassettes: (i) the SP6
RNA polymerase (SP6Pol) gene under transcriptional control of a
promoter active in mycobacteria and (ii) the consensus SP6Pol
promoter that directs expression of an SP6Pol-dependent tran-
script (7). The reporter system is incorporated into a mycobac-
teriophage for delivery into M. tuberculosis and the SP6Pol-
dependent transcript is detected by reverse transcription-PCR
(RT-PCR) in infected cells. In our previous publication describing
the prototype system, the assay detected �104 M. tuberculosis cells
and correctly identified drug-resistant M. tuberculosis strains. The
SP6Pol-dependent transcript is called the surrogate marker locus
(SML) since it is a nucleic acid that functions as a surrogate marker
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of bacterial metabolic capacity. The reporter system is called the
SML generation module (SGM), and the reporter phage encoding
the prototype SGM is phSGM1. The prototype SML expressed in
cells infected with phSGM1 is a linear RNA copy of its cognate
DNA locus in the phage genome. Because this RNA transcript is
not present in the input phage, synthesis of the SML indicates the
presence of metabolically active M. tuberculosis. Detection of this
linear SML RNA, however, is laborious because phage DNA must
be degraded prior to RT-PCR. Furthermore, the prototype
phSGM1 assay could not detect �104 CFU of M. tuberculosis.

We describe here phSGM2, a second-generation, improved
version of phSGM1. The SGM in phSGM2 was optimized for
function in mycobacteria, encoded the RNA cyclase ribozyme un-
der SP6Pol transcriptional control, and generated a circular SML
RNA (cSML) resulting in a new nucleic acid sequence distinct
form its cognate DNA locus. This simplified the assay and im-
proved both limits of M. tuberculosis detection and ability to detect
drug-resistant M. tuberculosis strains, including clinical isolates,
by themselves, as well as when seeded into drug-sensitive popula-
tions.

MATERIALS AND METHODS
Propagation of bacterial strains and phages. M. smegmatis mc2155 and
mc24502 (8) were obtained from William Jacobs, Albert Einstein College
of Medicine. All mycobacteria were maintained in 7H9 broth supple-
mented with Middlebrook oleic acid-albumin-dextrose-catalase (OADC)
and 0.01% Tween 80. Both the RIF-resistant (RIFr) and the ethambutol-
resistant (EMBr) M. tuberculosis strains used in the present study were
created and isolated from H37Rv by Sequella, Inc., and maintained as for
H37Rv. The MICs of RIFr M. tuberculosis to RIF and EMBr M. tuberculosis
to EMB were �32 �g/ml for each. Both resistant strains were susceptible
to all other anti-TB drugs tested. The deidentified clinical isolates tested in
here were previously obtained from the State of Maryland TB Lab and are
maintained at Sequella. The drug susceptibility profile of each strain was
determined by Bactec 460 or agar proportion method (data not shown).
Recombinant mycobacteriophages phSGM2 and phPleft-Cyc were propa-
gated using mc24502 as described previously (8).

Recombinant mycobacteriophage construction and production.
The SGM was synthesized de novo by GenScript, USA. To create phSGM2,
we integrated the SGM into a mycobacteriophage TM4 shuttle phasmid
between nucleotides 47314 and 50108 of the TM4 genome. SGM integra-
tion was performed by GeneBridges, GmbH, using Red/ET recombineer-
ing. To create phPleft-Cyc, we amplified by PCR the region in the SGM
downstream of the SP6 promoter and upstream of the SP6MCS-T7-rrnC
termination region. This product was then fused to the Pleft promoter and
integrated into the mycobacteriophage TM4 shuttle phasmid between
nucleotides 47314 and 50108 of the TM4 genome using Red/ET recom-
bineering.

Shuttle phasmid DNA was then isolated and electroporated into
mc24502 to create infectious phage, as described previously (9). Phage
stocks were prepared by elution from confluent and lysed mc24502 aga-
rose overlays using MP buffer (50 mM Tris, 150 mM NaCl, 10 mM MgCl2,
2 mM CaCl2 [pH 7.6]), followed by low-speed centrifugation to pellet
insoluble debris and filtration to sterilize the preparation. Phage stocks
were adjusted to 1010 PFU/ml in MP buffer, treated with 50 ng of RNase A
per ml for 2 h at 37°C to degrade cSML produced during phage growth on
mc24502 overlays, and then stored at 4°C.

Phage infection. Mycobacteria were washed three times with 7H9
broth supplemented with OADC (7H9-A) to remove Tween 80. Myco-
bacterial suspensions (0.2 ml) were then added to the wells of a 48-well
tissue culture dish and incubated at 37°C for 2 h (M. smegmatis mc2155)
or a minimum of 16 h (M. tuberculosis). Phage (50 �l) in MP buffer was
then added, and infected cells were incubated at 37°C.

RNA purification. Total RNA was isolated by adding 0.75 ml of
TRIzol-LS containing 1.3 �g/ml poly(I·C) to 250 �l of sample. The mix-
ture was then transferred to a lysing matrix B tube (MP Biomedicals), and
cells were disrupted by two 50-s rounds of bead beating on a Mini-Bead
beater (BioSpec Products) set at 4,800 oscillations per min. Samples were
cooled on ice for at least 1 min between bead-beating cycles. Chloroform-
isoamyl alcohol (24:1; 0.2 ml) was then added, the aqueous fraction was
combined with an equal volume of 70% ethanol, and the final suspension
was added to an RNeasy silica spin column (Qiagen). RNA was then
purified according to the manufacturer’s directions and eluted in 50 �l of
RNase-free water containing 4 U of RNaseOUT (Life Technologies).

One-step real-time RT-PCR to detect cSML. A 20-�l reaction mix
was prepared that contained 7.4 �l of purified total RNA, 10 �l of Express
SuperScript qPCR SuperMix Universal, 2 �l of Express SuperScript Mix
for One-Step qPCR, and 200 nM concentrations of oligonucleotides, spe-
cifically, P1 (5=-GCGTCGGTGACAAAGGCCACGA-3=), P2 (5=-CAA
TGGATTCTGAGGTTGCTGCTTTGG-3=), and a molecular beacon
(5=-FAM-CGCACGATGTGTAAAGCCGGAGCTCACGTGCG
-DABCYL-3=). Express One-Step reagents were purchased from Life
Technologies, and oligonucleotides were synthesized by Eurofins/Operon
MWG and maintained in 10 mM Tris-HCl (pH 8.0)– 0.1 mM EDTA (pH
8.0). One-Step RT-PCR was performed on a PikoReal 24-well real-time
PCR system (Thermo Fisher Scientific) under the following conditions:
50°C for 15 min, 94°C for 3 min, and then 45 cycles of 94°C for 30 s, 57°C
for 30 s, and 72°C for 30s. FAM data acquisition was performed during the
57°C extension step.

RT-PCR to detect cSML and 16SrRNA using SYBR green. A 20-�l
reaction mix contained 5 �l of purified total RNA, Superscript III RT (Life
Technologies), and 2 �M P1 or 16S-Reverse (5=-GCGACGCTCACAGT
TAAGCCGTG-3=) oligonucleotides. Reaction mixtures were incubated at
42°C for 30 min and heat inactivated at 70°C for 15 min. Then, 2 �l of RT
reaction mixture was added to a 20� Power SYBR green PCR master mix
(Life Technologies) containing 200 nM P2 or 16S-Forward (5=-GCTTTA
GCGGTGTGGGATGAGCC-3=) oligonucleotides. PCR was performed
under the following conditions: 94°C for 3 min, followed by 45 cycles of
94°C for 30 s, 57°C for 30 s, and 72°C for 30 s. SYBR green data acquisition
was performed during the 57°C extension step.

Determining the dynamic range of cSML detection by one-step RT-
PCR. In vitro-transcribed cSML was generated by linearizing 100 ng of
plasmid pSP6Pro-Cyc with HindIII, followed by addition to an in vitro
transcription reaction mixture containing 1 U/�l purified SP6 RNA poly-
merase (New England BioLabs), 40 mM Tris-HCl (pH 7.9), 10 mM di-
thiothreitol, 2 mM spermidine, 4 mM concentrations of each nucleotide
triphosphate, 8 mM MgCl2, and 0.8 U/�l RNaseOUT. The reaction mix-
ture was incubated at 40°C for 1 h. DNA was then digested by adding
RNase-free DNase I and DNase I reaction buffer (New England BioLabs),
followed by incubation at 37°C for 2 h. EDTA was then added to a final
concentration of 18 mM, and the sample was heat inactivated at 75°C for
10 min. Finally, duplicate 10-fold serial dilutions of in vitro-transcribed
cSML were made in RNase-free water and added to a one-step RT-PCR.
The average cycle detection threshold for each dilution was plotted to
determine the dynamic range of the one-step RT-PCR cSML detection
assay, which is described by the equation y � (109)�0.557x, where x is the
cycle detection threshold, and y is the relative level of cSML in a sample.

Determination of the limit of detection. H37Rv or mc2155 cells were
washed and adjusted to an optical density at 600 nm (OD600) of 0.2. Serial
10-fold dilutions of cells were prepared in 7H9-A medium. A 0.2-ml vol-
ume of each dilution was added to duplicate wells of a 48-well dish and
also plated on duplicate 7H10 agar dishes to determine the number of
CFU. For the detection of mc2155, cells in 48-well culture dishes were
incubated for 2 h at 37°C and infected with 50 �l of a 107-PFU/ml stock of
phSGM2 for 4 h. For the detection of H37Rv, cells in 48-well culture
dishes were incubated for 16 h at 37°C and infected with 50 �l of a 106-
PFU/ml stock of phSGM2 for 4 h. RNA was then purified, cSML was
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detected by real-time RT-PCR, and the relative levels of cSML in samples
were calculated.

Antibiotic susceptibility testing. Washed mycobacterial cells were
adjusted to an OD600 of 0.02 in 7H9-A medium containing antibiotics at
the following concentrations: 1 �g/ml RIF, 0.1 �g/ml INH, 1 �g/ml strep-
tomycin (STR), 5 �g/ml EMB, 500 �g/ml p-nitrobenzoic acid (PNB), 0.25
�g/ml moxifloxacin (MOX), 5 �g/ml ethionamide (ETH), 2 �g/ml para-
amino salicylic acid (PAS), 4 �g/ml kanamycin (KAN), 1 �g/ml amikacin
(AMK), 1.6 �g/ml SQ109, and 40 �g/ml cycloserine (CS). Cells (0.2 ml)
were then added to wells of a 48-well dish, followed by incubation at 37°C
for either 16 or 40 h. The phSGM2 diluted to 107 PFU/ml in MP buffer (50
�l) was then added, followed by incubation at 37°C for 4 h. The total RNA
was then purified using TRIzol-LS and bead beating, the cSML and/or 16S
rRNA was amplified and detected, and the relative levels of cSML in sam-
ples were calculated.

To determine RIF and STR MICs using Trek Sensititre MycoTB plates
(Thermo Fisher Scientific), we added 100 �l of washed RIFr cells at an
OD600 of 0.02 to the wells, incubated the plate at 37°C for 16 h, and then
infected the wells with 25 �l of phSGM2 diluted to 107 PFU/ml in MP
buffer for 8 h. We added 100 �l of 100% ethanol to the wells, and the
mixture was transferred to a microcentrifuge tube containing 200 �l of
100% ethanol, followed by incubation at room temperature for 15 min to
inactivate M. tuberculosis. Buffer RLT (425 �l; Qiagen) was then added,
and the mixture was applied to an RNeasy silica spin column. The total

RNA was then purified, the cSML was amplified and detected, and the
relative levels of cSML in samples were calculated.

Susceptibility to an antibiotic was determined if drug treatment re-
sulted in �10-fold reduction in cSML levels compared to the untreated
control. Conversely, resistance was scored if drug treatment resulted in a
�10-fold reduction in the cSML levels compared to the untreated control.
These cutoff values were based on the extensive work performed by the
Jacobs group to evaluate rapid AST using recombinant luciferase reporter
phages (10).

RESULTS
Detection of mycobacteria by phSGM2. Figure 1A and B de-
scribes the overall construction of the various components of
phSGM2 and the actions and order of actions following infection
of M. tuberculosis with the recombinant phage that results in the
detection of viable bacterial cells. To determine the lowest number
of cells detected by phSGM2, we made serial dilutions of M. smeg-
matis strain mc2155 or M. tuberculosis strain H37Rv (Fig. 1C). The
dilutions were plated to determine the number of CFU and also
infected with phSGM2. Uninfected 105 CFU and phage alone
served as controls. At 4 h postinfection (p.i.), total RNA was pu-
rified and cSML measured by RT-PCR. The cSML was not de-
tected in samples containing �105 CFU of either mc2155 or

FIG 1 phSGM2 design, cSML detection assay dynamic range, and detection of M. smegmatis and M. tuberculosis. (A) The mycobacteriophage TM4 genome is
depicted as a solid black line at the top of the figure. The direction of phage gene expression by host RNA polymerase is indicated by the dashed arrow above the
phage genome. The site in the phage genome where the SGM is inserted is indicated and expanded. The SGM is comprised of two cassettes. The first is the SP6Pol
ORF under transcriptional control of the mycobacteriophage L5 Pleft promoter (open star), which directs expression of SP6Pol during infection of mycobacteria.
The SP6Pol ORF is codon optimized for efficient translation in M. tuberculosis, and translation initiation is directed by the Shine-Dalgarno sequence upstream
of the TM4 major capsid subunit. The second cassette encodes the SP6 promoter (filled star) fused to a downstream sequence encoding several functional
modules. The SP6 promoter cassette is flanked by transcription terminators. Upstream of the SP6 promoter is the E. coli rrnBT2 terminator (gray dot) (17), which
precludes transcription of the SP6 promoter cassette by host RNA polymerase. We positioned three terminators downstream of the SP6 promoter cassette: phage
SP6 major capsid subunit (SP6MCS; blue dot) (8), T7 (orange dot) (15), and the E. coli rrnC (green dot) (17) terminators. These terminators were designed to
lower the frequency at which elongating SP6Pol transcribes the SP6Pol ORF. We also positioned several functional modules downstream of the SP6 promoter:
T1 and T2 encoded sites to which primers P1 and P2 bind. These sites were oriented such that upon binding to T1 and T2, primers P1 and P2 are unable to
generate a PCR amplification product. Adjacent to T1 and T2 were exons A and B. RC1 and RC2 were positioned at the 5= of exon A and 3= of exon B, respectively.
RC1 and RC2 encode two halves of the RNA cyclase (RC) ribozyme (10). After transcription of this locus by SP6 Pol, a single-stranded RNA was synthesized that
had one half of RC (RC1) fused to the 5= end of exon A followed by T1, T2, and the other half of RC (RC2) fused to the 3= end of exon B. Once RC2 was synthesized,
RC1 and RC2 interacted and formed the active RC ribozyme, which mediated circularization of the single-stranded RNA between RC1 and RC2 by fusing exons
A and B via a splicing reaction. Fusion of exons A and B created a new nucleic acid sequence distinct from the cognate DNA locus in the phage genome and
constituted generation of the cSML. In addition, RC1 and RC2 fused to each other as a by-product. Finally, detection of the cSML was performed using P1 and
P2 because the splicing of exons A and B generated an intervening sequence between the 3= ends of P1 and P2, resulting in the creation of a template for RT-PCR
amplification. The cSML was amplified by using a one-step, combined RT-PCR and detected by a molecular beacon. (B) The dynamic range was determined by
cSML synthesis from HindIII-digested pSP6Pro-Cyc by in vitro transcription. Duplicate 10-fold serial dilutions were prepared, and cSML was amplified. The
average cycle detection thresholds for each dilution were plotted, and the best-fit line through the data points is described by the equation y � (109)�0.557x, where
x is the cycle detection threshold, and y is the relative level of cSML in a sample. This equation is used to determine the relative level of cSML present in a sample.
(C) Determination of the lowest numbers of M. smegmatis mc2155 and M. tuberculosis H37Rv detected by the assay.
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H37Rv (Fig. 1C) but was observed in phage alone controls. De-
spite the presence of cSML in the phage alone controls, cSML
generation from as few as 18 CFU of mc2155 or 94 CFU of H37Rv
infected with phSGM2 were detected with statistical significance
(Fig. 1C).

AST of M. tuberculosis using phSGM2 reporter phage. To
evaluate the ability of phSGM2 to determine M. tuberculosis anti-
biotic susceptibility, we left drug-susceptible H37Rv cells un-
treated or treated them with first-line anti-TB drugs RIF, INH,
STR, or EMB. The cells were also treated with PNB, which exhibits
antimycobacterial activity only against members of the TB com-
plex and is used to verify that a sample does not contain nontu-
berculous mycobacteria. After either 16 or 40 h of antibiotic ex-
posure, the cells were infected with phSGM2 for 4 h. The total
RNA from each sample was then purified and cSML detected by
RT-PCR. The level of cSML in untreated cells infected with
phSGM2 was �1,000-fold higher than the phage alone controls.
The level of cSML in infected cells exposed to antibiotics for either
16 or 40 h was reduced to background levels (Fig. 2A). Using
�10-fold reduction in drug-treated samples compared to un-
treated controls as the cutoff for drug susceptibility, these data
demonstrate that phSGM2 could report susceptibility to all first-
line anti-TB antibiotics, excluding PZA (not shown) after less than
1 day of drug exposure. Furthermore, the dynamic range of the
assay was �1,000-fold between drug-treated and untreated sam-
ples. The phSGM2 also reported susceptibility to all second-line
anti-TB drugs tested (Fig. 2B). To determine whether the differ-
ences in cSML levels between untreated and drug-treated samples
was due to effects on cSML generation or to global effects on
cellular RNA, or differences in the number of cells added to each

sample, we performed RT-PCR to detect cSML and 16S rRNA
using purified total RNA from the samples in Fig. 2A (Table 1). In
samples treated with antibiotics, cSML levels were reduced 12 to
15 cycles compared to the untreated control, whereas 16SrRNA
was reduced by, at most, 4.4 cycles (RIF-treated sample). This
demonstrated that the �1,000-fold differences in cSML levels ob-
served between untreated and drug-treated cells infected with
phSGM2 were not due to loading errors or pleiotropic effects of
antibiotics on cellular RNA.

To determine whether phSGM2 reported drug resistance, we
exposed two H37Rv variants to nothing (“no drug”) or to RIF,
EMB, or PNB. One variant was susceptible to EMB and PNB but
resistant to RIF (RIFr), and the other was susceptible to RIF and
PNB, but resistant to EMB (EMBr). After 16 h of drug exposure,

FIG 2 phSGM2 accurately detected susceptibility and resistance to all classes of anti-TB drugs. (A and B) cSML generation in H37Rv cells infected by phSGM2
and exposed to first-line (A) and second-line (B) anti-TB drugs. (C) phSGM2 detected resistance to RIF and EMB in RIFr and EMBr H37Rv variants. (D and E)
phSGM2 accurately reported the INH and RIF (D) and STR and KAN (E) susceptibility profiles of clinical isolates 386, 622, 7739, 8330, 8668, and 9016.

TABLE 1 Cycle detection thresholds (CT) for SYBR green real-time RT-
PCR detection of cSML and 16S rRNA from H37Rv cells treated with
first-line anti-TB drugs and infected with phSGM2a

Drug

CT
a

cSML 16S rRNA

No drug (no RT) ND 41.95
No drug 22.07 30.16
RIF 37.36 34.59
INH 34.95 32.20
STR 35.38 34.04
EMB 35.07 32.49
PNB 36.66 33.77
Phage alone 36.41 ND
a ND, not detected. Data from one representative replicate are presented.
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M. tuberculosis samples were infected with phSGM2 for 4 h, total
RNA was purified, and cSML was detected by RT-PCR (Fig. 2D).
cSML generation in untreated RIFr and EMBr cells infected with
phSGM2 was robust, whereas exposure to PNB reduced cSML
generation by between 100- and 1,000-fold, demonstrating that
the organisms were M. tuberculosis. Treatment of the EMB-sus-
ceptible RIFr variant with EMB reduced cSML generation simi-
larly to PNB. However, treatment with RIF did not significantly
reduce cSML generation because the variant was resistant to RIF.
Finally, treatment of the RIF-susceptible variant EMBr with RIF
reduced cSML generation �100-fold. However, treatment with
EMB did not significantly reduce cSML generation because the
variant was resistant to EMB. These data demonstrate that cSML
generation in phSGM2-infected cells could identify both drug sus-
ceptibility and drug resistance.

H37Rv is a standard, widely used M. tuberculosis laboratory
strain that is highly metabolic compared to clinical isolates, espe-
cially M/XDR-TB isolates. To determine whether phSGM2 is able
to report drug susceptibility and resistance in clinical isolates, sev-
eral INH- and STR-resistant clinical isolates maintained at Se-
quella, Inc., were tested for susceptibility to INH and RIF (Fig. 2D)
or to STR and KAN (Fig. 2E) after 40 h of drug exposure prior to
phage infection. In all clinical isolates tested except strain 8330,
cSML levels in the untreated control were elevated at least 100-
fold more than the PNB background. Strain 8330 was the slowest
growing of all isolates tested (M. Mulvey, unpublished observa-
tions), and the cSML levels in the untreated control were 16-fold
higher than the in PNB background control (Fig. 2D), reflecting
the low metabolic activity of this strain. Despite the low metabolic
activity of strain 8330, phSGM2 correctly reported 8330 RIF sus-
ceptibility and INH resistance. In addition, phSGM2 correctly re-
ported the susceptibility profile of the other clinical strains to
INH, RIF, STR, and KAN.

Expression of cSML by SP6Pol is required to accurately re-
port drug susceptibility. Synthesis of cSML in phSGM2-infected
cells could be mediated by host RNA polymerase rather than
SP6Pol. Furthermore, the report of drug susceptibility by
phSGM2 could simply reflect lower levels of phage gene expres-

sion by host RNA polymerase. In this situation, it would be far
simpler to use wild-type phages as reporters and measure accu-
mulation of an endogenous phage transcript. To determine
whether cSML synthesis by SGM encoded SP6Pol was required for
accurate reporting of drug susceptibility, we constructed phPleft-
Cyc (Fig. 3A). Compared to phSGM2, phPleft-Cyc does not en-
code SP6Pol and the Pleft promoter directs host RNA polymerase
to express cSML. As can be seen in Fig. 3B, H37Rv cells infected
with phSGM2 synthesized dramatically higher levels of cSML
compared to cells infected with phPleft-Cyc. This suggests that
there was an SP6Pol-mediated positive feedback loop. Specifically,
a subset of transcripts initiated at the SP6 promoter by SP6Pol
continued through the triplet termination unit downstream of
RC2 and transcribed the SP6Pol open reading frame (ORF), re-
sulting in enhanced synthesis of SP6Pol compared to that ex-
pressed by host RNA polymerase, which in turn mediated in-
creased cSML generation. The levels of cSML in RIF-treated cells
infected with either phSGM2 or phPleft-Cyc were reduced to back-
ground levels. Furthermore, in phSGM2-infected cells treated
with STR, the cSML levels were reduced to background, indicating
STR susceptibility. However, cSML levels were unaffected in cells
infected with phPleft-Cyc and treated with STR. These findings
suggest that accurate reporting of susceptibility to bacteriostatic
agents that target cellular protein synthesis must couple signal
generation to translation.

phSGM2 reports STR MIC. RIFr cells were added to wells of a
Sensititre MycoTB dish containing STR, RIF, or excipient control
to determine the MICs of STR and RIF. After overnight incuba-
tion, the cells were infected with phSGM2, and cSML generation
was measured by RT-PCR. All STR concentrations of �0.5 �g/ml
resulted in �1,000-fold reductions in cSML synthesis. However,
once the STR concentration fell below 0.5 �g/ml, cSML genera-
tion was indistinguishable from that of the untreated controls.
This identifies 0.5 �g/ml as the STR MIC against this M. tubercu-
losis strain, which agrees with Bactec 460 (data not shown). No
MIC for RIF was identified because the strain was resistant to RIF.

phSGM2 detected RIFr M. tuberculosis in a drug-susceptible
population. To determine the level of drug-resistant bacteria that

FIG 3 SP6Pol encoded in phSGM2 lead to increased cSML generation in infected cells and was required to report susceptibility to STR. (A) cSML expression was
controlled by host RNA polymerase in cells infected with mycobacteriophage phPleft-Cyc. (B) cSML levels in H37Rv cells infected with phSGM2 accumulated to
higher levels than in cells infected with phPleft-Cyc. Susceptibility to RIF was reported by both phages, but STR susceptibility was not reported by phPleft-Cyc.
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phSGM2 could detect, we mixed RIFr cells at various concentra-
tions with M. tuberculosis strain H37Rv, which is susceptible to
RIF. The mixtures were treated with RIF, STR, or PNB for 40 h and
then infected with phSGM2, and cSML generation was detected
by RT-PCR (see Fig. 5). No significant difference was observed in
cSML levels in all samples containing H37Rv or RIFr M. tubercu-
losis exposed to STR or PNB. However, cSML generation in a
population containing 10% RIFr cells was elevated �10-fold
above the level of cSML generated in the STR- and PNB-treated
samples. These data demonstrate that phSGM2 is able to detect
the presence of 10% drug-resistant cells in an otherwise drug-
susceptible population.

DISCUSSION

We designed the SGM reporter as a bridge that connects the ben-
efits of rapid molecular diagnostic technologies such as Gene-
Xpert with those of phenotypic culture-based tests capable of
identifying all forms of drug resistance and the presence of drug-
resistant bacteria in an otherwise drug-susceptible population. To
this end, we demonstrated that phSGM2 encoding the second-
generation SGM detected �100 CFU (Fig. 1C) of M. tuberculosis,
which compares favorably with the reported 131 CFU limit of
detection for Xpert MTB/RIF (6). With the exception of PZA,
phSGM2 accurately reported M. tuberculosis susceptibility to all
antibiotics used to treat TB patients (Fig. 2A and B) in less than 1
day. Furthermore, the assay correctly reported each drug-resistant
strain tested, including slow-growing clinical isolates (Fig. 2C to
E), and clearly reported the STR MIC for an H37Rv-derived strain
(Fig. 4). Finally, phSGM2 was able to clearly detect the presence of
10% drug-resistant cells in an otherwise drug-susceptible popula-
tion (Fig. 5).

Other groups have reported detection of phenotypic AST using
phage in combination with nucleic acid based detection: a phage
amplification assay uses PCR to detect the increase in mycobacte-
riophage D29 genomes after low-multiplicity infection of cultured
M. tuberculosis (11). Unlike the SGM assay, which produces a new
nucleic acid signal during infection of M. tuberculosis, the phage
amplification assay is unable to distinguish input phage genomes
from those produced by phage replication. Therefore, multiple
rounds of phage infection and replication are required to accumu-
late sufficient progeny phage genomes over the number of input
phage.

Technologies that amplify and detect nucleic acids are the
emerging standard for rapid pathogen identification directly from
TB patient samples. Cepheid’s Xpert MTB/RIF test system can
diagnose TB infection within 2 h from initiation of the test, and
with sensitivity similar to culture, which takes several days to
weeks. Built into this system is simultaneous detection of RIF re-
sistance, which is accomplished by four molecular beacons that
span the RIF resistance-determining region (RRDR), an 81-bp
region in the M. tuberculosis rpoB gene responsible for nearly
100% of clinically significant resistance to RIF. The presence of a
single mutation in this region disrupts binding of one of the four
molecular beacons to the RRDR amplicon, which indicates RIF
resistance. This is a very powerful testing platform, but it is not
scalable beyond the detection of RIF resistance because the num-
ber of mutations responsible for resistance to any of the other
first-line and second-line drugs used to treat TB patients are far
more numerous and spatially distributed throughout the M. tu-
berculosis genome. Furthermore, the strategy of detecting muta-

FIG 4 phSGM2 accurately reported the STR MIC of a RIFr H37Rv variant. RIFr cells were added to the positive control and to STR- and RIF-containing wells
of a Trek Sensititre dish and then infected with phSGM2. cSML generation was reduced to background levels at STR concentrations at or above the STR MIC of
the RIFr strain.

FIG 5 phSGM2 detected the presence of 10% RIFr cells in an otherwise drug-
susceptible population. H37Rv cells, RIFr cells, or mixtures of both containing
0.1, 1, or 10% RIFr cells were either left untreated or exposed to RIF, STR, or
PNB and then infected with phSGM2. A �10-fold increase in cSML generation
above STR or PNB samples was detected in mixtures containing at least 10%
RIFr cells and exposed to RIF.
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tions by measuring the absence of molecular beacon binding re-
quires that at least 65% of the M. tuberculosis genomes in a patient
sample contain the mutation (12). Therefore, this approach does
not meet the definition of drug resistance set by the gold standard
agar proportion method, which is the presence of 1% drug-resis-
tant cells in an otherwise drug-susceptible population (13, 14).

Detection of antigen 85B mRNA (short half-life) is another
method that uses nucleic acid-based detection of drug phenotypic
effects. In the present study, M. tuberculosis cultures treated with
INH or RIF had rapid decreases in Ag85B mRNA and accurately
reported drug susceptibility and resistance (15). Also, multiplexed
quantitative detection of several M. tuberculosis mRNA targets
using nCounter analysis (Nanostring Technologies) accurately re-
ports phenotypic AST of cultured clinical strains (16). To our
knowledge, the effectiveness of either of these approaches has not
yet been validated using clinical samples, perhaps due to the com-
plex mixture of viable, dying, and dead cells present in sputum
samples that may complicate the relationship between drug effects
and cellular mRNA turnover. Since the cSML is an entirely syn-
thetic sequence not present in nature, interference of cellular RNA
is not expected to be an issue.

Perhaps most importantly for TB patients and clinicians, we
demonstrated that phSGM2 detected as few as 10% drug-resistant
cells in an otherwise drug-susceptible population. This opens the
door to developing the AST as a method to detect real-time devel-
opment of drug resistance in patients undergoing TB therapy. A
rapid test with this capability would indicate pending failure of the
current treatment regimen much earlier than is currently possible,
and allow the patient to switch to second-line treatment, while the
drug-resistant M. tuberculosis biomass is substantially lower than
it is in patients diagnosed with drug-resistant infection using cur-
rent molecular or phenotypic tests. Such a test would identify
patients likely to fail treatment, maximize the effectiveness of sec-
ond-line drugs, and lower the incidence of MDR-TB. The current
assay clearly detects the presence of 10% drug-resistant cells.
There remains in the assay, however, background cSML resistant
to RNase A and all RNases tested, which copurifies with infectious
phSGM2 by CIM monolith chromatography and CsCl isopycnic
gradient ultracentrifugation, and becomes a substrate for RNase A
after phSGM2 is incubated at 70°C for 15 min (data not shown).
We believe that a fraction of cSML produced during growth of
phage stocks becomes incorporated inside phage capsids and is
thus shielded from RNases. Future efforts will focus on developing
an SGM that precludes the accumulation of the cSML during
growth of phage stocks in M. smegmatis. Removal of background
could facilitate detection of �0.01% drug-resistant bacteria.

In this report we demonstrated that SGM is a new genetic ap-
proach to detect microbial AST: it combines the sensitivity and
accuracy of phenotypic AST (measures activity of any drug) with
the power of nucleic acid tests to detect very few microorganisms
in a matter of just hours. We are collaborating with TB clinical trial
sites to assess the utility of this AST used directly on sputum sam-
ples and to determine its usefulness to identify drug resistance as it
develops in patients.
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