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Screening for new antimicrobial agents is routinely conducted only against actively replicating bacteria.
However, it is now widely accepted that a physiological state of nonreplicating persistence (NRP) is responsible
for antimicrobial tolerance in many bacterial infections. In tuberculosis, the key to shortening the 6-month
regimen lies in targeting this NRP subpopulation. Therefore, a high-throughput, luminescence-based low-
oxygen-recovery assay (LORA) was developed to screen antimicrobial agents against NRP Mycobacterium
tuberculosis. M. tuberculosis H37Rv containing a plasmid with an acetamidase promoter driving a bacterial
luciferase gene was adapted to low oxygen conditions by extended culture in a fermentor with a 0.5 headspace
ratio. The MICs of 31 established antimicrobial agents were determined in microplate cultures maintained
under anaerobic conditions for 10 days and, for comparative purposes, under aerobic conditions for 7 days.
Cultures exposed to drugs under anaerobic conditions followed by 28 h of “recovery” under ambient oxygen
produced a luminescent signal that was, for most compounds, proportional to the number of CFU determined
prior to the recovery phase. No agents targeting the cell wall were active against NRP M. tuberculosis, whereas
drugs hitting other cellular targets had a range of activities. The calculated Z� factor was in the range of 0.58
to 0.84, indicating the suitability of the use of LORA for high-throughput assays. This LORA is sufficiently
robust for use for primary high-throughput screening of compounds against NRP M. tuberculosis.

It is now widely accepted that a physiological state of non-
replicating persistence (NRP) is responsible for antimicrobial
tolerance in many bacterial infections (11). In tuberculosis, a
subpopulation of Mycobacterium tuberculosis isolates in NRP is
considered an important contributing factor to the long treat-
ment duration required, and the key to shortening the cur-
rently recommended 6-month regimen (the primary goal of
new anti-M. tuberculosis chemotherapy) lies in effective target-
ing of this phenotype (2, 6). Standard drug susceptibility assays
for detection of the activities of drugs against rapidly growing
bacteria may not identify such compounds (8, 11). In vitro
models of M. tuberculosis isolates in NRP exist (4, 30, 37–39),
and there are several reports of studies that have assessed drug
activity against NRP or stationary-phase cells (20, 34–36, 42);
however, these have relied upon the enumeration of CFU, thus
precluding high-throughput screening (HTS) applications and
requiring a minimum of 3 to 4 weeks for the completion of
testing. In addition, the culture and preparation of NRP M.
tuberculosis cells (5, 17, 29, 30, 38) have used batch cultures,
which are not optimal for monitoring and for comparative
studies. In contrast, a chemostat or a fermentor with a contin-
uous-oxygen-monitoring culture system allows bacteria to be
grown in a controlled and defined environment; there are two
reports of the successful cultivation of M. tuberculosis in such
systems (10, 24). We describe here a method compatible with
HTS (Fig. 1) for the rapid detection of the activities of anti-

microbial agents against M. tuberculosis in NRP using a low-
oxygen-recovery assay (LORA) and a fermentor-grown culture
of a luciferase reporter strain of M. tuberculosis adapted to low
oxygen conditions.

MATERIALS AND METHODS

Construction of reporter plasmid expressing luxAB. The recombinant shuttle
vector pFCA-luxAB was constructed by inserting the luxAB gene from pSMT1
(33) into pFPCA1 (9), which uses the acetamidase promoter to provide an
enhanced signal. The luxAB genes were derived by PCR amplification with
primers P1 (TAGGATCCTAAGAAAGATGAAATTTGGAAACTTCC) and
P2 (TTCTTTAAATTACGAGTGGTATTTGACGATGTTGG). The amplified
PCR product was cloned into the pGEM-T easy vector (Promega). After an
Escherichia coli clone containing pGEMT-luxAB was obtained, the isolated plas-
mid was extracted and digested with BamHI and EcoRI. Following the ligation
reaction with pFPCA1, the resulting plasmid, pFCA-luxAB, was used to trans-
form E. coli One shot Top10 competent cells (Invitrogen). The plasmid was
isolated, and the structure was confirmed by restriction enzyme digestion and
sequencing analysis.

Electroporation of plasmid pFCA-luxAB into M. tuberculosis H37Rv ATCC
27294. M. tuberculosis H37Rv ATCC 27294 was obtained from the American
Type Culture Collection (Manassas, VA). After 5 to 7 days of culture in 200 ml
Middlebrook 7H9 medium supplemented with oleic acid-albumin-dextrose-cata-
lase, the cells were washed and transformed by mixing at least 1 �g of purified
plasmid and incubating at room temperature for 30 min, followed by electro-
poration. The transformants were cultured on Middlebrook 7H11 agar contain-
ing 20 �g/ml kanamycin for 4 weeks. Selected colonies were transferred to 100 �l
of Middlebrook 7H9 broth and sonicated at 30 W for 20 s (model S3000; Misonix
Inc.) at ambient temperature prior to the measurement of the luminescence.

Antimicrobial agents. Amikacin disulfate (Sigma), capreomycin sulfate (Sigma),
ciprofloxacin (Fluka), clarithromycin (Abbott Laboratories), clindamycin hydrochlo-
ride (Sigma), clofazimine (Sigma), D-cycloserine (Sigma), ethambutol dihydrochlo-
ride (Sigma), furazolidone (Sigma), fusidic acid (sodium salt; Sigma), isoniazid
(Sigma), ketoconazole (Sigma), lincomycin hydrochloride (BioChemika), linezolid
(Pharmacia-Upjohn), metronidazole (Sigma), minocycline hydrochloride (Sigma),
moxifloxacin (Bayer), niclosamide (Sigma), nitrofurantoin (Sigma), ofloxacin
(Sigma), p-aminosalicylic acid (sodium salt; Sigma), pyrazinamide (Sigma), rifabutin

* Corresponding author. Mailing address: Institute for Tuberculosis
Research, College of Pharmacy, University of Illinois at Chicago, 833
South Wood Street, MC 964, Rm. 412, Chicago, IL 60612. Phone:
(312) 355-1715. Fax: (312) 355-2693. E-mail: sgf@uic.edu.

� Published ahead of print on 8 January 2007.

1380



(Ineti), rifampin (Fisher), RU66252 (synthesized as described elsewhere [16]), strep-
tomycin sulfate (Sigma), tazobactam (Sigma), thiacetazone (Sigma), trimethoprim
(Sigma), and vancomycin hydrochloride (Sigma) were obtained from the indicated
manufacturers. The drugs were solubilized according to the manufacturers’ recom-
mendations, and stock solutions were filter sterilized (pore size, 0.22 �m) and stored
at �80°C for not more than 30 days.

Growth conditions. For the fermentor culture, recombinant H37Rv(pFCA-
luxAB) was grown to NRP phase 2 (NRP-2) in 300 ml of Dubos Tween albumin
broth (Becton Dickinson) in a BioStatQ fermentor (B. Braun Biotech) to mimic
the Wayne oxygen-limited culture with a headspace ratio (HSR) of 0.5 and
agitated at a stir rate of 120 rpm with no detectable perturbation of the surface
of the medium, as described previously (10). The fermentor culture was operated
and maintained within a biosafety level 3 laboratory. The dissolved oxygen
concentration (DOC) was continuously monitored with an Ingold oxygen sensor
probe. The optical densities of the cultures at 570 nm (A570 values), the numbers
of relative light units (RLUs), and the CFU levels were determined at 3-day
intervals. Bacterial samples were removed through a silicone septum with a
syringe in order to preclude the introduction of oxygen. The number of CFU was
estimated by plating dilutions of aliquots on Dubos oleic-albumin agar plates in
triplicate and incubating the cultures at 37°C. The colonies were enumerated
every week for 5 weeks. The cells were harvested at 22 days, a time when the A570

and DOC readings indicated achievement of the desired growth phase (NRP-2).
Fifty-milliliter aliquots of bacterial culture samples were centrifuged (2,700 � g,
30 min, 4°C), washed once with prechilled phosphate-buffered saline (PBS; pH
7.4), suspended in 1 ml of PBS, and stored at �80°C.

In vitro LORA and conventional aerobic culture assay. Prior to use, the
cultures were thawed, diluted in Middlebrook 7H12 broth (Middlebrook 7H9
broth containing 1 mg/ml Casitone, 5.6 �g/ml palmitic acid, 5 mg/ml bovine
serum albumin, and 4 �g/ml filter-sterilized catalase), and sonicated for 15s. The
cultures were diluted to obtain an A570 of 0.03 to 0.05 and 3,000 to 7,000 RLUs
per 100 �l. This corresponds to 5 � 105 to �2 � 106 CFU/ml. Twofold serial
dilutions of 31 antimicrobial agents were prepared in a volume 100 �l in black
96-well microtiter plates, and 100 �l of the cell suspension was added. For
LORA, the microplate cultures were placed under anaerobic conditions (oxygen
concentration, less than 0.16%) by using an Anoxomat model WS-8080 (MART
Microbiology) and three cycles of evacuation and filling with a mixture of 10%
H2, 5% CO2, and the balance N2 (7, 32). An anaerobic indicator strip was placed
inside the chamber to visually confirm the removal of oxygen. The plates were
incubated at 37°C for 10 days and then transferred to an ambient gaseous
condition (5% CO2-enriched air) incubator for a 28-h “recovery.” The numbers
of CFU (determined by subculture onto Middlebrook 7H11 agar) during the
10-day incubation did not increase and remained essentially unchanged. On day
11 (after the 28-h aerobic recovery), 100 �l culture was transferred to white
96-well microtiter plates for determination of luminescence. For the conven-
tional assay, the microplate cultures were placed in an incubator under ambient

gaseous conditions (5% CO2-enriched air) for 7 days and 100 �l culture was
transferred to white 96-well microtiter plates for determination of luminescence.
A 10% solution of n-decanal aldehyde (Sigma) in ethanol was freshly diluted
10-fold in PBS, and 100 �l was added to each well with an autoinjector. Lumi-
nescence was measured in a Victor2 multilabel reader (Perkin-Elmer Life Sci-
ences) by using a reading time of 1 s. The MIC was defined as the lowest drug
concentration effecting growth inhibition of �90% relative to the growth for the
drug-free controls. The MICs were numerically extrapolated from transformed
inhibition-concentration plots, as described previously (31). Briefly, the numeric
approach used commonly available spreadsheet software and was based on the
calculation of averaged differences in the growth indicators (percent inhibition in
the concentration intervals between the test culture and the dimethyl sulfoxide
solvent control culture and linear approximation of the concentrations effecting
a 90% reduction). Thus, the MICs were independent of the discrete twofold
concentrations of the drug dilutions tested.

Z� factor and statistical analysis for quality assessment of LORA. To deter-
mine the suitability of LORA as an HTS assay, Z�-factor values (43) for 31
antimicrobial agents in LORA were calculated by using the following equation:
Z� (3 standard deviations of positive control � 3 standard deviations of negative
control)/(mean of positive control � mean of negative control). All analyses were
performed with Microsoft Excel software. Correlation coefficients were defined
as the R2 values calculated between bacterial growth (CFU/ml) after 10 days of
incubation under low-oxygen conditions and luminescence (RLUs) after 28 h of
recovery.

The signal-to-noise ratios determined from the controls wells of five representa-
tive plates were 453.3 and 103.1 (see Fig. 4A). The calculated Z� factor was in the
range of 0.58 to 0.84, indicating the suitability for the use of LORA for HTS. To
further validate this assay, the percent inhibition by combinations of 15 compounds,
including 15 positive and 15 negative controls, were determined in duplicate. A
significant correlation was observed between the duplicates (Fig. 4B).

RESULTS

Inoculum preparation: growth, luminescence, and oxygen
consumption of Mycobacterium tuberculosis pFCA-luxAB in a
fermentor-based model. Changes in luminescence, cell growth,
and DOC in actively growing cells under conditions of self-
depletion of oxygen (Fig. 2) were monitored in a fermentor.
The total cell number and optical density during log-phase
growth peaked at day 10 and showed significant Pearson coef-
ficients of correlation with luminescence (0.98 and 0.83, re-
spectively). By day 13, the culture had entered into an NRP
stage with no significant change in the numbers of CFU or
optical density but with decreased luminescence. The propor-
tion of the actively growing population versus that of the rel-
atively slowly growing population was determined during the
different phases of the growth curve by evaluation of the ki-
netics of colonial growth (Fig. 3). The proportion of bacteria
able to produce visible colonies within 2 weeks of incubation
on solid medium decreased dramatically at 19 days of incuba-
tion compared to the proportion at the earlier time points. The
rate of appearance of colonies within 2 weeks was significantly
more rapid in log phase (P � 0.0001) than in NRP-2.

Comparative MIC determination under aerobic and anaer-
obic culture. For most of the 31 antimicrobial agents, the MICs
for NRP M. tuberculosis (in anaerobic culture) were higher
than those obtained under aerobic conditions (Table 1) (with
the few exceptions belonging to the nitroaromatic com-
pounds). These differences were most marked with isoniazid
and ethambutol, two established antituberculosis agents that
act on cell wall targets. The rifamycins rifampin and rifabutin
were among the most active compounds under both condi-
tions. Most of the agents acting on the 30S ribosome demon-
strated either modest or potent activities against NRP M. tu-
berculosis; the exception was minocycline. In contrast, among

FIG. 1. Drug susceptibility under aerobic (replicating) and anaer-
obic (nonreplicating) conditions. The vertical lines and shaded arrows
are proportional to the incubation times.
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those agents that act on the 50S ribosome, only RU66252, an
experimental 11,12-carbazate-substituted macrolide, demon-
strated relatively potent activity. Among the fluoroquinolones,
moxifloxacin was highly active under both aerobic and anaer-
obic conditions, while the other representatives were markedly
less active under the latter condition. Niclosamide and PA-824
were both active against NRP M. tuberculosis, with markedly
better activities than metronidazole or the nitrofurans furazol-
idone and nitrofurantoin. Clofazimine demonstrated relatively
potent activity against NRP M. tuberculosis.

Although in general there was a good overall correlation
between the MICs determined by the use of luminescence and
those determined by the use CFU for both aerobic cultures
(R2 � 0.71) and hypoxic cultures (R2 � 0.78), there were some
exceptions. Luminescence-derived MICs were more than
eightfold higher than the CFU-derived MICs under aerobic
conditions for vancomycin, clarithromycin, furazolidone, and
nitrofurantoin and under anaerobic conditions for capreomy-
cin, fusidic acid, and moxifloxacin.

Z� factor and statistical analysis for quality assessment of
LORA. For the LORAs, all Z�-factor values derived from the
RLUs determined after 7 days of aerobic incubation with test
compound and the RLUs determined after 10 days of anaer-
obic incubation with test compound and 28 h of aerobic incu-
bation were in the range of 0.58 to 0.84. Signal-to-noise ratios
were 453.3 and 103.1 in the aerobic luminescence assay and
LORA, respectively (Fig. 4A). In addition, the reproducibili-
ties of duplicate sets of two-drug combinations in LORA
yielded an R2 value of �0.9 (Fig. 4B).

DISCUSSION

A reduced luminescence signal per CFU, an increased pro-
portion of slower-growing bacteria, and an increase in the
amount of the alpha-crystallin protein (10) were all consistent
with the shift to an NRP phenotype. In general, luciferase
reporters function as indicators of the overall metabolic activ-
ity of a population rather than as indicators of the proportion
of active cells within a population (15). This is consistent with
our data, which showed a relative decrease in the proportion of
the rapidly growing population (Fig. 3) but which maintained
the overall luminescence level (Fig. 2). Only in actively growing
cells has a good correlation between CFU and RLUs been
observed. Therefore, RLUs have been used to monitor tran-
scriptional changes and to estimate the total numbers of viable
cells in such cultures. However, to date, the enumeration of
nonreplicating populations in liquid culture or the organs of mice
is still conducted by determination of the numbers of CFU (14,
22). In the present study, changes in the colony-forming rate were
observed over time in the fermentor culture, with a progressive
decrease in the population able to form colonies within 2 weeks,
consistent with slow or nonreplicating populations resulting from
the self-depletion of oxygen (37, 38).

Because a brief exposure of low-oxygen-adapted M. tuber-
culosis isolates to air was previously determined to be insuffi-
cient to reverse the NRP phenotype (39), we did not attempt to
maintain a low-oxygen environment during harvesting or stor-

FIG. 2. Growth of an Mycobacterium tuberculosis H37Rv(pFCA-luxAB) inoculum in a 0.5 HSR fermentor culture. The numbers of CFU, RLU,
optical density (OD; A570), and DOC were monitored during culture in a fermentor. The DOC is expressed as the percent saturation of the medium
relative to that of the medium initially equilibrated with air.

FIG. 3. Proportional distribution of CFU according to the time
required to visually detect colonial growth on solid media. The per-
centage of the CFU value was determined from the proportion of the
net number of CFU visible at a given time relative to the total number
of CFU after 5 weeks of incubation.
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age of the inoculum or during subsequent inoculation of drug-
containing media. Instead, we relied upon a low temperature
during harvest (4°C) and storage (�80°C) and speed during
the setup of the test plate to minimize the extent of any such
adaptation.

The other opportunity for the presence of oxygen to poten-
tially confound the interpretation of the results is during the
aerobic recovery phase. Therefore, the minimum time re-
quired to obtain a robust luminescence signal for the drug-free
controls was used. In order to minimize the extent of the
recovery phase, we attempted to optimize the signal intensity
through the use of the Vibrio harveyi luciferase gene (33)
(rather than the Photinus counterpart) driven by an acetami-
dase promoter (9) (rather than the commonly used hsp60 gene
[41]) and a multicopy plasmid (rather than an integrated vec-
tor). In general, the good correlation of the response measured
in CFU at the immediate termination of the anaerobic incu-
bation period with that measured in RLUs following the aer-

obic recovery phase suggests that any drug activity during this
relatively brief recovery phase does not constitute a significant
proportion of the overall activity. Previous attempts in our
laboratory to use Alamar Blue reduction (12, 18) or green (or
red) fluorescent protein expression (9) as a viability endpoint
following anaerobic incubation required up to 1 week of aer-
obic recovery to obtain an adequate signal, a time period that
seriously compromised data interpretation (data not shown).

As described previously for other Wayne-type models and
consistent with a lack of sterilization activity in humans, drugs
that act on cell wall targets, such as isoniazid, thiacetazone,
ethambutol, and cycloserine, although they are active against
growing cultures, were relatively inactive in the LORA (as
confirmed by determination of the numbers of CFU). Also in
agreement with previously described CFU-based nonreplicat-
ing models, we observed relatively potent activities under hyp-
oxic conditions with rifampin (40), capreomycin (20), moxi-
floxacin (21), niclosamide (35), and PA-824 (34).

TABLE 1. Comparative activities of 31 antimicrobial agents against M. tuberculosis (luxAB) under anaerobic (LORA) and aerobic conditions

Target or class Drug

MIC (�M) derived by use ofa:

Aerobic conditions Anaerobic conditions

T7 RLU
indicator

T7 CFU
indicator

T11 RLU
(LORA) indicator

T10 CFU
indicator

Cell wall Vancomycin �128 15.5 �128 128.0
Tazobactam �128 �128 �128 �128
Cycloserine 63.7 60.5 �128 124.8
Isoniazid �0.5 �0.5 �128 �128
Thiacetazone 14.6 31.3 �128 70.4
Ethambutol 1.8 1.0 �128 �128

RNA polymerase Rifampin 0.5 �0.5 1.8 �0.5
Rifabutin 0.5 �0.5 �0.5 �0.5

30s ribosome Amikacin 0.5 �0.5 �0.5 �0.5
Streptomycin 0.5 �0.5 1.2 0.8
Capreomycin 0.7 �0.5 23.9 1.7
Minocycline 7.1 7.2 53.5 38.4
Fusidic acid 15.8 7.0 57.7 7.2

50s ribosome Linezolid 6.3 1.9 65.2 �128
Lincomycin �128 103.6 �128 �128
Clindamycin �128 �128 �128 �128
Clarithromycin 13.4 1.6 �128 18.7
RU66252 0.8 1.8 2.7 1.3

DNA gyrase Moxifloxacin 0.5 �0.5 15.9 �0.5
Ciprofloxacin 1.5 �0.5 �128 33.0
Ofloxacin 2.3 0.7 �128 24.2

Enzyme inhibitor Ketoconazole 13.9 7.6 53.0 53.3
p-Aminosalicylic acid 12.3 12.3 �128 �128
Trimethoprim �128 �128 �128 83.2

Nitroaromatics PA-824 0.6 0.7 3.1 12.0
Furazolidone 77.4 1.0 9.7 44.8
Metronidazole �128 �128 �128 40.0
Nitrofurantoin �128 0.9 63.9 32.0
Niclosamide �0.5 �0.5 �0.5 0.9

Unknown Clofazimine �0.5 0.7 1.5 0.8
Pyrazinamide (pH 6.8) �128 �128 �128 96.0

a T7 RLU, RLUs determined after 7 days of aerobic incubation with test compound; T7 CFU, CFU from subcultures performed after 7 days of aerobic incubation
with test compounds; T11 RLU, RLUs determined after 10 days of anaerobic incubation with test compounds and 28 h of aerobic incubation (“recovery”); T10 CFU,
CFU from subcultures performed after 10 days of anaerobic incubation with test compounds.
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In addition to capreomycin (20), this study identified other
compounds targeting the 30S ribosome (with the exception of
minocycline) that had relatively potent activities against NRP
M. tuberculosis, in particular, the aminoglycosides. Streptomy-
cin was previously found to be active in one NRP model that
used a traditional Wayne-type inoculum (Y. Li and S. G. Fran-
zblau, Abstr. 39th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. 862, 1999) but not in another one (20). The lack
of sterilization activity of streptomycin in vivo is likely a result
of its poor activity against bacteria residing within host mac-
rophages (28) and/or, possibly, adaptive resistance (3). Other
compounds not previously identified as active against NRP M.
tuberculosis included the experimental macrolide RU66252
(16) and clofazimine. The former is active against M. tubercu-
losis in macrophage culture and in vivo. While the latter com-
pound is considered a third-line anti-M. tuberculosis agent, it

was nonetheless capable of having nearly sterilizing activity in
mice dosed orally (23) and when it was administered intrave-
nously in liposomes at dosages up to 10 times higher than those
achievable without encapsulation (1). There are no other re-
ports of the assessment of clofazimine for its sterilization ac-
tivity in animal models or in humans.

Differences in reporter gene expression versus the numbers
of CFU have been noted previously, particularly with specific
classes of drugs, such as fluoroquinolones and 	-lactams (19,
27). The sensitivity of LORA to fluoroquinolones was en-
hanced by extending the anaerobic incubation time from 7 to
10 days (data not shown), but while this decreased the MIC
obtained by LORA, a discrepancy between luciferase assay-
and CFU-based MICs remained.

Similarly, LORA, as described here, underestimated the ac-
tivities of several nitroaromatic compounds (furazolidone,
metronidazole, and nitrofurantoin) compared to those deter-
mined from the CFU-based readouts. For the nitrofurans this
disparity was even more pronounced in aerobic cultures. Oth-
ers have reported for metronidazole a �1-log10 reduction in
the numbers of CFU over a concentration range of �8 to 50
�g/ml (47 to 292 �M) (13, 20, 26, 40) in low-oxygen-based
models. We obtained such a result at 6.8 �g/ml (40 �M) with
the CFU endpoint, but although a steep dose-luminescence
response was observed (data not shown), the level of inhibition
did not exceed 80% at the maximum concentration tested (22
�g/ml [128 �M]). Our CFU-based result with metronidazole
suggests that anaerobiosis was achieved in these cultures, since
no other efforts were made to reduce the redox potential. In
general, detection of the activities of some low-molecular-
weight compounds (including nitroaromatic compounds as
well as pyrazinamide) by using a luciferase readout may re-
quire primary screening at concentrations higher than 128 �M.

We have begun using LORA for the screening of compound
libraries and for the testing of combinations of compounds.
Screening of the Gen-Plus 960 compound library (Micro-
Source Discovery Systems Inc.) found that mefloquine has
modest but equivalent anti-M. tuberculosis activities against
both NRP M. tuberculosis and replicating cultures, and this has
led to a preliminary structure-activity relationship study of
mefloquine analogs for their anti-M. tuberculosis activities (25).

We propose the use of LORA for primary or secondary
screening of diverse compound libraries at relatively high con-
centrations, after which the MICs and their correlation with
the numbers of CFU can be determined. For those classes for
which luminescence and CFU have a good correlation, the
former assay can thereafter be used in analoging studies. Such
screening could be performed in parallel with or following
HTS against replicating cultures to rapidly identify those com-
pounds with activities against both subpopulations.
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