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R207910 (also known as TMC207) is an investigational drug currently in clinical studies for the treatment
of multidrug-resistant (MDR) tuberculosis. It has a high degree of antimycobacterial activity and is equally
effective against drug-susceptible and MDR Mycobacterium tuberculosis isolates. In the present study, we
characterized the development of resistance to R207910 in vitro. Ninety-seven independent R207910-resistant
mutants were selected from seven different clinical isolates of M. tuberculosis (three drug-susceptible and four
MDR isolates) at 10ⴛ, 30ⴛ, and 100ⴛ the MIC. At a concentration of 0.3 mg/liter (10ⴛ the MIC), the mutation
rates ranged from 4.7 ⴛ 10ⴚ7 to 8.9 ⴛ 10ⴚ9 mutations per cell per division, and at 1.0 mg/liter (30ⴛ the MIC)
the mutation rate ranged from 3.9 ⴛ 10ⴚ8 to 2.4 ⴛ 10ⴚ9. No resistant mutants were obtained at 3 mg/liter
(100ⴛ the MIC). The level of resistance ranged from 0.12 to 3.84 mg/liter for the mutants identified; these
concentrations represent 4- to 128-fold increases in the MICs. For 53 of the resistant mutants, the atpE gene,
which encodes a transmembrane and oligomeric C subunit of the ATP synthase and which was previously
shown to be involved in resistance, was sequenced. For 15/53 mutants, five different point mutations resulting
in five different amino acid substitutions were identified in the atpE gene. For 38/53 mutants, no atpE mutations
were found and sequencing of the complete F0 ATP synthase operon (atpB, atpE, and atpF genes) and the F1
ATP synthase operon (atpH, atpA, atpG, atpD, and atpC genes) from three mutants revealed no mutations,
indicating other, alternative resistance mechanisms. Competition assays showed no measurable reduction in
the fitness of the mutants compared to that of the isogenic wild types.
combination with first-line or second-line drugs in the murine
model accelerates the bactericidal effect (4, 21), supporting the
potential for the use of R207910 to treat both drug-susceptible
and MDR TB. With few to no adverse effects being seen in
healthy individuals (4, 32), the compound has undergone a phase
IIa clinical trial for the treatment of treatment-naïve patients with
drug-susceptible TB (29), and initial results from phase II trials of
the use of R207910 for the treatment of MDR TB have confirmed
its significant bactericidal effect in patients (11).
M. tuberculosis develops antibiotic resistance exclusively
through the acquisition of spontaneous chromosomal mutations (7). For most bacterial species, resistance-conferring mutations often confer a biological cost that presents a selective
growth disadvantage relative to the growth capability of drugsusceptible isogenic strains in the absence of the drug (1–3). In
M. tuberculosis, such fitness costs have previously been demonstrated for in vitro-selected rifampin-resistant mutants (5,
25), streptomycin-resistant mutants (7, 8, 15, 30), and isoniazid-resistant mutants (27). On the basis of the isolation in vitro
of a limited number of mutants, mutations conferring resistance to R207910 were previously measured to occur at a
frequency of 2 ⫻ 10⫺8, and resistance-conferring mutations
were identified within the atpE gene (4, 26). R207190 binds to
the C subunit of ATP synthase and potently inhibits its ATPsynthesizing activity in a highly stereospecific manner, with the
less potent enantiomer having about a 10-fold lower inhibitory
activity against ATP synthase (20). This suggests that R207190

Drug-susceptible (DS) tuberculosis (TB) is curable but requires a long treatment period and multidrug regimen (36).
In light of the increasing prevalence of antibiotic resistance
among Mycobacterium tuberculosis strains and the challenge
with the effective control of the TB epidemic, there is an urgent
need for new antituberculosis drugs. Furthermore, the drastic
rise in the incidence of multidrug-resistant (MDR) strains
(strains resistant to at least rifampin and isoniazid) and, now,
extensively drug-resistant (XDR) strains (MDR strains as well
as strains resistant to any fluoroquinolone and at least one of
three injectable second-line drugs) further underlines this need
(35). R207910 is a compound that belongs to the diarylquinolines. It has a high degree of specificity for mycobacteria and
specifically targets the C subunit of ATP synthase in replicating
as well as dormant mycobacteria (4, 17, 20). We have previously shown that R207910 is equally effective against drugsusceptible and MDR M. tuberculosis isolates (median MIC,
0.03 mg/liter) (4, 17). R207910 has a strong bactericidal effect
in a mouse model, being more effective than rifampin when
R207910 is given alone. Furthermore, the use of R207910 in
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MATERIALS AND METHODS
Strains. Six clinical M. tuberculosis isolates and the H37Rv reference strain
(hereafter denoted parent strains) were selected from our previous study of
R207910 and belonged to the strain collection of the Swedish Institute for
Infectious Disease Control (17). Three strains were fully drug susceptible and
four were MDR, as determined with a Bactec 460 radiometric system (31). All
seven isolates were susceptible to R207910 (MIC ⫽ 0.03 mg/liter), as previously
determined by MIC determinations (17). Prior to all experiments, the strains
were cultured on Lowenstein-Jensen slants for 3 to 4 weeks at 37°C.
Mutation rate measurements. A Luria-Delbrück fluctuation assay was used for
the in vitro selection of independent, spontaneous R207910-resistant mutants
and determination of the mutation rates (22). Suspensions of each parent strain
were prepared in Middlebrook 7H9 broth (M7H9) containing oleic acid-albumin-dextrose-catalase (OADC) and 0.05% Tween 80, and about 103 CFU was
distributed into each of 12 independent culture flasks. The use of this low
number of cells ensured that no preexisting R207910-resistant mutants were
present in the inoculum. The cultures were incubated for 3 to 4 weeks until the
optical density (OD; 600 nm) reached 0.8 (approximately 108 CFU/ml). From
each independent culture, 108 bacteria were plated onto selective Middlebrook
7H10 (M7H10) agar (with OADC and glycerol) containing 0.3 mg/liter, 0.9
mg/liter, or 3 mg/liter of R207910; and mutant colonies were counted following
4 weeks of incubation. To determine the total number of cells plated, 3 of each
of the 12 cultures were serially diluted and plated in duplicate on nonselective
M7H10 (with OADC and glycerol).
For each parent strain, the mutation rate from the 12 independent cultures
was calculated by the Lea-Coulson method (mutation rate ⫽ m/Nt, where m is
the number of mutations per culture and Nt is the final number of cells in the
culture). On the basis of the frequency of mutants in each parent group, m was
calculated by the use of either (i) the Poisson distribution, when more than
one culture had zero mutant colonies [m ⫽ ln(P0/Ptot), where P0 is the
number independent cultures with zero mutant colonies, and Ptot is the total
number of independent cultures]; (ii) the Lea-Coulson method of the median
[r/m ⫺ ln(m) ⫽ 1.24, where r is the median number of mutants per culture];
or (iii) the Drake formula of the median [r/m ⫺ ln(m) ⫽ 0] (28). From each
independent culture spread on a selective plate, a single mutant colony was
picked and subcultured in M7H9 broth with OADC for further characterization.
MIC determinations. The level of resistance of each mutant clone was determined by running MIC determinations on solid medium with a replicator system,
as described previously (17). Briefly, 20 l of bacteria was resuspended in 3 ml
phosphate-buffered saline (PBS) and homogenized by sonication, and 100 l was
distributed into a 96-well plate. By using a 96-stick replicator, the bacteria were
inoculated onto M7H10 agar (with OADC and glycerol) containing dilutions of
R207910 (range, 0.015 to 3.84 mg/liter), as well as two nonselective control
plates. A rifampin plate was included as a control for growth and nongrowth. The

R207910-susceptible parent strains and a bacterium-negative control (PBS) were
also plated. MICs were determined after 4 weeks of incubation and were defined
as the lowest concentration at which no growth was visible.
DNA sequencing. Bacteria were killed by heating at 85°C for 30 min, and the
DNA was extracted with chloroform-water, as described earlier (19). The quantity and quality of the DNA were examined spectrophotometrically by determining the absorbance at 260/280 nm, and working solutions of 5 ng/l were prepared.
To amplify and sequence the 246-bp atpE gene, forward primer atpEforward
(5⬘-TGT ACT TCA GCC AAG CGA TGG-3⬘) and reverse primer atpEreverse
(5⬘-CCG TTG GGA ATG AGG AAG TTG-3⬘) were used. The PCR was run
with an initial denaturation of 10 min, followed by denaturation at 95°C for 30 s,
annealing at 50°C for 30 s, and elongation at 72°C for 30 s for 30 cycles. The
reaction was terminated by use of a 20-min final elongation at 72°C. The PCR
products were purified with a GFX PCR DNA and gel band purification kit
(Amersham Bioscience). Sequencing was performed with the primers described
above and an ABI Prism BigDye Terminator cycle sequencing ready reaction kit
in an ABI Prism 3700 DNA analyzer (Applied Biosystems). Blast2 sequence
software was used to align the wild-type H37Rv atpE gene (GenBank accession
number Rv1305) with the sequences obtained. The base pairs and amino acids
were enumerated by using M. tuberculosis.
Preparation of growth curves. One week prior to use, start cultures of each
mutant strain, as well as their corresponding R207910-susceptible parent strain,
were prepared in M7H9 (with OADC and 0.05% Tween 80). On day 0, the start
cultures were homogenized by sonication for 5 min, and the ODs (600 nm) were
adjusted to 0.1 (approximately106 to 107 CFU/ml). Low-density cultures were
then prepared by adding 60 l of the culture (OD, 0.1) to 20 ml fresh M7H9
broth (with OADC and 0.05% Tween 80). The cultures were incubated with
regular shaking at 37°C in 5% CO2. On days 0, 2, 4, 6, 8, and 10, serial dilutions
of each culture were prepared and plated in duplicate on nonselective M7H10
agar (with OADC and glycerol). Following 3 to 4 weeks of incubation, the
numbers of CFU were counted and growth curves were plotted.
Competition assays. One week prior to use, start cultures of each mutant
strain were prepared as described above for preparation of the growth curves.
For each competition assay, equal volumes (30 l) of each mutant start culture
and its corresponding parent culture were inoculated in 20 ml M7H9 broth (with
OADC and 0.05% Tween 80). The cultures were incubated with regular shaking
at 37°C. On days 0, 2, 4, 6, 8, and 10, serial dilutions of each competition culture
were prepared and plated in duplicate on nonselective M7H10 agar (with
OADC), as well as on selective agar (with 0.3 mg/liter R207910). For three of the
mutant classes, selective plates with a lower concentration (0.08 mg/liter) were
used, because although these mutants were resistant to R207910, they showed
inhibited growth when they were plated with the higher concentrations used in
the competition assays. Following 3 to 4 weeks of incubation, the numbers of
CFU on both the selective and the nonselective plates were counted, the mutant
and parent growth dynamics were plotted, and the relative fitness of the mutants
was calculated as the ln numbers of CFU for the mutant/ln numbers of CFU for
the parent).

RESULTS
Rates of mutation to R207910 resistance vary by strain and
drug concentration. Mutants resistant to R207910 were selected from 12 independent cultures from each of three drugsusceptible strains (including H37Rv) and four MDR clinical
strains at three different selective concentrations: 0.3 mg/liter
(10⫻ MIC for R207910-susceptible M. tuberculosis), 0.9 mg/
liter (30⫻ MIC), and 3 mg/liter (100⫻ MIC). The mutation
rates were calculated; and at the lowest selection concentration
(10⫻ MIC), the mutation rate ranged from 4.7 ⫻ 10⫺7 and
8.9 ⫻ 10⫺9 mutations per cell division (mean 1.8 ⫻ 10⫺7),
depending on the clinical isolate used. At the selection concentration of 30⫻ MIC, the mutation rate ranged from 3.9 ⫻
10⫺8 and 2.4 ⫻ 10⫺9 mutations per cell division (mean, 1.3 ⫻
10⫺8) (Fig. 1). At the selection concentration of 30⫻ MIC, one
strain (parent strain 2) showed no mutants and one strain
(parent strain 4) showed very few mutants, preventing the
accurate calculation of their mutation rates. The mean muta-
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has a high level of target selectivity. Furthermore, computational models suggest that R207910 blocks the transfer of hydrogen ions between the A and C subunits of ATP synthase
(10). This blockage shuts the motor or rotational activity of
ATP synthase, thereby inhibiting the activity of the enzyme
and, concurrently, ATP production (10). The resistance-conferring mutations identified within the atpE gene suggest that
resistance is conferred by preventing the compound from binding to the C subunit, thus maintaining H⫹ transfer and ATP
production (10, 20).
The aim of the study described here was to further characterize the development of resistance to R207910 in vitro in M.
tuberculosis with regard to mutation rates, mechanisms of resistance, and the potential impacts of these resistance mechanisms on bacterial fitness. By selecting several independent and
spontaneous R207910-resistant mutants in vitro and characterizing them with regard to their resistance mechanisms and
growth rates, we show that R207910 resistance development
occurs at a rate similar to the rates for the two most effective
anti-TB drugs, isoniazid and rifampin, and that resistance confers no apparent biological cost in vitro.
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tion rates were similar for the DS and MDR parent strains at
10⫻ MIC (means, 2.0 ⫻ 10⫺7 and 1.3 ⫻ 10⫺7, respectively),
although the MDR parent groups showed a wider range of
rates (Fig. 1). At the selection concentration of 30⫻ MIC, the
mean mutation rates differed twofold between the DS and
MDR groups (means, 7.9 ⫻ 10⫺9 and 1.7 ⫻ 10⫺8, respectively). At the highest selective concentration (100⫻ MIC), no
mutant colonies were obtained for any of the seven parent
groups (i.e., from 84 independent cultures with 108 cells plated
from each culture, not a single mutant was obtained).
Level of resistance in mutants. The resistance levels of 69
independent mutants selected at a concentration of 10⫻ MIC
and 27 mutants selected at a concentration of 30⫻ MIC were
determined by determination of the MICs on solid medium
(Fig. 2). Two mutants exhibited a susceptible phenotype (MIC
level, 0.06 mg/liter) and were excluded from the study. For the
remainder of the strains, the levels of resistance ranged from
0.12 to 3.84 mg/liter (median, 0.48 mg/liter), which represent 4to 128-fold increases in the MICs. No systematic differences in
MICs were seen between mutants selected at the two selection
concentrations, apart from the fact that all five mutants exhibiting an MIC of ⬎1 mg/liter were selected at 30⫻ MIC. No
difference in the MIC level was seen between mutants from the
drug-susceptible parent strains and the MDR parent strains.
All parent isolates showed susceptible MIC levels (0.03 to 0.06
mg/liter).
Identification of resistance mutations. Having previously
identified resistance mutations in the atpE gene, which encodes
the membrane-bound C subunit of the bacterial ATP synthase, this gene was sequenced from 53 mutants (33 isolated
at 10⫻ MIC and 20 isolated at 30⫻ MIC). Five different
classes of mutations were observed (Table 1). Fifteen mu-

tants had one of five single point mutations within the atpE
gene: Asp28 3 Val, Ala63 3 Pro, Ile66 3 Met, Asp28 3 Pro,
or Glu61 3 Asp. The first three point mutations have previously been reported in R207910-resistant mutants (4, 26),
whereas the last two have not previously been observed. No
mutation within the sequenced atpE gene (Table 1) was
identified in the remaining 38 resistant clones. The F0
operon (which includes the atpB, atpE, and atpF genes,
whose gene products form the entire membrane-bound F0
unit of the ATP synthase) of 11 of the clones was subsequently sequenced, as was the entire ATP synthase encoded
by the F1 operon (including the atpH, atpA, atpG, atpD, and
atpC genes, whose gene products form the catalytic, cytoplasmic F1 unit) and the F0 operons of three mutants, but
no mutations could be identified in any of these mutants.
Fitness effects of resistance. The relative fitness of six mutants (five with point mutations identified in the atpE gene and
one with no mutations identified in either the F0 or the F1
operon) was determined by the preparation of growth curves
for single cultures in vitro and competition assays. For these
assays, equal amounts of each mutant clone and its corresponding
parent strain were inoculated into broth. Their growth dynamics
relative to each other were then examined by plating culture
aliquots on selective and nonselective media and determining
the changes in the ratio of the mutant strains/susceptible parent strains as a function of time (Fig. 3). In vitro, none of the
resistant mutants showed a decrease in fitness relative to that
of the respective parent strain. In fact, for each competition
assay, similar growth dynamics were seen between the mutant
and the parent strain, resulting in a relative fitness of 1 for each
class of mutant. The Asp283Val mutant class showed a reduced growth rate on the selective agar in the competition
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FIG. 1. Mutation rates for seven different M. tuberculosis strains at three different drug concentrations: 10⫻, 30⫻, and 100⫻ the MIC of the
susceptible parent strains. Independent mutants were selected from six clinical isolates (isolates 1 to 6) and reference strain H37Rv (isolate 7) at
three selection concentrations. Parent strains 4, 6, and 7 were drug susceptible (Susc) and strains 1 to 3 and 5 were MDR, as determined with a
Bactec radiometric system (29).
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assay, and the number of resistant colonies could thus not be
reliably counted. Growth curves for the mutant alone, however, did not show a difference in growth rate compared to that
for the parent strain (data not shown).
DISCUSSION
Our results show that the apparent rate of mutation to
high-level resistance against the novel anti-TB drug R207910
decreases with an increase in the antibiotic concentration.
Thus, at 0.3 mg/liter (10⫻ MIC of R207910-susceptible M.
tuberculosis), the mutation rate ranged from 4.7 ⫻ 10⫺7 to
8.9 ⫻ 10⫺9 mutations per cell per division, at 0.9 mg/liter (30⫻
MIC) the mutation rate ranged from 3.9 ⫻ 10⫺8 to 2.4 ⫻ 10⫺9
mutants per cell per division, and at the highest concentration
tested, 3 mg/liter (100⫻ MIC), no resistant mutants were
found. The mean mutation rate at 10⫻ MIC was approximately
10-fold higher that that at 30⫻ MIC (Fig. 1). Furthermore, the
mutation rate measured at 10⫻ MIC was comparable to the mutation rate for resistance to isoniazid and rifampin (10⫺8), the
two most important anti-TB drugs, in M. tuberculosis (9, 18,
34). The levels of resistance of the mutants that were selected
ranged from 0.12 to 3.84 mg/liter for the 53 mutants analyzed
(these represent 4- to 128-fold increases in the MICs), with no
systematic differences between the two selection regimens being
detected (Fig. 2), except that all the mutants with the highest level
of resistance (3.84 mg/liter) were selected at 30⫻ MIC.
The fact that no single resistant mutant was observed at the
highest selective concentration suggests that R207910 has a

mutant preventive concentration (MPC) below 3 mg/liter for
M. tuberculosis. The MPC has been defined as the concentration threshold at which the least susceptible bacteria (in general, this means first-step resistant bacteria) present in a population of 1010 susceptible cells are inhibited (12, 13). Since
approximately 1010 cells were plated in our mutant selection
assays (i.e., 84 independent cultures, with approximately 108
CFU being plated from each culture) without yielding a single
mutant colony at 3 mg/liter but yielding several mutant colonies at 0.9 mg/liter, this suggests that 0.9 mg/liter ⬍ MPC ⱕ 3
mg/liter. The mutant selection window is the drug concentration range above the MIC level of the drug-susceptible population and below the MPC. Antimicrobial regimens have often
been chosen on the basis of the MIC level, thus typically
remaining within the selection window for resistance (14).
However, if therapeutic doses above the MPC level for the
drug are attainable without being toxic to the patient, the rate
of clinical resistance development could be reduced (14, 37). In
a phase IIa trial with R207910, when 400 mg/day of drug was
administered for 7 days, R207910 was seen to reach an average
steady-state plasma concentration of 2.7 ⫾ 0.8 mg/liter (maximum serum concentration, 5.5 ⫾ 2.9 mg/liter) (29). If it is
assumed that the bacteria within infected patients are exposed
to antibiotic levels corresponding to those determined by the
plasma concentration, this concentration is within the postulated MPC range (0.9 mg/liter ⬍ MPC ⱕ 3 mg/liter), and it is
conceivable that a therapeutic dose above the mutant selection
window might be attainable for R207910.
With regard to the mechanism of resistance in the isolated
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FIG. 2. MICs of R207910-resistant mutants. The MICs of 69 independent mutants selected with R207910 at 10⫻ MIC and 27 selected with
R207910 at 30⫻ MIC were determined by the use of serial dilutions (0.015 to 3.84 mg/liter) on solid Middlebrook 7H9 agar. The MIC was defined
as the first concentration with no visible growth. The MIC50 for all mutants was 0.48 mg/liter, and the highest MIC was 3.84 mg/liter. The arrow
and line mark the MIC level of the R207910-susceptible parent isolates (0.03 to 0.06 mg/liter). MDR, mutants selected from MDR parent strains;
Susc, mutants selected from drug-susceptible parent strains.
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TABLE 1. Resistance mutations in the atpE gene and MIC levelsa

Parent strain group
and strain

No. of mutants sequenced
(total no. obtained)

atpE, F0 operon, or ATP
synthase operon mutation

No. of independent
mutants

MIC range
(mg/liter)

10

6 (12)

30

2 (2)

Glu61 3 Asp (GAG-GAC)
WT atpE
Ala63 3 Pro (GCA-CCA)

1
5
2

0.48
0.12–0.48
1.92–3.84

2

10

3 (5)

Asp28 3 Val (GAC-GTC)
Glu61 3 Asp (GAG-GAC)
WT atpE

1
1
1

0.48
0.24
0.12

3

30
10

0 (0)
6 (12)

30

5 (11)

10

3 (7)

30

2 (2)

WT atpE
WT atpE and F0 operon
WT atpE and ATP synthase
WT atpE
WT atpE and F0 operon
WT atpE
WT atpE and F0 operon
Ala63 3 Pro (GCA-CCA)
Ile66 3 Met (ATC-ATG)

2
1
3
3
2
2
1
1
1

0.9
0.9
0.9
0.48–0.9
0.9
0.12–0.24
0.24
0.9
0.48

10

7 (12)

6

30
10
30

1 (1)
5 (10)
5 (5)

7

10

3 (10)

30

5 (5)

Asp28 3 Pro (GAC-GGC)
Glu61 3 Asp (GAG-GAC)
WT atpE
WT atpE and F0 operon
Glu61 3 Asp (GAG-GAC)
WT atpE
Glu61 3 Asp (GAG-GAC)
Ala63 3 Pro (GCA-CCA)
WT atpE
WT atpE
WT atpE and F0 operon
Ala63 3 Pro (GCA-CCA)
WT atpE

1
1
3
2
1
5
1
1
3
1
2
3
2

0.3
0.96
0.12–0.24
0.3–0.48
0.48
0.24–0.96
0.48
0.9
0.12–24
0.48
0.48
3.84
0.24–0.48

MDR parent strains
1

5

Drug-susceptible parent
strains
4

a
The atpE genes of 53 mutants (33 selected at 10⫻ MIC 关0.3 mg/liter兴 and 20 selected at 30⫻ MIC 关0.9 mg/liter兴) were sequenced, and six different classes of
mutations were identified. The first five classes represented single point mutations within the atpE gene; and the last group, which consisted of 38 mutant clones,
represented mutants in which no mutation within the sequenced gene was identified. Eleven of the mutants exhibited wild-type (WT) F0 operons, and three of these
had wild-type ATP synthase (F0 and F1 operons).

mutants, five of the mutations observed in 15/53 of the selected
mutants were within the previously identified atpE gene.
Complementation assays of the Asp283 Val or Glu32 3 Val
mutation in M. smegmatis have previously confirmed the role
of this gene in conferring R207910 resistance (4, 20), making it
likely that the atpE mutations identified in this study cause the
resistance observed in the mutants. Furthermore, binding studies with wild-type and mutant subunit C (AtpEA63P) proteins
suggested that the point mutation in the atpE gene significantly
influences its binding to R207190 (20). Structural simulations
have suggested that R20910 binds in the vicinity of amino acid
61 (Glu) in the C subunit of the ATP synthase, interacting with
the amino acid to block the passage of H⫹ and thus blocking
ATP synthesis (10). The point mutations causing the substitutions Ala63 3 Pro and Asp283 Val are thought to affect the
spatial area around amino acid 61, thereby interfering with the
access of R207910 to its binding site (10). The substitution of
Glu for the equally negatively charged but smaller Asp seen in
our mutants at position 61 (Glu61 3 Asp) might also confer a
similar effect. Thus, the shorter carbon chain of Asp might
prevent R207910 from interfering with the passage of H⫹,
thereby maintaining the function of ATP synthase and conferring resistance. As Asp is itself negatively charged, the C sub-

unit most likely maintains its function, enabling continued H⫹
transfer. This could explain why the relative fitness of the
mutant is not measurably impaired (see below). For 38/53
mutants, we could not identify any mutations within the atpE
gene. Furthermore, for 3 of these 38 mutants (parent strain 3,
selected on 10⫻ MIC), the complete F0 and F1 operons were
sequenced buy no mutations were identified. These results
suggest that at least one additional, ATP synthase-independent
mechanism of resistance exists.
For the six classes of in vitro-selected R207910-resistant
mutants observed in this study, resistance to R207910 in M.
tuberculosis did not affect the relative fitness in vitro. Thus,
mutants from each mutation class grew equally well as the
corresponding isogenic parent strain, as shown by both the
growth curves for a single culture (data not shown) and competition assays. It is unclear how well one can extrapolate in
vitro fitness to the expected fitness of the mutants in an animal
model or humans (1–3), but previous studies of streptomycin
and isoniazid resistance in M. tuberculosis suggest that the
growth rates measured in vitro are well correlated with the
frequencies at which these resistant mutants are recovered
from patients in clinical settings. For example, streptomycin-resistant mutants with high fitness costs (slow growth) in
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vitro are rare clinically, whereas mutants with cost-free mutations are commonly isolated from patients (7, 8, 30). Similarly, the low-cost/cost-free Ser315Thr isoniazid resistanceconferring mutation in the katG gene is the mutation type
most commonly detected in isolates recovered from patients
(27, 33). However, it is still possible that these mutations
could confer a fitness cost in vivo without showing a measurable cost in vitro, as has been seen for other types of
resistance (6, 23), and this question remains to be further
explored by, for example, experiments with animals to determine in vivo growth rates and survival (24, 27) or epidemiological studies to determine the basic reproductive numbers of susceptible and R207910-resistant mutants in human
populations (16, 33).
In conclusion, our results suggest that resistance to the novel
compound R207910 develops at a rate similar to that observed
for rifampin without causing any obvious associated fitness
costs during growth in vitro. Importantly, a concentration of 3
mg/liter of drug will prevent the selection of one-step resistant
mutants in vitro, and previous pharmacokinetic studies of the
compound show that therapeutic doses above our postulated
MPC are attainable, without being toxic to the host. Thus, it is
conceivable that dosing regimens that effectively reduce the
risk of resistance development can be developed for R207910
(in combination with other drugs). The data from this study
provide important knowledge for the design of the optimal
R207910 treatment regimens for the prevention of the emergence of resistance in clinical settings.
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