
Mutations in Genes for the F420 Biosynthetic Pathway and a
Nitroreductase Enzyme Are the Primary Resistance Determinants in
Spontaneous In Vitro-Selected PA-824-Resistant Mutants of
Mycobacterium tuberculosis

Hana L. Haver,a,b Adeline Chua,a Pramila Ghode,a,c Suresh B. Lakshminarayana,a Amit Singhal,d Barun Mathema,e René Wintjens,f

Pablo Bifania

Novartis Institute for Tropical Diseases, Singaporea; Department of Microbiology and Immunology Program, Yong Loo Lin School of Medicine, Life Sciences Institute,
National University of Singapore, Singaporeb; Department of Biological Sciences, Faculty of Science, National University of Singapore, Singaporec; Singapore Immunology
Network (SIgN), A*STAR, Singapored; Department of Epidemiology, Mailman School of Public Health, Columbia University, New York, New York, USAe; Laboratory of
Biopolymers and Supramolecular Nanomaterials (CP206/04), Université Libre de Bruxelles, Brussels, Belgiumf

Alleviating the burden of tuberculosis (TB) requires an understanding of the genetic basis that determines the emergence of
drug-resistant mutants. PA-824 (pretomanid) is a bicyclic nitroimidazole class compound presently undergoing the phase III
STAND clinical trial, despite lacking identifiable genetic markers for drug-specific resistant Mycobacterium tuberculosis. In the
present study, we aimed to characterize the genetic polymorphisms of spontaneously generated PA-824-resistant mutant strains
by surveying drug metabolism genes for potential mutations. Of the 183 independently selected PA-824-resistant M. tuberculosis
mutants, 83% harbored a single mutation in one of five nonessential genes associated with either PA-824 prodrug activation
(ddn, 29%; fgd1, 7%) or the tangential F420 biosynthetic pathway (fbiA, 19%; fbiB, 2%; fbiC, 26%). Crystal structure analysis indi-
cated that identified mutations were specifically located within the protein catalytic domain that would hinder the activity of the
enzymes required for prodrug activation. This systematic analysis conducted of genotypes resistant to PA-824 may contribute to
future efforts in monitoring clinical strain susceptibility with this new drug therapy.

Tuberculosis (TB) remains a major global health concern, with
�8 million new cases and 1.8 million deaths occurring annu-

ally (WHO). This pandemic is exacerbated by the pervasive spread
of multidrug-resistant (MDR)-TB that challenges clinicians to
fight a disease with a limited arsenal of resources. The bicyclic
4-nitroimidazole chemotype has yielded two promising candi-
dates, delamanid (OPC67683) and pretomanid (PA-824), which
actively inhibit both nonreplicating and rapidly growing bacilli
under aerobic and anaerobic conditions (1). Both drugs are un-
dergoing clinical evaluation and FDA approval is pending for the
treatment of MDR-TB. In 2013, delamanid received conditional
marketing authorization by the European Medicines Agency
(EMA) for use in adult patients deprived of other treatment op-
tions (2). PA-824 is in the phase III STAND clinical trial, and at
this stage of the development pipeline, it would be beneficial to
monitor the genetic basis of resistant clinical strains as they
emerge in the wake of future implementation into a treatment
protocol.

Bicyclic 4-nitroimidazoles are prodrugs that require metabolic
activation by a deazaflavin (cofactor F420)-dependent nitroreduc-
tase (Ddn) (3). Ddn (Rv3547) converts the prodrugs into three
primary metabolites, a des-nitroimidazole and two unstable by-
products (4). Ddn is likely a membrane-bound protein (5) that is
involved in a protective mechanism under oxidative stress (6).
The major mechanism of action of nitroimidazole in active disease
under aerobic conditions is to hinder the formation of mycolic
acids, and under anaerobic conditions, the mechanism involves
the induction of respiratory poisoning (4, 7). By inhibiting the
formation of ketomycolates, a class of mycolic acids, nitroimidaz-
ole interferes with Mycobacterium tuberculosis cell wall formation,
thus curtailing growth (1). PA-824 also donates nitric oxide (NO),

which can accumulate and create toxic conditions within the ba-
cilli that hamper regular electron flow and homeostasis during
latency (4). In active aerobic M. tuberculosis, this NO buildup is
insufficient to have a significant bactericidal effect (7).

The two-electron transfer cofactor F420 (7,8-didemethyl-8-
hydroxy-5-deazaflavin derivative), first reported in mycobacteria
(8), plays a role in redox reactions and the methane biosynthesis
pathway (9–11). F420 redox cycling requires the NADP-dependent
glucose-6-phosphate dehydrogenase (FGD1) to catalyze the oxi-
dation of glucose-6-phosphate to 6-phosphogluconolactone. Af-
ter the reduction of F420 to the active protonated cofactor, F420-H2,
Ddn catalyzes the reverse reaction to oxidize it back to F420. It has
been hypothesized that Ddn orients PA-824 so that hydride
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transfer from F420 can occur and stabilize the transition state dur-
ing this biochemical reaction (5). In F420 biosynthesis, the FbiC
gene encodes a 7,8-didemethyl-8-hydroxy-5-deazariboflavin
(FO) synthase, which transfers the hydroxybenzyl group from
4-hydroxy-phenylpyruvate to pyrimidinedione (12). FbiA and
FbiB are subsequently involved in the addition of 2-phospho-L-
lactate and polymerization of the penta-polyglutamate tail that
generates the F420 cofactor (13). FbiA is a 2-phospho-L-lactate
transferase responsible for the transfer of the lactyl phosphate
moiety of lactyl-2-diphospho-5=-guanosine to FO and is known
as CofD in Methanosarcina mazei (14). The biosynthetic contri-
butions of FbiA, FbiB, and FbiC to PA-824 resistance were deter-
mined in studies of transposon mutagenesis mutants (13, 15). A
susceptible phenotype could be reintroduced by complementa-
tion, confirming that F420 depletion is one of the mechanisms of
resistance to this compound class (13). The crystal structures and
functions of FbiA from M. mazei (14) and FbiB from Archaeoglo-
bus fulgidus (16) were recently deciphered; the functions are de-
picted in Fig. 1.

Stover et al. (1) selected spontaneous mutants in the presence
of PA-824 and found that those strains could not carry out the
nitro-reduction required for drug activation, averting bactericidal
consequences. Mutant strains containing mutated FGD1, a criti-
cal component of F420 activation, conferred PA-824 resistance (1,
13, 15). Choi et al. (13) generated transposon mutants resistant to
PA-824, and of those that displayed a negative phenotype for F420

production, insertions were identified in either fbiA or fbiB, for
which complementation could restore production. Ddn, FGD1,
and FbiA were reported to be nonessential to the optimal growth

of M. tuberculosis in vitro, and there are no available data on the
essentiality of FbiB and FbiC (17). While findings suggest that the
mechanisms of resistance to PA-824 are not essential to prolifer-
ation when cells are grown in vitro under aerobic conditions, it is
unclear whether they affect the organism while under oxidative
stress. Looking forward toward potential implementation in the
clinical setting, it is helpful to note that PA-824 exhibits no cross-
resistance (18) with other antitubercular drugs, heightening opti-
mism for its use in TB control of multidrug resistant bacilli.

In this study, we used M. tuberculosis strain H37Rv to perform
a forward population genetics evaluation of PA-824 resistance.
Our aims were to (i) collect spontaneously generated M. tubercu-
losis strains with a PA-824-resistant phenotype under aerobic con-
ditions, (ii) characterize the genotypes of five genes associated
with either PA-824 prodrug activation (ddn and fgd1) or the tan-
gential F420 biosynthetic pathway (fbiA, fbiB, and fbiC), (iii) incor-
porate mutation and frequency findings into drug target binding
models for Ddn and FGD1, and (iv) assess the relative degree of
bacterial resistance in representative mutant strains.

MATERIALS AND METHODS
Antibiotics, bacterial strains, and selection of spontaneous mutants.
PA-824 was synthesized and its purity confirmed as previously described
(3). M. tuberculosis strain H37Rv (ATCC 29294) was cultured in 7H9 (BD
Difco Middlebrook 7H9 broth) liquid medium at 37°C to an optical den-
sity at 590 nm (OD590) of 0.6 (�1 � 108 CFU) for the selection of mutants
on agar plates containing either 1 or 5 �M (0.36 or 1.79 �g/ml, respec-
tively) PA-824 under aerobic conditions. The starting inoculum was de-
termined by serial dilution and plating on agar plates in triplicate. As an
additional control, two inocula (108 and 109) were plated on 1 �g/ml

FIG 1 Cofactor F420 biosynthetic pathway. 6P-glucone, 6-phosphogluconolactone; Glu-6-P, glucose 6-phosphate; FO, 7,8-didemethyl-8-hydroxy-5-deazari-
boflavin (a 5-deazaflavin biosynthetic intermediate of F420); F420-0, FO with side chain phospholactyl; F420, F420-0 with n glutamate moieties (n � 5 or 6); F420-H2,
reduced coenzyme F420; P-lactate, 2-phospho-L-lactate; MQ, menaquinone; MQ-H2, menaquinol (reduced menaquinone).
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rifampin yielding 1 to 10 colonies per plate, respectively. After incubation
of the seeded plates for 4 weeks at 37°C, resistant colonies were selected
and subcultured in 1 ml of 7H9 liquid medium containing an equivalent
concentration of the drug used for selection for 12 days. Extracted DNA
was used for PCR of the five putative resistance-determining regions, and
their corresponding upstream region of 68 to 195 bp were sequenced and
analyzed. Sanger sequencing was performed using BigDye Terminator
version 3.1 cycle sequencing (1st Base Asia). Five independent selection
experiments were performed. All five genes (ddn, fgd1, fbiA, fbiB, and
fbiC) were sequenced for the first selection experiment only, comprising
91 samples. For the four subsequent selection experiments, samples were
sequenced sequentially, starting with ddn, fgd1, fbiA, fbiB, and fbiC until a
mutation was identified. For the four subsequent selection experiments,
107 and 108 bacilli were plated on five plates each at 1 and 5 �M (20 plates
per experiment, for 100 plates total), and eight plates for each batch were
used to pick three colonies per plate. The primers used for amplification
and sequencing are found in Table S1 in the supplemental material.

Determination of MICs. Transparent flat-bottomed 24-well plates
(Nunc) were filled with 1 ml of 7H11 agar containing various drug con-
centrations of PA-824 (0, 0.5, 1.0, 5.0, and 10.0 �M) and prepared based
on previously reported MICs and laboratory observations. A 100-�l cul-
ture of M. tuberculosis at an OD590 0.02 (�1 �106 CFU) was seeded and
incubated at 37°C for 3 to 4 weeks. The MIC99 was assigned at the con-
centration at which no growth was observed.

RESULTS
Frequency of spontaneous mutations in PA-824. Spontaneous
PA-824-resistant mutants were selected throughout five indepen-
dent biological experiments, with each experiment distinctly per-
formed on a different date starting from an independent inocu-
lum. The range in mutation rates was determined to be 10�5 to
10�7 CFU in the first selection experiment and found to vary
according to the concentrations of PA-824. H37Rv cultures were
adjusted to 105, 106, 107, 108, and 109 CFU and plated on 7H11
(BD Difco 7H11) agar plates containing either 1 or 5 �M PA-824
(eight plates each). Only 8 CFU were recovered from the eight
plates of 105 CFU at 1 �M and none at 5 �M; consequently, the
mutation rate was found to be 1 � 10�5 at 1 �M and undetectable
at 5 �M for 1 � 105 CFU. CFU were recovered on plates contain-
ing 1 �M PA-824 that had been plated with 106 CFU and on plates
containing 5 �M PA-824 at �107 CFU. No mutants were selected
from plates containing 5 �M PA-824 when plating 106 bacilli (Ta-
ble 1). In the four subsequent selection experiments, only 107 and
108 CFU were seeded on each plate, from which only three colo-
nies per plate were randomly picked.

Distribution of genetic polymorphisms, structural analysis,
and homology modeling. Out of 203 PA-824-resistant M. tuber-
culosis colonies that were selected and subcultured, 20 were elim-

inated from the study due to either failure of growth or reconfir-
mation of resistance. Of the 183 isolated strains that were
subjected to target sequencing using PCR, lesions in ddn were
most prevalent, accounting for 29% (n � 53), followed by 26% in
fbiC (n � 47), 19% in fbiA (n � 35), 7% in fgd1 (n � 12) and 2%
in fbiB (n � 4), and the remaining 17% (n � 32) harbored no
mutations in the five genes examined (Fig. 2). Insertions and de-
letions accounted for 36 mutant isolates with lesions on ddn (n �
6), fgd1 (n � 3), fbiA (n � 13), fbiB (n � 1), and fbiC (n � 13), and
40 samples had substitutions leading to an early termination
codon ddn (n � 34), fgd1 (n � 2), fbiA (n � 2), fbiB (n � 1), and
fbiC (n � 1) (Fig. 2).

Of the ddn mutants, 58% (31/53) had mutations leading to a
11Ser¡STOP substitution, resulting in an early stop codon (Table
2). Eighteen other polymorphisms, including 15 distinct muta-
tions were identified, with three clusters comprising three
133Tyr¡Asp and two 88Trp¡Arg mutations and two insertions of
55Arg. There were three single and one dinucleotide deletions and
two insertions of one and seven amino acids. All insertions were
in-frame, and all deletions were out-of-frame. The mutation of
22Ser¡Leu mirrored previously reported single nucleotide poly-
morphisms (SNPs). 22Ser¡Ala and 22Ser¡Val correlated to
strong decreased enzymatic activity in vitro (6). Modeling analysis
based on existing crystal structures was completed for the Ddn
protein (PDB code 3R5R) (5) (Fig. 3). The 86Pro¡Leu and
88Trp¡Arg mutations lost contact with F420 and lost a side chain
H-bond with F420, respectively (see Fig. S1 in the supplemental
material). The two insertions of one and seven amino acids were
both found in a loop interacting with the polyglutamate tail of F420

(see Fig. S1) (5), and 133Tyr¡Asp mutation localizes in the PA-
824 putative binding site.

The crystal structure of FGD1 cocrystallized with F420 was used
to model the mutations encountered in the present study (PDB
code 3B4Y) (Table 2 and Fig. 4A) (19). The 106Gly¡Val mutation
is located within the F420-binding site. The 112Asn¡Lys mutation
forms an H-bond with F420, and the 43Pro¡Arg and 230Glu¡Lys

FIG 2 Distribution of mutation frequencies among the five target genes. The
relative number of genes encoding early STOP codons and out-of-frame in-
sertions and deletions is shown in gray.

TABLE 1 Frequency of mutations associated with PA-824 resistance at 1
and 5 �M

PA-824 concn

No. of colonies/plate for:

105 CFU plated 106 CFU plated 107 CFU plated

1 �M 3, 2, 2, 1, 0, 0,
0, 0

28, 28, 25, 18, 17,
17, 14, 6

�40a

Frequency 1 � 10�5 1.9 � 10�5

5 �M None None 16, 8, 7, 5, 4, 4,
4, 3

Frequency 6.38 � 10�7

a Exact number was not recorded.
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mutations are predicted to bind the substrate glucose-6-phos-
phate (19). Two of the mutants led to different SNPs on codon
143Trp, resulting in an early STOP codon. In addition, an out-of-
frame six-nucleotide deletion responsible for a two-amino acid
deletion (130His and 131Ala) and a mutation (129Gly¡Ala) were
noted.

Twenty-eight different mutations in 35 independent mutants
were identified in fbiA, including 13 frameshift mutations and two
early stop codons (Fig. 5; see also Table S2 in the supplemental
material). The crystal structure of CofD, an ortholog of FbiA from
M. mazei, has been solved in complex with the FO moiety and
GDP (PDB code 3C3E) (14). Sequence similarity between M.
mazei CofD and M. tuberculosis FbiA proteins suggests that the
63Asp¡Gly mutation could be involved in binding of the FO mol-
ecule, but this is not sufficient to predict the influence of mutation
on FbiA function in the remaining 14 strains.

Genetic alterations in fbiC accounted for 26% (n � 47) of the
mutants (Fig. 5; see also Table S2 in the supplemental material).

Distinct mutations were observed in 38 isolates, including those
leading to one early stop codon and 13 out-of-frame insertions
and deletions. The codon leads to the 372Pro¡Ser, 387Asp¡Tyr,
720Val¡Ile mutations, and an insertion of 843C accounted for
three, two, four, and four mutants, respectively. Since there is no
available crystal structure for FbiC, we could not elucidate a pre-
dictable model for PA-824-resistant mutants.

Four mutations within fbiB were identified, including a 17-
nucleotide insertion and one leading to a stop codon (Fig. 5; see
also Table S2 in the supplemental material). The 361Pro¡Ala mu-
tation was located within the FbiB C-terminal domain (portion
245 to 448), whose function remains unknown, and the N-termi-
nal domain encompassed the coenzyme F420-0:�-glutamyl ligase
enzyme. Based on comparative analysis with the structure of a
homologous enzyme from A. fulgidus (16), the 153Gly¡Val mu-
tation likely localized within the putative active site of the enzyme.
To our knowledge, this is the first data reported on mutations in
fbiA and fbiB associated with PA-824, two genes associated with

TABLE 2 Summary of mutations identified in genes ddn and fgd1

nt change by gene aa change Frequency
Concn used for
selection (�M) Comment(s)

Gene Rv3547/ddn
24	T 8Phe¡Phe 1 5 Single-nucleotide deletion¡frameshift
32C¡A 11Ser¡STOP 31 1/5 Early termination codon
65C¡T 22Ser¡Leu 1 1 Decrease in enzyme activity (5)
72/73	TA 24Ile¡Ile 1 1 Double-nucleotide deletion¡frameshift
73	A 25-Asn¡Ile 1 1 Single-nucleotide deletion¡frameshift
87C ¡A 29Tyr¡STOP 1 5 Early termination codon
124C¡T 42Gln¡STOP 1 5 Early termination codon
143T¡C 48Leu¡Pro 1 5 Single-nucleotide substitution
163�CGC 55�Arg 2 1 In-frame 1-aa insertion; loop interacting with polyglutamate tail of F420
163�21 bp 55�7 aa 1 5 In-frame 7-aa insertion; loop interacting with polyglutamate tail of F420
232T¡C 78Ser¡Pro 1 1 Single-nucleotide substitution
242G¡A 81Gly¡Asp 1 1 Flanking F420-interacting residue
257C¡T 86Pro¡Leu 1 5 Substitution loses contact with F420 cofactor
262T¡C 88Trp¡Arg 2 1 Loss of H-bond with F420
290	A 97Lys¡Arg 1 5 Single-nucleotide deletion¡frameshift
320T¡C 107Leu¡Pro 1 1 Partially accessible 
-strand flanking F420-binding site
361G¡A 121Glu¡Lys 1 1 Single-nucleotide substitution
397T¡G 133Tyr¡Asp 3 5 Localize in PA-824 putative binding site; substitutions of 133Tyr

previously shown to abolish activity (5)
409C¡T 137Gln¡STOP 1 5 Nucleotide substitution¡early termination codon

Total no. of ddn
mutants

53

Gene Rv0407/fgd1
128C¡G 43Pro¡Arg 2 5 Putative glucose-6-phosphate-binding site (16)
212G¡A 71Gly¡Asp 1 1 Flanks F420-binding site
317G¡T 106Gly¡Val 1 1 Putative F420-binding site
336C¡A 112Asn¡Lys 1 5 Putative H-bond with F420 cofactor
146	GCCATG 129Gly¡Ala, 130	H, 131	A 1 5 Out-of-frame 6-nt (2-aa) deletion
428G¡A 143Trp¡STOP 1 1 Nucleotide substitution¡early termination codon
429G¡A 143Trp¡STOP 1 5 Nucleotide substitution¡early termination codon
498	C 166Pro¡Pro 1 5 Single-nucleotide deletion¡frameshift
506G¡C 169Gly¡Ala 1 5 Loop distant from active site, function unknown
678	A 227Asp¡Glu 1 5 Single-nucleotide insertion¡frameshift
688G¡A 230Glu¡Lys 1 1 Putative glucose-6-phosphate-binding site (16)

Total no. of fgd1
mutants

12
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bicyclic nitroimidazole resistance. This finding can likely be at-
tributed to the strategy of sequencing all the genes for 91/183
spontaneous mutants associated with the F420 biosynthetic path-
way coupled with the large number of isolates analyzed.

The annotated reading frames of fbiA and fbiB overlap by four
nucleotides at the C terminus of fbiA. It is possible that the pre-
dicted starting codon of fbiB is downstream. Alternatively, the
start codon and an additional nucleotide of fbiB might be part of
the last codon of fbiA and its termination. This phenomenon is not
unusual in plants, whereby two overlapping reading frames can be
cotranscribed in a bicistronic mRNA (18).

MIC determination. The MIC99 was determined for 40 strains
on 7H11 agar containing various concentrations of PA-824 (0, 0.5,
1.0, 5.0, and 10.0 �M). The strains used for MIC99 determination
were randomly selected prior to knowledge of the sequencing re-
sults. Of those mutants exhibiting a high level of resistance, the
greatest proportion (56% [n � 15]) led to the 11Ser¡STOP mu-
tation in ddn, a single-nucleotide deletion and frameshift at 25Asn
in ddn, a single-nucleotide deletion and frameshift at 52Gly in fbiC,
a 86Tyr¡STOP mutation in fbiC, and a single-nucleotide deletion
and resulting frameshift at 71Gly, 74Asp, and 81Gln in fbiA.

DISCUSSION

This study aimed to characterize the genetic polymorphisms of
spontaneously generated PA-824-resistant mutant strains by ex-
amining drug metabolism genes for potential mutations. The fre-
quency of mutations ranged from 1 � 10�5 to 10�7 in a concen-
tration-dependent manner, which was higher than that previously
reported (6.7 � 10�7 to 9.0 � 10�7) (1). Hurdle et al. (20) selected
nitrofuranylamide-resistant M. tuberculosis mutants and reported
a frequency of 10�5 to 10�7, which was more consistent with our
findings and similar to that for isoniazid (21). Concentration de-
pendency was reflected in the increased number of CFU found on
plates containing the lowest drug concentration. Noteworthy is
the dose of 50 mg/kg of body weight of PA-824 utilized in in vivo

FIG 3 Ribbon representations of Mycobacterium protein Ddn (PDB code
3R5R). Mutated residues identified are represented on the three-dimensional
(3D) protein structures. The F420 is depicted with carbon atoms in yellow. The
images were obtained using a consecutive combination of the MolScript (37)
and Raster3D (38) programs.

FIG 4 Ribbon representation of the crystal structure of Mycobacterium FGD1 (PDB code 3BY4) (A) Mutated residues identified are represented on the 3D
protein structures. The F420 is depicted with carbon atoms in yellow. Phylogenetic amino acid substitutions reported by Feuerriegel et al. (35) are shown (B).
These residues are found on the protein surface. The image was produced consecutively using the MolScript (37) and Raster3D (38) programs.
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combination studies in mouse models, which corresponds to ap-
proximately 30 �M, or roughly six times the concentration used
to select for mutants in this study (22–25). With the currently
recommended 200-mg dose (26) of PA-824 and the correspond-
ing concentration observed in vivo in humans (�2 to 3 �M [27]),
we predict that the mutation frequency will fluctuate around
10�6, although other environmental factors or host immunity
may influence this estimate (28). This prediction underscores the
critical need for proper drug combination and dosing to avoid the
early emergence of drug resistance. The ongoing STAND phase III
clinical trial is evaluating a combination of pyrazinamide, PA-824,
and moxifloxacin, of which both pyrazinamide and PA-824 have a
high frequency of emergent drug resistance, while moxifloxacin
shares extensive cross-resistance with other fluoroquinolones
(29, 30).

Adding to previous reports of mutations in the ddn, fgd1, and
fbiC genes, we found an association between mutations in fbiA
and fbiB and PA-824 resistance that supports the transposon mu-
tagenesis work of Choi et al. (13, 15). In assessing the genetic
polymorphisms in genes associated with PA-824 prodrug activa-
tion (ddn and fgd1) and the tangential F420 biosynthetic pathway
(fbiA, fbiB, and fbiC), we hoped to gain a better understanding of
the genetic underpinnings that determine the emergence of drug
resistance. Within these five genes, we found a diverse set of

changes in the majority of the PA-824-resistant mutant strains
that were incorporated into a predicted crystal structure analysis
of Ddn and FGD1. These structures indicate that identified muta-
tions were specifically located within the protein catalytic domain
that would hinder the activity of the enzymes required for prodrug
activation.

The greatest diversity in SNP insertions and deletions was
identified in fbiC and fbiA. Besides the original transposon mu-
tagenesis reports by Choi et al. (13, 15), no SNPs have been re-
ported in these two genes. The number of early truncations or
frameshifts identified in all 5 examined drug target genes corrob-
orate the notion that these enzymes are nonessential for growth
under aerobic conditions (17); this finding is similar to those mu-
tations associated with other prodrugs used to treat TB, including
ethionamide, pyrazinamide, and para-aminosalicylic acid (29). In
contrast, Gurumurthy et al. (6) found fbiC-deficient M. tubercu-
losis mutants to be hypersensitive to oxidative stress and more
susceptible to antitubercular drugs, including isoniazid, moxi-
floxacin, and clofazimine.

Resistant mutants were organized into three groups: (i) those
with complete protein disruption due to a frameshift or early ter-
mination, (ii) those with altered critical residues interacting with
either the cofactor or substrate, and (iii) those with substitutions
for which the function could not be predicted in this study.

FIG 5 Schematic representation of the mutations found in fbiABC.
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Functional redundancy or functional analogs have often been
observed in TB, as demonstrated for the 2 isocitrate lyases (31), the
2 thymidylate synthases (32, 33), and the RibD recently identified
as a member of the dihydrofolate superfamily (34). The orthologs
Rv1261c and Rv1558 may be functional analogs of Ddn (6), while
other enzymes (Rv1155 and Rv2991) have been found to be struc-
tural analogs of FGD1 (3). In a pool of 65 PA-824-susceptible
clinical isolates, Feuerriegel et al. (35) identified five unique phy-
logenetic or neutral SNPs in fgd1. Accordingly, the FGD1 model
elucidated in this study shows that these phylogenetic SNPs are
dispersed outside the F420-binding site and are not found in the M.
tuberculosis H37Rv resistant mutants selected here (Fig. 4B). Det-
rimental mutations on the catalase-peroxidase (KatG) required
for the activation of the prodrug isoniazid are extremely rare given
the associated significant loss of bacterial fitness. In contrast,
changes in pyrazinamidase (PncA) associated with pyrazinamide
resistance can include complete disruption of the gene with no
known associated fitness cost (29). In this study, no visible fitness
cost was observed in vitro, as determined aerobically by growth
kinetics (data not shown), which is reminiscent of mutants with
changes in PncA. It is important to bear in mind that the mutants
reported here were identified by analysis of randomly selected
mutants aerobically in vitro and may not corroborate to the ratio
or targets observed clinically, as previously observed in the cases of
ethionamide (P. Bifani and A. Chua, unpublished data) and iso-
niazid (36).

The wide distribution and diversity of mutations might present
a challenge for the development of a molecular diagnostic hybrid-
ization-based assay test, such as GeneXpert MTB/RIF or Geno-
Type MTBDRplus. It is possible that the molecular profile for
PA-824 resistance in clinical isolates will prove to be more restric-
tive due to unforeseen fitness costs in the patient; hence, a molec-
ular diagnostic approach could be reconsidered.

The frequency of mutations in PA-824-resistant M. tuberculo-
sis was found to be elevated when selecting at 1 �M and similar to
that of isoniazid at 5 �M. Of the resistant strains examined, 83%
had single mutations in one of the five genes associated with PA-
824 drug metabolism, either directly (ddn and fgd1) or indirectly
(fbiA, fbiB, and fbiC). The remaining 17% of the mutants had no
identifiable lesions within these genes, and this suggests that other
targets might be involved in either the activation pathway or the
mechanism of action of the drug. Correlating mutation types and
MIC99 is an important next step. The mutant frequency and con-
sequent fitness have yet to be determined in clinical isolates, as
nitroimidazoles have not yet been introduced into standard clin-
ical practice. With this systematic analysis of PA-824-resistant M.
tuberculosis mutants, we aimed to provide a reference to support
the tools used to monitor TB drug resistance.
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