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The mycobactin siderophore system is present in many Mycobacterium species, including M. tuberculosis
and other clinically relevant mycobacteria. This siderophore system is believed to be utilized by both
pathogenic and nonpathogenic mycobacteria for iron acquisition in both in vivo and ex vivo iron-limiting
environments, respectively. Several M. tuberculosis genes located in a so-called mbt gene cluster have been
predicted to be required for the biosynthesis of the core scaffold of mycobactin based on sequence analysis.
A systematic and controlled mutational analysis probing the hypothesized essential nature of each of these
genes for mycobactin production has been lacking. The degree of conservation of mbt gene cluster
orthologs remains to be investigated as well. In this study, we sought to conclusively establish whether
each of nine mbt genes was required for mycobactin production and to examine the conservation of gene
clusters orthologous to the M. tuberculosis mbt gene cluster in other bacteria. We report a systematic
mutational analysis of the mbt gene cluster ortholog found in Mycobacterium smegmatis. This mutational
analysis demonstrates that eight of the nine mbt genes investigated are essential for mycobactin produc-
tion. Our genome mining and phylogenetic analyses reveal the presence of orthologous mbt gene clusters
in several bacterial species. These gene clusters display significant organizational differences originating
from an intricate evolutionary path that might have included horizontal gene transfers. Altogether, the
findings reported herein advance our understanding of the genetic requirements for the biosynthesis of an
important mycobacterial secondary metabolite with relevance to virulence.

The obligate human pathogen Mycobacterium tuberculosis,
most opportunistic mycobacterial human pathogens (e.g., M.
avium), and many nonpathogenic saprophytic mycobacteria
(e.g., M. smegmatis) produce a structurally complex salicylic
acid-derived siderophore known as mycobactin (MBT) (Fig. 1)
(5, 33, 35). MBT has a core scaffold of a proposed nonribo-
somal peptide-polyketide origin consisting of a hydroxyphenyl-
capped (methyl)oxazoline moiety linked to an Nε-hydroxy-
lysine residue, which is typically connected to a terminal
cyclo-Nε-hydroxylysine by a 4-carbon linker. This core scaffold
is decorated with a variable fatty acyl substituent on the Nε of
the internal Nε-hydroxylysine residue. Structural variants (car-
boxymycobactins) with acyl substituents terminating in a carbox-
ylate or a methyl ester are also produced. Interestingly, the

core scaffold of MBT is remarkably similar to core scaffolds
seen in several compounds—some with interesting pharmaco-
logical activities—produced by species of the genus Nocardia
(Fig. 1). Nocardia is a saprophytic group of actinomycetes
closely related to the mycobacteria and includes species that
are increasingly recognized as opportunistic human pathogens
(2, 25).

Studies with cellular and animal models of mycobacterial
infection have established the relevance of the MBT sidero-
phore system in M. tuberculosis. The MBT-deficient mutant of
M. tuberculosis has been shown to be impaired for growth in
macrophages (6), the primary site of multiplication and per-
sistence of this deadly pathogen. Mutations inactivating the
ferrisiderophore uptake system IrtAB of M. tuberculosis have
been demonstrated to impair the ability of the pathogen to
multiply in mouse lung and macrophages (39). In addition, an
engineered MBT-deficient M. bovis BCG strain has been
shown to be both significantly more attenuated than the pa-
rental M. bovis BCG and a more efficacious vaccine than BCG
in animal models (48). The relevance of the MBT siderophore
system in M. tuberculosis highlights the enzymes involved in
siderophore production as potential in vivo conditionally es-
sential target candidates for exploring the development of
novel anti-infectives (9, 34). Notably, the first antibacterial
agent targeting MBT biosynthesis was reported in 2005 (9),
thus providing a proof-of-principle for the druggability of the

* Corresponding author. Mailing address: Biology Department,
Brooklyn College, 2900 Bedford Ave., Brooklyn, NY 11210. Phone:
(718) 951-5000, ext. 6254. Fax: (718) 951-4659. E-mail: LQuadri
@brooklyn.cuny.edu.

§ Supplemental material for this article may be found at http://jb
.asm.org/.

¶ Present address: Southeastern Community College, 4564 Chad-
bourn Hwy., P.O. Box 151, Whiteville, NC 28472.

‡ Present address: New York Methodist Hospital, CAHE, 1401
Kings Hwy., Brooklyn, NY 11229.

† Present address: New Jersey Medical School, UMDNJ, 185 South
Orange Ave., Newark, NJ 07103.

� Published ahead of print on 26 August 2011.

5905



pathway. This antibacterial inhibits a salicylic acid adenylation
step of the MBT biosynthetic pathway (36), blocks siderophore
production in M. tuberculosis, and restricts the growth of the
pathogen with greater potency under iron-limiting conditions,
where the siderophore system is crucial for the acquisition of
essential iron (9). In addition, potent antimicrobial activity
against M. tuberculosis has been reported for potential sidero-
phore-mediated iron uptake inhibitors with structural features
resembling the hydroxyphenyl-oxazoline-containing half of
MBT (42).

Over a decade ago, several clustered M. tuberculosis genes
were hypothesized to be required for MBT production based
on bioinformatic analysis (36). These genes form the so-called
mbt gene cluster, which contains 10 mbt genes. Several of these
mbt genes encode predicted nonribosomal peptide synthetases
(NRPSs) and polyketide synthases (PKSs) that have been pro-
posed to be involved in the assembly of the core scaffold of

MBT from its predicted building blocks (i.e., salicylic acid,
amino acids, and small carboxylic acids) (36). Shortly after the
identification of the mbt gene cluster, gene exchange through
homologous recombination was used to replace the nonribo-
somal peptide synthetase gene mbtB with a hygromycin resis-
tance cassette (6). The resulting M. tuberculosis mbtB mutant
was shown to be MBT deficient (6). This finding provided the
first genetic evidence linking the mbt gene cluster to MBT
production. However, the possibility of a polar effect on genes
located downstream of mbtB has not been ruled out by genetic
complementation analyses or other means for the mbtB mu-
tant, thus precluding a conclusive determination as to the re-
quirement for mbtB for MBT production.

Experimental validation of the involvement of each gene
with a predicted function in MBT biosynthesis is required to
further advance our understanding of the genetics of MBT
production. In particular, a systematic mutational analysis with

FIG. 1. Structures of representative mycobactins and related natural products.
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corresponding genetic complementation controls is needed to
conclusively assess whether each of the mbt genes proposed to
be required for the assembly of the core scaffold of MBT is
indeed essential for MBT production. The degree of conser-
vation of mbt gene cluster orthologs among MBT producers
remains to be investigated as well. In this study, we report a
mutational analysis of the mbt gene cluster ortholog found in
M. smegmatis (Fig. 2A). This Mycobacterium species was se-
lected as a representative prototype of MBT producers for the
genetic analysis presented herein due to its superior experi-
mental tractability compared with those of other mycobacteria.
Our analysis conclusively establishes that eight of nine mbt
genes investigated are essential for MBT production. We also
report an initial phylogenetic analysis of orthologous mbt gene
clusters present in several species of the genus Mycobacterium
and in a species of the closely related genus Nocardia. Alto-
gether, the findings reported herein advance our understand-
ing of the genetic requirements for the biosynthesis of an
important mycobacterial secondary metabolite with relevance
to virulence.

MATERIALS AND METHODS

Culturing conditions and recombinant DNA manipulations. M. smegmatis
strain mc2155 (ATCC 700084) and its derivatives were routinely cultured under
standard conditions in Middlebrook 7H9 broth (Difco) supplemented with 10%
ADN (5% bovine serum albumin [BSA], 2% dextrose, 0.85% NaCl) and 0.05%
Tween 80 (supplemented 7H9 broth) or on Middlebrook 7H11 agar (Difco) with
ADN (supplemented 7H11 agar) (31). For analysis of MBT production, M.
smegmatis cells were grown in iron-limiting GASTD medium (9, 42). Escherichia
coli DH5� (Invitrogen) cells were cultured under standard conditions in Luria-
Bertani medium (40). When required, kanamycin (30 �g/ml), hygromycin (50
�g/ml), sucrose (2%), and/or X-gal (5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside) (70 �g/ml) was added to the medium. General recombinant DNA
manipulations were carried out by standard methods and using E. coli as the
primary cloning host (40). Molecular biology reagents were obtained from
Sigma, Invitrogen, New England BioLabs, Novagen, or Qiagen. PCR-generated
DNA fragments used for plasmid constructions were sequenced to verify se-
quence fidelity. Genomic DNA isolation from and plasmid electroporation into
mycobacteria were carried out as reported previously (31).

Construction of �mbt mutants. Nine unmarked in-frame deletion mbt mutants
(M. smegmatis �mbtX, where X is A, B, C, D, E, F, G, H, or T) were engineered
by using the p2NIL/pGOAL19-based flexible-cassette method (32) as previously
reported (3, 10, 30). A series of nine suicide vectors (p2NIL-GOALc-�mbtXc
series) (see Table S1 in the supplemental material and below), each carrying an
mbt gene-specific deletion cassette (�mbtXc), was used to generate the nine M.

FIG. 2. M. smegmatis mbt gene cluster (A) and mbt deletion cassette delivery suicide vectors used for construction of �mbt mutants (B). The
M. smegmatis genes are labeled according to the nomenclature of the M. tuberculosis mbt gene cluster. The predicted translational products of the
mbt gene remnants in the deletion cassettes of the mbt deletion cassette delivery vectors are shown. Each gene remnant is flanked by ca. 0.6 to
1.0 kb of downstream and upstream wild-type sequences for homologous recombination with the chromosome.
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smegmatis �mbtX mutants. Each vector was electroporated into M. smegmatis
cells, and transformants with potential single crossovers (blue colonies) were
selected on supplemented 7H11 agar containing hygromycin, kanamycin, and
X-gal. Potential single crossovers were grown in antibiotic-free, supplemented
7H9 or 7H11 medium and then plated for single colonies on supplemented 7H11
agar containing sucrose and X-gal as reported previously (3). White colonies that
grew on the sucrose-containing plates were restreaked onto antibiotic-free and
antibiotic-containing plates to identify clones that lost drug resistance, a trait
indicating a possible double-crossover event with a consequent loss of the mbt
gene or regeneration to the wild type (WT). Each mbt deletion in antibiotic-
sensitive clones was screened for and confirmed by PCR. Toward this end,
genomic DNA from mutant candidates was used as a template along with two
independent mutant-specific primer pairs, each of which produced diagnostic
amplicons permitting differentiation between mutant and WT genotypes. The
primer pairs and amplicon sizes indicative of each mbt deletion and the WT
genotype are listed in Table S2 in the supplemental material.

Construction of the p2NIL-GOALc-�mbtXc series. Each �mbtXc was built by
the joining of a 5� arm and a 3� arm using splicing-by-overlap-extension (SOE)
PCR (14). The PCR primers and amplicon sizes are shown in Table S3 in the
supplemental material. Each PCR-generated �mbtXc was cloned into
pCR2.1Topo (Invitrogen) and subsequently excised from the pCR2.1Topo con-
struct and subcloned into the multiple-cloning site (MCS) of p2NIL (32).
�mbtAc, �mbtBc, �mbtDc, �mbtEc, �mbtFc, �mbtGc, and �mbtTc were
cloned as HindIII-NotI fragments. �mbtCc was cloned as a KpnI-NotI fragment.
�mbtHc was cloned as a BamHI-SacI fragment. Each resulting p2NIL-�mbtXc
construct and pGOAL19 (32) were digested with PacI, and the marker cassette
(GOALc) of pGOAL19 was ligated into the p2NIL-�mbtXc backbones to gen-
erate the p2NIL-GOALc-�mbtXc series (see Table S1 in the supplemental
material). The configuration of each final cassette was as follows: �mbtAc is
mbtA’s 663-bp upstream segment plus mbtA’s first codon plus the stop codon plus
the 661-bp downstream segment; �mbtBc is mbtB’s 603-bp upstream segment
plus mbtB’s first codon plus mbtB’s last 9 codons plus the stop codon plus the
567-bp downstream segment; �mbtCc is mbtC’s 992-bp upstream segment plus
mbtC’s first 5 codons plus mbtC’s last 5 codons plus the stop codon plus the
998-bp downstream segment; �mbtDc is mbtD’s 574-bp upstream segment plus
mbtD’s first 3 codons plus mbtD’s last 8 codons plus the stop codon plus the
552-bp downstream segment; �mbtEc is mbtE’s 572-bp upstream segment plus
mbtE’s first 4 codons plus mbtE’s last 5 codons plus the stop codon plus the
574-bp downstream segment; �mbtFc is mbtF’s 756-bp upstream segment plus
mbtF’s first 3 codons plus mbtF’s last codon plus the stop codon plus the 592-bp
downstream segment; �mbtGc is mbtG’s 570-bp upstream segment plus mbtG’s
first 3 codons plus mbtG’s last 13 codons plus the stop codon plus the 626-bp
downstream segment; �mbtHc is mbtH’s 1,000-bp upstream segment plus mbtH’s
first 4 codons plus mbtH’s last 6 codons plus the stop codon plus the 1,003-bp
downstream segment; and �mbtTc is mbtT’s 669-bp upstream segment plus
mbtT’s first 9 codons plus mbtT’s last 9 codons plus the stop codon plus the
674-bp downstream segment.

Construction of the pCP0-mbtX series. A series of nine plasmids (see Table S1
in the supplemental material), each expressing a specific mbt gene, was con-
structed by using the expression vector pCP0 (30). DNA fragments, each en-
compassing an mbt gene with its ribosome binding site, were PCR generated by
use of the primers shown in Table S2 in the supplemental material. The mbtA
and mbtG fragments were cloned into pCR2.1Topo and then excised as EcoRI-
HindIII excerpts and subcloned into the MCS of pCP0. The mbtC, mbtH, and
mbtT fragments were cloned into pCR2.1Topo and then excised as PstI-HindIII
excerpts and subcloned into pCP0. The mbtB fragment was assembled from two
fragments, B1 and B2. Each fragment was independently cloned into
pCR2.1Topo. B1 was then excised from pCR2.1Topo-B1 as a HindIII-PpuMI
excerpt and ligated into HindIII-PpuMI-linearized pCR2.1Topo-B2 to obtain
pCR2.1Topo-mbtB. The mbtB insert of pCR2.1Topo-mbtB was excised as a
HindIII-NheI excerpt and subcloned into pCP0. The mbtD fragment was assem-
bled from two fragments, D1 and D2. D1 and D2 were independently cloned into
pCR2.1Topo. The D1 insert of pCR2.1Topo-D1 was then excised as a HindIII-
BspEI excerpt and ligated into HindIII-BspEI-linearized pCR2.1Topo-D2 to
obtain pCR2.1Topo-mbtD. The mbtD insert of pCR2.1Topo-mbtD was then
excised as a HindIII-NheI excerpt and subcloned into pCP0. The mbtE fragment
was assembled from three fragments (E1, E2, and E3). The fragments were
independently cloned into pCR2.1Topo. The E1 insert of pCR2.1Topo-E1 was
then excised as a HindIII-StuI excerpt and ligated into HindIII-StuI-linearized
pCR2.1Topo-E2 to obtain pCR2.1Topo-E1E2. Subsequently, the E3 insert of
pCR2.1Topo-E3 was excised as a BlpI-EcoRI excerpt and ligated into BlpI-
EcoRI-linearized pCR2.1Topo-E1E2 to generate pCR2.1Topo-mbtE. Finally,
the mbtE insert of pCR2.1Topo-mbtE was excised as a HindIII-NheI excerpt and

subcloned into pCP0. The mbtF fragment was assembled from three fragments
(F1, F2, and F3). The fragments were independently cloned into pCR2.1Topo.
The F3 insert of pCR2.1Topo-F3 was then excised as a Bsu36I-SpeI excerpt and
ligated into Bsu36I-SpeI-linearized pCR2.1Topo-F2 to create pCR2.1Topo-
F2F3. Subsequently, the F1 insert of pCR2.1Topo-F1 was excised as a HindIII-
BsmI excerpt and ligated into HindIII-BsmI-linearized pCR2.1Topo-F2F3 to
generate pCR2.1Topo-mbtF. Finally, the mbtF insert of pCR2.1Topo-mbtF was
excised as a HindIII-NheI excerpt and subcloned into pCP0.

Extraction and radio-TLC analysis of MBT. MBT extraction and analysis were
carried out according to previously reported methodologies (9). Briefly, expo-
nential-phase cultures grown in GASTD (9, 42) were diluted in fresh medium to
an optical density at 595 nm (OD595) of 0.6 and loaded into 24-well plates (1
ml/well). [14C]salicylic acid (specific activity of 55 �Ci/�mol; American Radio-
labeled Chemicals, Inc.) was added to the growth medium at 0.1 �Ci/ml to
produce 14C-labeled MBT as reported previously (9). The multiwell plates were
incubated for 24 h (225 rpm at 37°C) before the OD595 of the cultures was
measured with a DTX 880 plate reader (Beckman Coulter, Inc.), and the cells
were harvested for MBT extraction as reported previously (9). The cell pellet was
resuspended in 300 �l of ethanol, and the cell suspension was incubated at 37°C
for 16 h. After incubation, insoluble material was removed by centrifugation
(5,000 � g), and the ethanol supernatant was recovered and combined with 1
volume of an aqueous FeCl3 solution (10 mM) to achieve a concentration of 2.2
mM Fe3�. MBT was extracted from the mixture twice with 1 volume of CHCl3.
The CHCl3 extract was evaporated, and the dried material was resuspended in
CHCl3 before thin-layer chromatography (TLC) analysis. TLC was carried out by
using aluminum-backed 250-�m silica gel F254 plates (EMD Chemicals, EM
Science) and petroleum ether–butan-1-ol–ethyl acetate (2:3:3) as the mobile
phase. The developed plates were exposed to phosphorscreens, which were
scanned by using a Cyclone Plus Storage Phosphor system (Perkin-Elmer Life
and Analytical Sciences, Inc.). MBT signals were analyzed by using OptiQuant
software (Perkin-Elmer).

Genome mining and sequences. Nucleotide and protein sequences were ob-
tained from NCBI databases (http://www.ncbi.nlm.nih.gov). Protein-protein blast
(blastp) sequence similarity searches were performed with default parameters
(http://www.ncbi.nlm.nih.gov/blast). Proteins encoded by the M. tuberculosis mbt
gene cluster (36) were used as queries to search for orthologs and identify
orthologous mbt gene clusters in the probed genomes. We used the method of
reciprocal best hits (RBH) to verify the orthology of individual genes (28). When
necessary, genomic segments encompassing mbt gene cluster orthologs were
assembled from available contigs using Lasergene sequence analysis software
(DNASTAR, Inc.). Table S4 in the supplemental material shows NCBI accession
numbers of 16S rRNA genes and protein sequences relevant to this study.

Phylogenetic analysis. We used 16S rRNA gene sequences to infer phyloge-
netic relationships among bacteria. The sequences downloaded from GenBank
were aligned by using CLUSTALW (version 2.0.10) (default settings of a gap-
opening penalty of 10.00 and a gap extension penalty of 0.20) (21). The 16S
rRNA gene sequence of Nocardia farcinica, a bacterium closely related to My-
cobacterium, was included as an outgroup for rooting the phylogenetic tree. Two
methods of phylogenetic reconstruction were used. One method was the maxi-
mum likelihood method (implemented in the program DNAML of the PHYLIP
package [J. Felsenstein, University of Washington {http://evolution.genetics
.washington.edu/phylip/general.html}]), which infers a phylogenetic tree that
maximizes the probability of the observed sequence variability in the alignment
based on a nucleotide substitution model. The second one was the Bayesian
method (implemented in the program MrBayes [15]), which searches for phylo-
genetic trees that have the highest posterior probabilities based on the alignment
and a nucleotide substitution model. The general time-reversible (GTR) model
of nucleotide substitutions, which has the least number of assumptions on rates
of base substitutions, was used for both methods of phylogenetic inference. In
running MrBayes, the best trees were obtained after running four independent
chains of tree simulations, each of which consisted of 1 million rounds of tree
optimization. The Bayesian consensus tree was obtained by summarizing the last
10% of sampled trees from the simulations. Statistical support for the branches
on the consensus tree was obtained based on the number of times that individual
branches were present in these trees. In the final consensus tree, only the
branches with posterior probabilities of at least 0.9 were retained, and weakly
supported branches were removed.

The evolutionary history of individual ortholog families in the mbt gene cluster
was inferred by using the maximum parsimony method as implemented in the
program PARS of the PHYLIP software package (15) and Mesquite (W. P.
Maddison and D. R. Maddison [http://mesquiteproject.org/mesquite/mesquite
.html]). Specifically, a data matrix was constructed, consisting of binary character
states representing the presence (coded as 1) and absence (coded as 0) of
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ortholog families (in columns) in the bacteria (in rows). Gene orientation and
gene order (positions in the gene cluster) of an ortholog family were similarly
coded. These programs infer the most parsimonious reconstruction of ancestral
states based on a species tree (the 16S rRNA gene tree) and a character-state
matrix (e.g., the presence or absence matrix in the presence case). Changes in
character states along a tree branch suggest evolutionary changes such as the
gain (by duplication or horizontal gene transfer), loss, and chromosomal rear-
rangements (e.g., inversion and transposition) of a particular ortholog (23, 45).

RESULTS AND DISCUSSION

Construction of unmarked in-frame deletions of mbt genes
in M. smegmatis. Despite the widespread presence of the MBT
siderophore system in mycobacteria and the relevance of the
system in bacteria of clinical significance, the genetics of MBT
biosynthesis remain incompletely understood. To probe the
requirement of mbt genes for MBT production, we engineered
nine unmarked in-frame deletion mutants (M. smegmatis
�mbtX, where X indicates A, B, C, D, E, F, G, H, or T), each
containing a deletion of a specific gene in the mbt gene cluster
of M. smegmatis (Fig. 2A), and assessed the abilities of these
mutants to produce MBT as described below. M. smegmatis
was selected as a representative prototype of MBT producers
for the genetic analysis presented herein due to its superior
experimental tractability among the mycobacteria. Another ra-
tionale to utilize M. smegmatis for the genetic analysis of the
mbt gene cluster is that the MBT production capacity of this
bacterium can be eliminated without a significant impact on
the bacterium’s iron-scavenging ability. This is due to the pro-
duction of exochelin MS, a nonribosomal peptide-hydro-
xamate-based siderophore unrelated to MBT (24).

M. smegmatis mutants were constructed for the salicyl-AMP
ligase–salicyl-S-ArCP (aryl carrier protein domain) synthetase
gene mbtA (msmeg_4516); the NRPS genes mbtB (msmeg_4515),
mbtE (msmeg_4511), and mbtF (msmeg_4510); the PKS genes
mbtC (msmeg_4513) and mbtD (msmeg_4512); the thioesterase
gene mbtT (msmeg_4514); the lysine hydroxylase gene mbtG
(msmeg_4509); and the gene mbtH (msmeg_4508) (36). The
genes mbtI (encoding a salicylic acid synthase [12]) and mbtJ
(encoding a putative acetyl hydrolase of unknown function
[36]) were not mutagenized. The MbtABCDEF NRPS-PKS
system has been proposed to assemble the core scaffold of
MBT from salicylic acid (generated by MbtI), amino acids,
and small carboxylic acids. MbtG is predicted to hydroxylate
the lysine residues of the core scaffold of the siderophore
(36). The possible role of the thioesterase MbtT is unclear
and is discussed below. Finally, previous studies with MbtH-
like proteins (7, 18, 51) suggested that MbtH is likely to
stimulate amino acid adenylation steps catalyzed by the
NRPSs of the pathway.

Each mbt deletion was introduced into the chromosome of
M. smegmatis by using an mbt gene-specific deletion cassette
delivery suicide vector (p2NIL-GOALc-�mbtXc) (Fig. 2B)
that is unable to replicate in mycobacteria. Each of these vec-
tors was used in a homologous-recombination- and counterse-
lection-based approach to replace the WT mbt gene with a
small gene remnant engineered into the mbt deletion cassette
of the vector (Fig. 2B). The gene remnants took into account
suspected sequence overlaps between adjacent mbt genes.
Each mbt deletion was verified by PCR using a mutant-specific
primer pair flanking the deletion site that produced amplicons

of different sizes depending on whether the genomic DNA
used as a PCR template was the WT or carried the mbt gene
deletion (see Fig. S1 and Table S2 in the supplemental mate-
rial). The lack of an mbt gene amplicon with primer pairs
priming within the mbt gene targeted for deletion was used as
a second verification of the deletion (not shown). No appre-
ciable growth defect was detected for any of the nine M. smeg-
matis mutants constructed under the high-iron (supplemented
7H9 and 7H11 media) or low-iron (GASTD medium) growth
conditions of the experiments conducted in this study (not
shown). This finding is consistent with the idea that MBT is
fully dispensable for growth in M. smegmatis, at least under
laboratory conditions. In all, the construction of the nine mbt
mutants set the stage for probing the requirement for each of
these mbt genes for MBT production.

Eight of nine genes in the mbt gene cluster of M. smegmatis
are essential for MBT production. We utilized radio-TLC
analysis of 14C-labeled MBT to examine the effect of the mbt
gene deletion in each of the nine deletion mutants on MBT
production. 14C-labeled MBT was obtained by feeding the
cultures a [14C]salicylate radiotracer. We also constructed cor-
responding control strains (M. smegmatis �mbtX plus pCP0-
mbtX) for genetic complementation analysis and investigated
the capacity of these strains to produce MBT. Representative
results from this analysis are shown in Fig. 3. The analysis of
extracts from the parental M. smegmatis WT strain or the M.
smegmatis WT bearing the empty pCP0 vector revealed the
expected production of MBT. Conversely, analysis of the ex-
tracts from the M. smegmatis �mbtA, �mbtB, �mbtC, �mbtD,
�mbtE, �mbtF, �mbtG, and �mbtT strains revealed that none
of these mutant strains produced appreciable amounts of
MBT. Interestingly, radio-TLC analysis of the extract from the
M. smegmatis �mbtH strain demonstrated that the mutant pro-
duced MBT at levels comparable to those observed for the WT
strain. The production of MBT by the M. smegmatis �mbtH
strain was confirmed by mass spectrometry analysis as well (see
Fig. S2 in the supplemental material). The transformation of
each of the MBT-deficient mbt mutants with a pCP0-based
plasmid expressing the mbt gene deleted in the specific mutant
rendered strains (M. smegmatis �mbtX plus pCP0-mbtX) in
which the ability to produce MBT was restored to levels com-
parable to those seen for WT M. smegmatis or WT M. smeg-
matis bearing pCP0. In contrast, the MBT-deficient mutants
retained their phenotype after transformation with an empty
pCP0 vector. The results of our complementation analysis in-
dicate that none of the mbt gene deletions exerts a drastic polar
effect on neighboring genes. Overall, our mutational analysis
conclusively establishes the requirement for mbtA, mbtB,
mbtC, mbtD, mbtE, mbtF, mbtG, and mbtT for MBT produc-
tion in M. smegmatis. These findings are consistent with the
absolute conservation of these genes in diverse phylogenetic
groups revealed by our analysis of mbt gene cluster orthologs
outlined below (Fig. 4). The analysis also demonstrates that
mbtH is not essential for MBT biosynthesis in this bacterium,
an observation in agreement with the results of the analysis of
orthologous gene clusters (Fig. 4).

The observed requirement for mbtA, mbtB, mbtC, mbtD,
mbtE, and mbtF for MBT production is consistent with the
hypothesized functional role of the MbtABCDEF NRPS-PKS
enzymatic machinery in the biosynthesis of the core scaffold of
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MBT from salicylic acid, amino acids, and small carboxylic
acids (5, 35, 36). The need for mbtT for MBT production is
unlikely to be due to a critical role of MbtT in final-product
release from the MbtABCDEF NRPS-PKS enzymatic machin-
ery. The product of MbtABCDEF is believed to be released
from the carrier protein domain of MbtF via the MbtF-assisted
intramolecular lactamization of the hydroxylysine terminus
(36). Several type II thioesterases have been shown to be
required for the removal of inappropriate acyl units and/or
aberrant acyl intermediates thioesterified to carrier protein
domains of NRPSs and PKSs, a “housekeeping function”
needed for the efficient formation of the final product (4, 13,
20, 41). Notably, the thioesterases with this housekeeping func-
tion have been found in pathways where a type I thioesterase
or another enzyme (e.g., catalyzing release by cyclization) is
involved in the release of the final product. Thus, it is tempting
to speculate that MbtT performs a housekeeping function in
the MBT biosynthetic pathway.

MbtG is predicted to N-hydroxylate the two lysine residues
of the core scaffold of MBT to generate hydroxamate function-
alities critical for the binding of ferric iron. Should this pre-
diction be correct, bona fide MBT is not expected to be pro-
duced in the absence of MbtG. Our results are in agreement
with this prediction and conclusively establish the critical role
of mbtG in the MBT biosynthetic pathway. It remains to be
determined whether advanced core scaffold biosynthetic inter-
mediates lacking hydroxylation accumulate in M. smegmatis
�mbtG bacteria. Interestingly, a metabolite corresponding to
MBT lacking lysine hydroxylation has been detected in M.
tuberculosis (27).

The M. smegmatis �mbtH strain still produces MBT, and
thus, mbtH is not essential for the production of MBT. Studies
with MbtH-like proteins have shown that these proteins stim-
ulate the amino acid adenylation activity of NRPSs by a cur-
rently unknown molecular mechanism (7, 18, 51). Thus, one
might speculate that MbtH could be needed under some as-
yet-unidentified condition to stimulate amino acid adenylation

steps catalyzed by the NRPSs of the MBT biosynthetic path-
way. Alternatively, another protein might fulfill the role of
MbtH in the M. smegmatis �mbtH strain. Interestingly, we
noted that M. smegmatis has two potential MbtH-like proteins
encoded outside the mbt gene cluster, a scenario that contrasts
with the single-mbtH scenario found for M. tuberculosis (36).
One of these proteins, MSMEG_0016 (64% amino acid se-
quence identity with M. smegmatis MbtH), is encoded by a
gene clustered with genes implicated in the production of the
siderophore exochelin MS (11, 50, 52). The second protein,
MSMEG_0399 (71% amino acid sequence identity with M.
smegmatis MbtH), is encoded by a gene clustered with genes
implicated in the biosynthesis of glycopeptidolipids found in
the outer membrane of the mycobacterial cell envelope (1,
19, 38). Based on the genetic context, MSMEG_0016 and
MSMEG_0399 are likely to be involved in exochelin MS and
glycopeptidolipid production, respectively. It remains to be
determined whether a nonspecific action of one or both of
these MbtH-like proteins supports the production of MBT
observed in the absence of MbtH in the M. smegmatis �mbtH
strain. Such a scenario of pathway cross talk is a sensible
possibility in view of recent studies demonstrating MbtH-like
protein-mediated cross talk between nonribosomal peptide
synthetase systems (22, 49, 51).

Comparison and phylogenetic analysis of orthologous mbt
gene clusters. Consistent with previously reported phyloge-
netic trees of Mycobacterium species (44), the Bayesian phy-
logeny derived from 16S rRNA gene sequences showed that
mycobacteria that are known as “slow growers” (including M.
tuberculosis, M. bovis, M. ulcerans, M. avium, and M. marinum)
form a single, evolutionarily recent cluster that is derived from
“rapid-grower” ancestors (Fig. 4). Also consistent with previ-
ously reported phylogenies (36), phylogenetic relationships
among modern-day rapid growers (other Mycobacterium spe-
cies in our sample) are poorly resolved based on their 16S
rRNA gene sequences due presumably to a much longer his-
tory of evolutionary divergence among these species.

FIG. 3. Radio-TLC analysis of 14C-labeled mycobactins in �mbt mutants. The image of the entire TLC plate is shown for the analysis of the
M. smegmatis �mbtA strain and corresponding control strains. Only the excerpt with the MBT signal-containing area of the TLC plate is displayed
for each remaining mutant and cognate group of control strains. The TLC solvent system is indicated. Ori, origin; SF, solvent front.
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Viewed in the context of this phylogeny, the mbt gene
cluster showed similar gene organizations among strains of
the same species (e.g., cf. M. tuberculosis strains H37Rv and
F11) and closely related species (e.g., cf. M. tuberculosis and
M. bovis or M. ulcerans and M. marinum) but large variations
between distantly related Mycobacterium species (e.g., cf. M.
tuberculosis and M. marinum) (Fig. 4). Among the species
distantly related to M. tuberculosis included in the analysis,
M. gilvum, M. smegmatis, M. vanbaalenii, Mycobacterium sp.
strain JLS, Mycobacterium sp. strain KMS, and Mycobacte-
rium sp. strain MCS share a similar core gene array (in the
form of “ABTCDEFGH”), while the position and orienta-
tion of mbtI and mbtJ vary considerably. Parsimony recon-
struction suggests an inversion of mbtI and mbtJ in the
ancestor of Mycobacterium sp. JLS, Mycobacterium sp. KMS,
and Mycobacterium sp. MCS and a translocation of mbtI and
mbtJ in M. smegmatis. M. abscessus has a unique mbt gene

array that could be explained parsimoniously by a gene
duplication (mbtE and mbtE�), a deletion (mbtJ), and a
rearrangement (“IJAGH” is located to the left of
“DCTEFB” in the M. marinum-M. ulcerans lineage, while
“IAE�GH” is detached from and located to the right of the
“DCTEFB” cluster in M. abscessus). The shared “DCTEFB”
gene array between M. abscessus (a rapid grower) and the M.
marinum-M. ulcerans lineage (slow growers) suggests a pos-
sible horizontal gene transfer event, since it is less likely that
the same gene organization evolved twice in two indepen-
dent lineages.

Among the strains closely related to M. tuberculosis, the mbt
gene arrays of the M. tuberculosis-M. bovis lineage and M.
avium take the form of “IJABTCDEFGH,” with mbtB and
mbtT fused into a single gene in the M. tuberculosis-M. bovis
lineage. Phylogenetic reconstruction also suggests an inversion
of the “TDC” array and a rearrangement of “GH” and “B”

FIG. 4. Phylogenetic distribution of mbt gene clusters. Shown are a phylogenetic tree (left) constructed based on 16S rRNA gene sequences
of the bacteria shown and a diagram of orthologous mbt gene clusters (right). Predicted mbt gene orthologs are color coded and labeled with letters
according to the nomenclature of the M. tuberculosis mbt gene cluster. Genes in black are not conserved among the clusters and encode proteins
with homology to MbtK, an acyltransferase involved in the addition of acyl substituents onto the siderophore core scaffold (genes 1 and 2); arising
from a frameshift mutation splitting MbtE (gene 3); or with homology to thiol peroxidases (gene 4). Letter strings to the left of the clusters outline
gene order, gene fusions (letters in parentheses), insertions of �5 kb (–), and inversions (underlined letters) relative to the M. tuberculosis mbt gene
cluster, which was used herein as a reference. Evolutionary events strongly supported by parsimony reconstruction are indicated under the letter
strings, including gene fusion, duplication, translocation, and horizontal gene transfers (H.G.T.). No obvious mbtJ ortholog is present in M.
abscessus. The scale bar under the tree indicates the number of nucleotide substitutions per site. §, a mutation in M. avium subsp. paratuberculosis
mbtA renders a truncated and predictably inactive MbtA protein—this mutation alone would be sufficient to explain the mycobactin deficiency
characteristic of this species; †, a mutation in M. avium subsp. paratuberculosis mbtE yields a truncated MbtE (1,759 amino acids [aa]) relative to
its close M. avium ortholog (2,190 aa) and generates a downstream open reading frame (gene 3) corresponding to the last 	420 aa of M. avium
MbtE; ‡, M. abscessus has a potential mbtE paralog (mbtE�) in which a C-terminal conserved domain (CDD) (named NRPS-para261) of unknown
function replaces the canonical phosphopantetheine attachment site domain (CDD named PP binding) present in MbtE orthologs; ¥, M. avium
MbtE appears to have a 	400-aa insert between the second condensation domain and the C-terminal PP binding domain relative to the M.
tuberculosis MbtE reference.
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genes in the M. marinum/M. ulcerans lineage relative to the M.
tuberculosis/M. bovis lineage. The rearranged “GH” and “B”
positions are also found in the outgroup sequence (N. farci-
nica), suggesting yet another possible horizontal gene transfer
event from a distantly related species into the M. marinum-M.
ulcerans lineage. Since the mbt orthologs differ greatly in se-
quence between the outgroup and M. marinum-M. ulcerans
(less than 64% protein sequence identity), such a horizontal
gene transfer event did not occur recently.

Overall, our analysis reveals the presence of orthologous mbt
gene clusters in several bacterial species albeit with significant
organizational differences originating via an intricate evolu-
tionary path that might have included intriguing horizontal
gene transfers. This analysis highlights the conserved presence
and (for the most part) orientation of mbtA, mbtB, mbtC,
mbtD, mbtE, mbtF, mbtG, and mbtT orthologs in diverse phy-
logenetic groups. This is consistent with the functional impor-
tance of these genes revealed by mutational studies. Other
orthologs are more variable in terms of their presence (i.e.,
mbtJ and mbtH) or gene orientation and location (i.e., mbtI,
mbtJ, and mbtH). A robust phylogenetic reconstruction of the
evolutionary pathway of the mbt gene array is to some extent
hampered by a lack of well-supported branches (44). Never-
theless, the phylogenetic reconstruction is statistically strong
enough to support the horizontal gene transfer of the whole or
a part of the mbt gene cluster across large evolutionary dis-
tances.
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