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The stringent response utilizes hyperphosphorylated guanine [(p)ppGpp] as a signaling molecule to control
bacterial gene expression involved in long-term survival under starvation conditions. In gram-negative bac-
teria, (p)ppGpp is produced by the activity of the related RelA and SpoT proteins. Mycobacterium tuberculosis
contains a single homolog of these proteins (RelMtb) and responds to nutrient starvation by producing (p)ppGpp.
A relMtb knockout strain was constructed in a virulent strain of M. tuberculosis, H37Rv, by allelic replacement.
The relMtb mutant displayed a significantly slower aerobic growth rate than the wild type in synthetic liquid
media, whether rich or minimal. The growth rate of the wild type was equivalent to that of the mutant when ci-
trate or phospholipid was employed as the sole carbon source. These two organisms also showed identical
growth rates within a human macrophage-like cell line. These results suggest that the in vivo carbon source
does not represent a stressful condition for the bacilli, since it appears to be utilized in a similar RelMtb-inde-
pendent manner. In vitro growth in liquid media represents a condition that benefits from RelMtb-mediated
adaptation. Long-term survival of the relMtb mutant during in vitro starvation or nutrient run out in normal
media was significantly impaired compared to that in the wild type. In addition, the mutant was significantly
less able to survive extended anerobic incubation than the wild-type virulent organism. Thus, the RelMtb
protein is required for long-term survival of pathogenic mycobacteria under starvation conditions.

The global burden of 8 million active tuberculosis cases
annually is overshadowed by the fact that fully one-third of the
global population of humans is asymptomatically infected with
tubercle bacilli (67). Many cases of clinically active tuberculosis
arise from reactivation of an infection acquired years before
the onset of overt symptoms, and these reflect the reemergence
of actively growing organisms from an apparently nonreplica-
tive state (4, 40, 65). Not all patients latently infected will
develop active disease, and the fraction that ultimately devel-
ops tuberculosis through reactivation versus reinfection is a
topic of current investigation (69). Conventional antibiotic
therapy is sufficient to sterilize sputa and bronchoalveolar la-
vage specimens, whereupon bacilli cannot be detected by ei-
ther acid-fast staining or culture. DNA from Mycobacterium
tuberculosis can still be detected in such samples, and prema-
ture termination of therapy often results in recrudescence of
disease, suggesting the continued presence of viable organisms
(20, 26, 35, 51, 52, 71). During such a latent infection, the
bacteria are thought to remain isolated in masses of lymphoid
cells called granulomas, wherein they are encased in an imper-
meable caseous material by a thin layer of activated macro-
phages, with restricted access to nutrients or oxygen (15, 60).

The details of the dormant state are unclear, but the mech-

anism probably falls short of true spore formation. Instead, the
processes involved in long-term survival within an asymptom-
atic patient probably reflect the result of bacterial responses to
relatively simple signals from the environment. Adaptation of
bacilli to long-term survival under these conditions may there-
fore be associated with coordinated alterations in patterns of
gene expression in specific metabolic networks. The stringent
response is a broad transcriptional program encompassing at
least 80 genes in Escherichia coli that mediates prokaryotic
adaptation to survival under conditions of starvation (9). In-
duction of the stringent response in E. coli stimulates poly-
phosphate synthesis (58), increases fatty acid cyclopropana-
tion (19), inhibits fatty acid and phospholipid synthesis (27),
upregulates glycogen synthesis (8, 18), upregulates the station-
ary-phase sigma factor RpoS (44), and inhibits stable RNA
synthesis (9). The stringent response can be induced by amino
acid, carbon, nitrogen, or phosphorous starvation. Addition-
ally, UV light exposure and fatty acid starvation induce the
response (39, 61). The stringent response is mediated by in-
creased intracellular levels of hyperphosphorylated guanine
nucleotides, specifically the 39-pyrophosphate derivative of
GDP (ppGpp) and the 39-pyrophosphate derivative of GTP
(pppGpp), the mixture of both being referred to as (p)ppGpp.

In E. coli and other gram-negative bacteria, two proteins
have been identified that are responsible for the synthesis of
(p)ppGpp, RelA, and SpoT (9). RelA, or ppGpp synthase I, is
ribosome associated and is activated by binding uncharged
tRNAs to the ribosome upon depletion of amino acids (52).
SpoT, ppGpp synthase II, is not associated with ribosomes and
has both (p)ppGpp synthetic and hydrolytic activities (21, 22,
28). E. coli strains lacking RelA or lacking both RelA and
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SpoT cannot grow in minimal media and survive poorly in the
stationary phase (9). Among many gram-positive organisms,
including the actinomycetes, there appears to be only one
protein with homology to both RelA and SpoT that coordi-
nates the metabolism of (p)ppGpp. This protein has been
called Rel and has been identified in Streptomyces coelicolor
and Streptomyces antibioticus as well as in Corynebacterium
glutamicum and Streptococcus equisimilis (10, 11, 32, 46–49,
76). In both species of Streptomyces, the stringent response and
Rel protein activity appear to be tightly coupled to stationary-
phase adaptation and production of unique and specific anti-
biotics, such as actinomycin D and actinorhodine. Antibiotic
production typically occurs coincident with the formation of
aerial mycelia and entry into stationary phase (12). Disruption
of the rel gene destroys the ability of both Streptomyces species
to produce antibiotics and interferes with spore formation (32,
46).

M. tuberculosis also has only a single RelA or SpoT homolog
(Rv2583c), designated RelMtb (13). The RelMtb protein of
M. tuberculosis has the most identity to the Rel protein of
three other gram-positive actinomycetes, C. glutamicum (67%
identity), S. antibioticus (66% identity), and S. coelicolor (62%
identity). It has significantly less homology to non-actinomy-
cete gram-positive organisms, for example, the RelA or SpoT
homolog of Bacillus subtilis (43% identity), and even less to
gram-negative organisms such as Escherichia coli (39% identity
to spoT and 37% identity to relA). Purified recombinant RelMtb
is a protein of 738 amino acids that is an ATP:GTP/GDP/ITP
39-pyrophosphoryltransferase as well as an Mn21-dependent
(p)ppGpp 39-pyrophosphorylhydrolase (2).

MATERIALS AND METHODS

Nucleotide labeling and analysis. Bacteria were grown to early log phase
(optical density [OD] [650 nm] of 0.2 to 0.3) in Difco Middlebrook 7H9-ADC-

Tween medium (containing [per liter] ammonium sulfate, 0.5 g; L-glutamate,
0.5 g; sodium citrate, 0.1 g; pyridoxine, 1 mg; biotin, 0.5 mg; disodium phosphate,
2.5 g; monopotassium phosphate, 1 g; ferric ammonium citrate, 40 mg; magne-
sium sulfate, 50 mg; calcium chloride, 0.5 mg; zinc sulfate, 1 mg; and copper
sulfate, 1 mg; with 5 g of albumin [fraction V; bovine], 2 g of dextrose, 0.2%
glycerol, and 0.05% Tween 80 added after sterilization). Where indicated, this
medium was made with a lowered phosphate concentration to increase 32P in-
corporation containing 1/25 normal phosphate levels (1 mM final concentration)
and with 40 mM MOPS (morpholinepropanesulfonic acid) added to maintain
pH at 6.6. Bacilli were grown for 48 h in low-phosphate medium, and then 32Pi

was added at 1 mCi/ml and cells were labeled for 3 to 4 h. Labeled M. tuberculosis
was pelleted by centrifugation, washed once with Tris-buffered saline with Tween
(TBST) (50 mM Tris-HCl [pH 7], 150 mM NaCl, 0.05% Tween 20), and then
resuspended in the desired medium. Time points were generally taken at 0, 20,
40, 60, 90, and 120 min. Samples were pelleted by centrifugation and then lysed
in 1 M formic acid by bead beating with 0.1-mm-diameter glass beads (BioSpec
Products, Bartlesville, Okla.) with three pulses of 40 s each. After high-speed cen-
trifugation to remove cell debris, samples were then directly spotted onto anion-
exchange (polyethylenimine-cellulose) plates (EM Science, Gibbstown, N.J.).
The two-dimensional thin-layer chromatography (2D-TLC) system employed
was adapted from Bochner and Ames (5). First-dimension separation (by charge)
was performed in 0.75 M Tris-HCl–25 mM EDTA (pH 8). The second dimension
(by base content) solvent was saturated ammonium sulfate plus 5 mM EDTA,
with the pH adjusted to 3.5 with sulfuric acid. Plates were dehydrated by a 5-min
immersion in methanol before and between developments. Radioactivity was
detected with a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale,
Calif.). Nonradioactive standards (Sigma) were run and visualized by fluores-
cence quenching to identify spots.

Bacterial strains, media, and growth conditions. The bacterial strains and
plasmids used in this study are shown in Table 1. Unless otherwise indicated, M.
tuberculosis was grown with constant stirring in 7H9-ADC-Tween and on Middle-
brook 7H11-ADC as the solid medium (containing [per liter] pancreatic digest of
casein, 1 g; L-glutamate, 0.5 g; sodium citrate, 0.4 g; pyridoxine, 1 mg; biotin, 0.5
mg; ferric ammonium citrate, 40 mg; ammonium sulfate, 0.5 g; disodium phos-
phate, 1.5 g; monopotassium phosphate, 1.5 g; magnesium sulfate, 50 mg; Bacto
agar, 15 g; and malachite green, 1 mg; with 5 g of albumin [fraction V; bovine],
2 g of dextrose, and 0.2% glycerol added after sterilization). E. coli DH5a was
grown in Luria-Bertani broth or on agar. Kanamycin and hygromycin were used
at 50 and 200 mg/ml, respectively, for selection in E. coli and at 20 and 50 mg/ml,
respectively, for selection in M. tuberculosis. Suicide plasmids for targeted gene
knockout were electroporated into M. tuberculosis as described by Gordhan and

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Characteristics Source or reference

Strains
E. coli DH5a supE44 DlacU169 (D80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Laboratory collection

M. tuberculosis
H37Rv Virulent laboratory strain (ATCC 27294) Laboratory collection
SJA14 Single-crossover (SCO) recombinant with pSA1; relA DrelA::hyg lacZ Hygr This work
SJA16 Double-crossover (DCO) recombinant with pSA1 containing integrated copy of pSA1;

DrelA::hyg lacZ Hygr
This work

SJA32 SCO recombinant with pSA3; relA1 sacB Hygr This work
SJA33 DCO recombinant obtained with pSA3; DrelA::hyg Hygr This work
CDC1551 Virulent M. tuberculosis clinical isolate (CSU93) 68

Plasmids
pGEM3Z(1)f E. coli cloning vector; Apr Promega
Pac6 Cosmid from pYUB328::H37Rv carrying relA This work
pIJ963 E. coli cloning vector; Apr Hygr 29
pSMT3 E. coli-Mycobacterium shuttle vector carrying mycobacterial hsp60 promoter; Hygr 55
pSMT3lacZ pSMT3 derivative carrying lacZ cloned in BamHI site; hsp60-lacZ This work
p2NIL E. coli cloning vector with unique PacI site; Kmr 56
pGOAL13 E. coli cloning vector with hsp60-sacB cassette carried on PacI fragment; Apr 56
pRelDS pGEM3Z(1)f derivative carrying DrelA allele lacking internal SphI fragment This work
pRelDSH pRelDS derivative carrying DrelA marked with hyg gene from pIJ963 inserted in BglII site of

DrelA (DrelA::hyg)
This work

pSA1 pRelDSH carrying hsp60-lacZ This work
pSA3 p2NIL derivative carrying DrelA::hyg allele from pRelDSH and PacI cassette from

pGOAL13; hsp60-sacB; Kmr Hygr
This work

pMV306K E. coli-Mycobacterium shuttle vector; integrates into the L5 attB site in Mycobacteria; Kmr 41
pMV306K-rel pMV306K derivative carrying relMtb This work
pMV306K-hsp60-luc pMV306K carrying the NotI-SalI luc fragment from pGL3 (Promega) and the KpnI-HindIII

groEL promoter from pMV261
16
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Parish (25). Analysis of cell wall composition and mycolic acid subclass distri-
bution was conducted as previously described (80).

Construction of the DrelMtb::hyg allele. DNA manipulations were carried out
according to standard procedures (59). A cosmid, Pac6, containing the relMtb
gene was isolated by screening the pYUB328::H37Rv cosmid library of M. tu-
berculosis (3) with an internal relMtb probe that was generated by PCR amplifi-
cation with the degenerate primers RELA1 [59-CATGGATCCAACGG-(GC)
TACGAG(AT)(GC)(GC)(AC)T(GC)CACAC] and RELA2 [59-CATGGAT
CCGTGTG(GC)A(CT)(GC)GCGTA(GC)GCGAAGTC]. PCR amplifications
were carried out on a Hybaid PCRExpress thermal cycler with TaqI DNA poly-
merase (Roche Molecular Biochemicals) at an annealing temperature of 55°C.
The plasmid pRelDS, carrying the DrelMtb allele, which encodes an in-frame-
deleted form of RelMtb lacking the N-terminal region between His94 and Ala413,
was constructed by ligating the 1,865-bp BamHI-SphI fragment from Pac6 (con-
taining 1,581 bp of upstream sequence and 284 bp of relMtb coding sequence) and
the 1,749-bp SphI-KpnI fragment from Pac6 (containing 1,136 bp of coding
sequence and 613 bp of downstream sequence) in BamHI-KpnI-pGEM3Z(1)f.
A hyg marker, carried on a 1,739-bp BamHI-BglII fragment from pIJ963 (29),
was cloned in the unique BglII site, located 219 bp into the relMtb coding region,
to form pRelDSH. In this construct, the hyg gene contained in the marked
DrelMtb::hyg allele was codirectional with the DrelMtb gene. The DrelMtb::hyg allele
could theoretically encode a polypeptide comprising the N-terminal 73 amino
acids of RelMtb fused to a 72-amino-acid sequence derived from the 59-untrans-
lated region of hyg. This fusion is unlikely to possess Rel-associated synthetase or
phosphohydrolase activities (22). Expression of the C-terminal part of the mu-
tilated RelMtb as a fusion of the His94-Ala95 region to the His412-Ala413 region
would require the improbable presence of a promoter downstream of the hyg
gene terminator and a start codon (see Fig. 2).

Construction of DrelMtb::hyg mutant strains. The hsp60-lacZ reporter from
pSMT3lacZ, in which the E. coli lacZ gene was expressed under the control of
the Mycobacterium bovis BCG groEL promoter of pSMT3 (55), was cloned as a
3,100-bp XbaI-HindIII fragment into the unique XbaI and HindIII sites of
pRelDSH to create pSA1. M. tuberculosis was electroporated with 1 to 5 mg
of UV-irradiated pSA1 (25, 30, 56), and cells were plated on 7H11-ADC agar
containing hygromycin and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal [50 mg/ml]). Chromosomal DNA was extracted from Hygr transformants
for Southern blot analysis, as previously described (24). A second knockout
vector containing the Bacillus subtilis sacB counterselectable marker (57) was
constructed as follows. The 5,361-bp BamHI-KpnI fragment, containing the
partially deleted DrelMtb::hyg allele, was excised from pSA1 and cloned in p2NIL
(25; T. Parish, B. Gordhan, D. A. Smith, G. J. Bancroft, V. Mizrahi, R. A.
McAdam, and N. G. Stoker, Fourth Int. Conf. Pathog. Mycobacterial Infect.,
abstr. 01, 1999). The PacI fragment from pGOAL13 (Parish et al., Fourth Int.
Conf. Pathog. Mycobacterial Infect.), containing an hsp60-sacB cassette in which
the sacB gene is expressed by the M. bovis BCG groEL promoter, was then
introduced into this vector to produce pSA3. This vector was electroporated into
M. tuberculosis following UV irradiation, as described above. Transformants
were selected on 7H11-ADC agar containing hygromycin and kanamycin. Since
kanamycin selects for the hyg marker contained in the p2NIL-based vector,
colonies growing on kanamycin plus hygromycin are predicted to be the result of
a site-specific single-crossover event. Hygr Kmr transformants were streaked on
7H11-ADC plates containing hygromycin only, to allow double-crossover events
to occur. The positive selection option presented by the presence of the sacB
gene was utilized to select for double-crossover recombinants by plating on
7H11-ADC containing hygromycin and 2% sucrose. Hygr Sucr (sucrose-resis-
tant) colonies were patched onto fresh medium to test for kanamycin sensitivity,
since this would be indicative of vector loss. Hygr Sucr Kms colonies obtained by
this two-step process were selected as candidate allelic exchange mutants.

Construction of a relMtb-complemented strain. We first PCR amplified the
upstream region with a small amount of the N terminus of the relMtb gene. The
N-terminal primer was 59-AATATGGATCCGACGAAAATGTATGCGGTG
A-39, which included a BamHI site, and the C-terminal primer was 59-CTCGT
CGCAAGATCGACAGGTC-39, which included a BglII site. The relMtb gene was
then PCR amplified alone. The N-terminal primer for this amplification was
59-ACGTCATATGACCGCCCAGCGCAGCACCACCAAT-39, which included
an NdeI site, and the C-terminal primer was 59-ACGTGGTACCCTACGCGG
CCGAGGTCACCCGGTA-39, which included a KpnI site. The relMtb gene was
then cut with BglII and ligated to the upstream region to reconstruct the com-
plete relMtb gene with intact upstream sequence. This fragment was then ligated
into pMV306 by using the BamHI and KpnI sites. This vector, which carries the
attP site of mycobacteriophage L5, integrates site specifically in single copy at the
L5 phage integration site, attB (41). The DrelMtb strain was electroporated with
pMV306K-rel, and Kmr Hygr colonies were selected. The complemented strain
thus has a single chromosomal copy of the relMtb gene under the native promoter.

Growth curves. M. tuberculosis strains were grown in 7H9-ADC-Tween as the
reference media. Log-phase cultures (OD of 0.1 to 1) were used to inoculate test
media to be analyzed for growth. Bacteria were cultured in ;50-ml volumes in
250-ml bottles rolling in a 37°C incubator. Individual ingredients were added or
removed from the 7H9-ADC-Tween base medium as indicated in the figures.
Growth was measured by determining the A650 of the culture. The growth rate in
Table 3 is a linear fit to the OD versus time in days at the most rapid growth

phase; these results were repeated at least twice in each case with similar results.
Dipalmitoylphosphatidylcholine (DPPC) was obtained from Sigma.

Competition starvation survival assay. The DrelMtb (Hygr) strain and H37Rv
transformed to Kanr with the pMV306K vector were grown to early log phase in
7H9-ADC-Tween. Bacilli were then pelleted by centrifugation and washed twice
with 0.1% Tween 80 to remove traces of medium. Bacteria were then resus-
pended in TBST, the OD of each culture was adjusted to 0.2, and then the
cultures were mixed at a 1:1 ratio in a 50-ml final volume and incubated by rolling
at 37°C. Bacterial clumping was minimized by vortexing a 1-ml aliquot of the
culture for 2 to 3 min in a 1.5-ml tube containing ;300 mg of glass beads. In
control experiments, this procedure increased the apparent number of CFU of a
clumpy M. smegmatis culture, but did not lower the number of CFU of a
log-phase culture. For long-term nutrient run-out experiments with 7H9-ADC-
Tween, bacteria were diluted to approximately 104 CFU/ml in fresh 7H9-ADC-
Tween and grown aerobically at 37°C. Aliquots were removed at the indicated
times and plated as described above. For anaerobic survival assays, bacteria were
diluted to an OD of 0.05 in fresh 7H9-ADC-Tween and then mixed in a 1:1 ratio.
This mixture was aliquoted into 1.5-ml screw-cap tubes with rubber septa with no
headspace and incubated stationary at 37°C. Control tubes with methylene blue
indicator dye demonstrated that all oxygen was consumed after 4 to 5 days. For
all experiments, the number of CFU per milliliter was determined by plating in
triplicate at 3 to 5 dilutions onto 7H11-ADC plates containing hygromycin or
kanamycin on the indicated days. Cell viability was determined by plating 10-fold
dilutions in 7H9-ADC-Tween onto 7H11-ADC plates with kanamycin or hygro-
mycin selection and counting colonies approximately 3 weeks after inoculation at
the indicated times.

Ribosome isolation. Two liters of cells of wild-type M. tuberculosis and DrelMtb
M. tuberculosis was grown to an OD of 1.3 in 7H9-ADC-Tween, pelleted, and
resuspended in TBST for 24 h. The cells were repelleted and resuspended in
buffer 1 (10 mM Tris-HCl [pH 7.6], 30 mM KCl, 15 mM MgCl2, 6 mM b-mer-
captoethanol) before being lysed with a bead beater and centrifuged at 15,000 3
g followed by 30,000 3 g each for 20 min. The supernatant was then centrifuged
at 150,000 3 g for 3 h. The pellet containing ribosomes was again resuspended
in buffer 1 and layered over buffer 2 (buffer 1 containing 30% [wt/vol] sucrose)
and centrifuged at 150,000 3 g for 15 h. This pellet was washed and resuspended
in ribosome buffer (50 mM Tris-HCl [pH 7.6], 50 mM KCl, 10 mM MgCl2).
Ribosome content was estimated by using the conversion factor of 1 OD260
unit 5 25 pmol of 70S ribosomes in 1 ml of distilled water.

Macrophage infection. Bacterial inocula were prepared as previously de-
scribed from a 1:400 dilution into RPMI 10 medium (GIBCO/BRL) of a well-
dispersed OD of 0.2 7H9-ADC-Tween culture (79). The human macrophage-like
cell line THP-1 (ATCC 202-TIB) was seeded at 8 3 105 cells per well in 24-well
plates. A 250-ml-per-well bacterial suspension was applied to the adherent cells
(for a final multiplicity of infection of approximately 1), and these cells were
incubated at 37°C for 1 h. Extracellular bacteria were removed by four washes
with 0.5 ml of RPMI 10, and macrophages were subsequently fed with 1 ml of
RPMI 10 per well and incubated at 37°C under 5% CO2. Luciferase-reporting
strains were generated by transformation with pMV306K-hsp60-luc, in which the
strong constitutive M. tuberculosis groEL promoter drives luciferase expression
(16). At each time point, macrophages were lysed with 250 ml of 0.1% Triton
X-100, and then 50 ml was removed and mixed with 50 ml of assay buffer (140 mg
of luciferin per ml [Molecular Probes] and 0.4% Triton X-100 in distilled water).
Macrophages were cultured in triplicate identical wells, and luciferase assays
were read in duplicate with a TopCount 96-well reader (Hewlett Packard).

RESULTS

Starvation induces the formation of intracellular (p)ppGpp
in M. tuberculosis. To assess whether M. tuberculosis utilized a
conventional stringent response involving (p)ppGpp, we la-
beled the total cellular nucleotides of M. tuberculosis with 32Pi
during growth in vitro in low-phosphate media. Labeled bacilli
were then shifted to various conditions, and the intracellular
nucleotide responses were analyzed by 2D-TLC (see Fig. 2).
M. tuberculosis was found to have a very low basal level of
(p)ppGpp when grown aerobically and in log phase in minimal
medium. (Middlebrook 7H9-ADC-Tween medium contains
no complex source of nutrients [see Materials and Meth-
ods]). These 2D-TLCs do not differentiate between ppGpp
and pppGpp. Several published 1D-TLC systems were tried,
but incorporation of label was low in any medium, and unam-
biguous determination of the ppGpp/pppGpp ratio was not
possible due to heavy sample loading requirements. Inhibition
of the respiratory chain by azide treatment (5 mM) for 120 min
and complete starvation by incubation in Tris-buffered saline
with Tween for 120 min strongly increased (p)ppGpp levels
(Table 2). The frontline drugs isoniazid and ethambutol at
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concentrations well above the MIC had no significant effect
over similar time intervals. In contrast to the (p)ppGpp induc-
tion observed in E. coli, resuspension of log-phase M. tubercu-
losis in serine hydroxamate, a competitive inhibitor of the
seryl-tRNA charging enzyme, had no effect on (p)ppGpp lev-
els, whereas it induces the accumulation of (p)ppGpp in
E. coli. While this may imply a significant divergence in amino
acid metabolism, M. tuberculosis may simply be impermeable
to serine hydroxamate, or the M. tuberculosis tRNA-Ser charg-
ing enzyme may be insensitive to such reagents.

Construction and genotypic characterization of DrelMtb::hyg
mutants. To directly demonstrate the linkage between the
RelMtb protein and the production of (p)ppGpp, the gene en-
coding RelMtb was deleted from the H37Rv strain by allelic
exchange. Construction of a deletion-replacement construct
allowed the substitution of the relMtb gene for a hygromycin
resistance determinant (hyg). The Southern blot analysis used
to determine the genotype of transformants obtained with
pSA1 is shown in Fig. 1. PvuII digestion of the wild-type strain
produces a 2,803-bp relMtb-containing fragment that cross-hy-
bridizes with the upstream 2,247-bp SmaI probe used in this
analysis. Site-specific integration of pSA1 in the chromosome
by a single-crossover event would result in the formation of a
second, 3,587-bp PvuII fragment containing the DrelMtb::hyg
allele from pSA1, which cross-hybridizes to the same probe.
Allelic exchange by double crossover would therefore result in
the disappearance of the wild-type allele and its replacement
by the larger mutant allele. Southern blot analysis of the DNA
extracted from 10 transformants obtained with pSA1 revealed
that in one clone, SJA16, the wild-type allele was absent. Fur-
ther analysis of SJA16 confirmed that the new PvuII allele
contained the hyg gene. In addition, probing with the 945-bp
SphI fragment that had been removed from the relMtb gene to
generate the DrelMtb allele confirmed its absence from the ge-
nome of SJA16. However, plating of SJA16 on indicator me-
dium containing X-Gal resulted in the unexpected formation
of blue colonies, indicating the presence of lacZ in this clone
and ruling out the possibility that SJA16 was the product of
simple allelic exchange by double crossover. Additional South-
ern blot analysis suggested that a site-specific double-crossover
event had occurred, but had been followed by a subsequent
crossover event resulting in the integration of a second copy of
pSA1 (Fig. 1). This may have been due to the relatively large
amount of UV-irradiated plasmid DNA (5 mg) used in the
electroporation experiment that yielded this transformant.
Since the second vector copy could theoretically be lost from
SJA16 by a further crossover event, the strain was grown,

serially diluted, and plated on indicator media in order to
identify white colonies. However, no white colonies were found
among 108 colonies that were screened.

A positive selection marker was therefore introduced into
the knockout construct to allow double crossovers to be iden-
tified. Single-crossover recombinants obtained with the sacB-
containing vector pSA3 were plated on sucrose, and of the 23
colonies thus obtained, 14 were Kms and had thus lost the
vector, whereas 9 corresponded to spontaneous sacB mutants.
Genotypic analysis confirmed that all 14 Kms clones were
DrelMtb::hyg mutants. One of these, SJA33, was further char-
acterized for loss of the SphI fragment and for site specificity of
recombination downstream and upstream of the site of gene
disruption. This analysis confirmed that both SJA16 and SJA33
lacked the internal segment of relMtb located between the SphI
sites and that the replacement of the wild type by the mutant
allele had occurred site specifically (not shown). The only dif-
ference between the two was the presence of an integrated copy
of pSA1 at the DrelMtb::hyg locus in SJA16 (Fig. 1). We there-
fore concluded that both strains would be indistinguishable in
terms of the relMtb-associated phenotype, and all experiments
reported in this paper were carried out with strain SJA16.

FIG. 1. Construction and genotypic characterization of DrelMtb::hyg mutants.
(A) Locus of the relMtb gene showing the restriction sites that were used to
construct the DrelMtb::hyg allele contained in pSA1 and pSA3. The BamHI-SphI
and SphI-KpnI chromosomal DNA fragments that were used to form the DrelMtb
allele contained in pRelDS are denoted by thick, horizontal lines. B, BamHI; Bg,
BglII; K, KpnI; P, PvuII; S, SphI. (B) Schematic representation of the genotype
of the DrelMtb::hyg mutant strain, SJA16, showing two copies of the DrelMtb::hyg
allele and the absence of a wild-type relMtb allele. The additional copy of the
pSA1 vector, carrying the lacZ and bla genes, is shown as a thick horizontal line.
(C) Southern blot analysis of homologous recombinants obtained with pSA1 and
pSA3. Chromosomal DNA was digested with PvuII and probed either with the
upstream 2,247-bp SmaI fragment (^) showing the wild-type allele of 2,803 bp
and mutant allele of 3,587 bp or with the internal 945-bp SphI fragment (2)
showing the presence of this fragment in the wild type (WT) and single cross-
overs, but its absence from the DrelMtb::hyg mutants. KO, knockout. Lanes: 1,
wild-type H37Rv; 2, SJA14 (single crossover carrying pSA1 integrated at the
relMtb locus); 3, SJA16 (DrelMtb::hyg mutant carrying additional, integrated copy
of pSA1); 4, SJA32 (site-specific single crossover carrying pSA3 integrated at the
relMtb locus); 5, SJA33 (DrelMtb::hyg mutant).

TABLE 2. (p)ppGpp formation under various conditionsa

Condition (p)ppGpp
formation

Control ............................................................................................ 2
1% Oxygen...................................................................................... 2
5 mM Sodium azide....................................................................... 1
Stationary phase ............................................................................. 1
20 mM H2O2................................................................................... 2
Carbon starvation........................................................................... 1/2
Complete starvation.......................................................................111
1-mg/ml Serine hydroxamate ........................................................ 2
1-mg/ml Isoniazid............................................................................ 2
10-mg/ml Ethambutol..................................................................... 2

a M. tuberculosis cells were labeled as described in Materials and Methods, and
nucleotides were resolved by 2D-TLC. (p)ppGpp formation was assessed by
autoradiographic analysis and compared with that of authentic unlabeled
(p)ppGpp.
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Phenotypic analysis of the DrelMtb::hyg strain in vitro. As
expected, the DrelMtb strain failed to synthesize (p)ppGpp
in response to starvation (Fig. 2). Complementation of the
DrelMtb::hyg mutant with an intact relMtb gene on a single-copy-
integrating plasmid restored the ability of the strain to produce
(p)ppGpp (data not shown). There were no significant differ-
ences in gross surface morphology or apparent growth rate on
several types of solid media. The cell wall permeability of the
mutant appeared grossly similar to that of the wild type, since
the MIC for the DrelMtb strain was the same as the wild type
with a variety of compounds in the broth microdilution assay,
including isoniazid, rifampin, cycloserine, hydrochloric acid,
and hydrogen peroxide. One exception was that the mutant
was twofold more sensitive to azide, which also appeared to
induce (p)ppGpp synthesis (Table 2). There were also no sig-
nificant differences in the mycolic acid subclass distribution or
modification in either log- or stationary-phase bacilli, suggest-
ing that, unlike in gram-negative bacteria, cyclopropanation of
fatty acids (mycolic acids in this case) is not under relMtb con-
trol (19, 80).

The DrelMtb strain had a significantly lower growth rate when
grown in a variety of synthetic liquid medium compositions
(Fig. 3A and Table 3). The mutant strain demonstrated a
growth rate approximately one-third that of the wild type and
a maximum OD of one-half independent of nutrient concen-
trations. Middlebrook 7H9 medium requires supplementation
with an albumin-dextrose complex and glycerol to support my-
cobacterial growth. Nonetheless, this remains fairly a minimal
medium. Supplementing this medium with additional glycerol,

0.5% peptone, or supplemental oleic acid had no significant
effects on the rate of growth of either the wild type or the
DrelMtb strain (Table 3) (supplemental material available at
http://www.niaid.nih.gov/dir/labs/lhd/barry.htm). Addition of
both glycerol and peptone increased the growth rate and dou-
bled the final ODs of both strains, but they remained in a
constant ratio with respect to each other. Omitting the normal
0.2% glycerol supplement decreased both the growth rate and
the maximal OD, but again, the two strains displayed the same
relative differences. Omitting both glycerol and dextrose atten-

FIG. 2. Analysis of intracellular (p)ppGpp in M. tuberculosis by 2D-TLC. (A)
Control nucleotides extracted from 32Pi-labeled M. tuberculosis H37Rv aerobi-
cally grown in normal 7H9 medium during the log phase. (B) Nucleotides
extracted from stationary-phase culture of H37Rv (2-week-old culture). These
cultures label significantly less well than logarithmically growing cultures, and,
thus, this panel has been exposed more heavily. (C) Nucleotides extracted from
H37Rv cells labeled and then placed under starvation conditions (resuspension
in TBST). (D) Sample prepared as in panel C, but with the SJA16 Drel strain of
H37Rv. (E) Schematic representation of nonradioactive standards run in the
same 2D-TLC system. Complementation of the DrelMtb strain with the relMtb gene
restored the ability to produce (p)ppGpp under these conditions.

FIG. 3. In vitro growth curves. (A) Growth of wild-type H37Rv (wt) (■), the
Drel mutant (Œ), and the complemented strain C7 (F) in 7H9 medium at 37°C,
determined by OD650. Panel B is the same, but at 42°C. (C) Growth at 37°C in
7H9 with the carbon sources of glucose and glycerol replaced with 0.2 mM
DPPC.
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uated growth even further, but still maintained the relative
difference. This suggests that RelMtb (or RelMtb products) has
a constitutive role in determining the growth of M. tuberculosis
under these conditions.

One condition under which the DrelMtb strain did not appear
to suffer a decrease in growth rate (and may even have had a
very slight growth advantage) was when the organisms were
grown on lipid as the sole carbon source. Although the overall
growth rate was slower and the final culture density was lower,
the knockout strain appeared to do as well as the wild type
upon growth on DPPC (Fig. 3C).

The DrelMtb mutant strain was thermosensitive and was in-
capable of growth at 42°C (Fig. 3B). The DrelMtb strain com-
plemented with a single copy of relMtb was restored to wild-type
growth rates under all conditions, indicating that there is no
polar effect resulting from insertion of hyg (Fig. 3). Although
the reason for the thermosensitivity of the knockout organism
was not clear, it was also reversed by restoring RelMtb function,
suggesting some role for RelMtb in facilitating adaptation to
that condition.

The DrelMtb::hyg strain is impaired for survival during long-
term starvation. The ability of the DrelMtb::hyg strain to survive
under conditions of long-term nutrient deprivation was also
investigated. Preliminary experiments comparing CFU deter-
mined from separate cultures of antibiotic-marked wild-type
H37Rv and the relMtb mutant revealed higher-than-acceptable
error due to clumping of both strains. Although the degree
of clumping did not appear to be different between the two
strains, it did limit the accuracy of the CFU determinations. To
circumvent this problem, equal amounts of a Kmr wild-type
strain (created by integration of a single-copy control plasmid
into H37Rv) and the Hygr DrelMtb mutant were mixed under
starvation conditions and coincubated. Identical samples were
removed at various time points, vortexed with sterile glass
beads, and plated separately onto both antibiotics. When
starved for several months by resuspension in TBST to induce
sudden starvation, the DrelMtb strain lost viability much more
rapidly than wild-type H37Rv (Fig. 4A). The mutant rate of
loss of viability is higher than the wild-type rate across the
entire experiment, suggesting that an initial adaptation event
accounts for the disparity in survival.

A more gradual adaptation to the stationary phase by nutri-
ent depletion of normal growth media occurs over the course

of a prolonged agitated aerobic culture. Under these condi-
tions, wild-type M. tuberculosis grew into the stationary phase
and then retained essentially complete viability after up to 106
days of incubation (Fig. 4B). During the same interval, the
DrelMtb mutant, which never achieves as high a culture density,
lost significant viability. Thus, in this more gradual adaptation
model, there is a more modest advantage of the wild type over
the mutant strain of M. tuberculosis.

An abrupt transition to hypoxic conditions of a log-phase
culture in nutrient-rich media was obtained by sealing culture
aliquots in gas-impermeable tubes with very limited headspace
(73, 75). These oxygen-deprived cultures were incubated at
37°C and then unsealed and plated to determine the numbers
of viable bacilli at various time points over a 23-week period
(Fig. 4C). Again, under these conditions, the mutant showed a
dramatic survival disadvantage and lost almost 4 logs of via-
bility over the course of 6 months, while the wild type declined
only slightly.

DrelMtb::hyg has a wild-type growth rate in macrophages.
Wild-type H37Rv and DrelMtb strains were analyzed for growth
in the THP-1 human macrophage-like cell line (66). To facil-
itate evaluation of the growth rates of these organisms, we first
integrated a groEL promoter-driven firefly luciferase gene
(conferring kanamycin resistance on the mutant) into the L5
phage integration site (79). Growth was monitored both by
CFU determination on plates and by luciferase activity from a
strong constitutive promoter construct. Whole-cell luciferase
activities in M. tuberculosis have been shown to accurately
report culture and intracellular viability (1, 6, 63). In two in-
dependent experiments, there was no significant difference
in the growth rates between wild-type H37Rv(pMV306-hsp60-
luc) and H37RvDrelMtb::hyg(pMV306-hsp60-luc) in THP-1 cells
(Fig. 5). The growth rate determined by plating for CFU also
showed no significant difference between the two strains (data
not shown).

DISCUSSION

Our understanding of the adaptation of mycobacteria to
long-term survival within the eukaryotic host has been guided
by our estimation of the likely characteristics of their environ-
ment during persistence. To date, these efforts have focused on
two hypothetical characteristics of this environment: oxygen
limitation and nutrient deprivation.

Oxygen limitation induces some dramatic and specific
changes in mycobacteria, including enhanced resistance to
some drugs (like isoniazid and rifampin) and sensitivity to
nitroaromatic compounds, such as metronidazole (43, 75). Ox-
ygen limitation also upregulates the synthesis of specific pro-
teins, such as a-crystallin and a flavohemoglobin, and induces
enzymes such as glycine dehydrogenase and alanine dehydro-
genase (33, 36, 74, 78). Such organisms become thermotoler-
ant, decrease overall protein synthesis, have lost acid fastness
and the ability to grow on malachite green-containing media,
and have ultramicroscopically thickened cell walls (14, 23, 35,
70). Adaptation to low oxygen tension is a coordinated activity
at many levels, and rapid alteration can lead to cell death (71,
73). The coordination of these events is especially evident in
that reoxygenation of microaerophilic cultures results in syn-
chronous replication (17, 72).

Nutrient deprivation, in the form of amino acid and carbo-
hydrate depletion, is also likely to coincide with the formation
of intact granulomas in a process thought to be essential for
curtailing growth of the microorganism (14, 37). Recent spec-
ulation has centered on the role of lipid metabolism in main-
taining mycobacterial viability in the absence of robust growth,

TABLE 3. Growth of the DrelMtb strain in liquid media

Mediuma

Growth rateb Maximum ODc

Wild-type
Rv

rel knockout
mutant

Wild-type
Rv

rel knockout
mutant

Standard 7H9 0.62 0.13 2.4 0.92
1212 mM OA 0.54 0.185 2.04 1.0
1424 mM OA 0.424 0.133 2.24 1.08
0.5% Peptone 0.76 0.21 3.1 1.6
11% Glycerol 0.56 0.18 3.6 1.2
11% Glycerol 1

0.5% Peptone
0.80 0.28 4.0 2.0

No glycerol 0.084 0.046 1.3 0.42
No glycerol and

no glucose
0.088 0.060 0.38 0.26

0.2 mM DPPC 0.160 0.165 0.60 0.65

a Standard Middlebrook 7H9 has 0.2% glycerol, no peptone, no oleic acid
(OA), and 5.8 mM sulfate. All media are modifications of 7H9. Low-sulfate
medium contained 0.5 mM sulfate. DPPC-containing medium had no glucose or
glycerol. Each condition was evaluated at least twice with similar results.

b Growth rate is a linear fit to the OD (A650) versus time in days at the most
rapid growth phase.

c Highest OD for that culture.
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FIG. 4. Starvation survival. (A) Kanamycin-resistant wild-type H37Rv(pMV306K) (wt) and Drel mutant (hygromycin resistant) were mixed in a competition
starvation assay in TBST at an initial wild-type/Drel ratio of 1.75. The number of CFU per milliliter was determined by plating in triplicate at 3 to 5 dilutions onto 7H11
plates containing hygromycin or kanamycin on the indicated days. Control plates at low dilution with both hygromycin and kanamycin gave no colonies. (B) As in panel A,
both organisms were simultaneously inoculated to an initial cell density of 104 CFU/ml, and at sequential time points, the cells were removed and dilutions were plated onto
selective media. (C) Anaerobic survival of wild-type H37Rv(pMV306K) and the Drel mutant in sealed tubes. A mid-log-phase culture was divided into replicate sealed tubes
at an initial cell density of 107 CFU/ml, and at the indicated time points, the tubes were unsealed and viable CFU were determined by plating the cells onto selective media.
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since the caseous intragranulomar environment is likely to be
lipid rich and mycobacteria appear well endowed with suitable
enzymes for utilizing lipids as a sole carbon source (the so-
called “lipolytic hypothesis”) (13). There may also be shifts
between the primary source of nutrients during infection, be-
cause M. tuberculosis growing within a macrophage phagolyso-
some may well prove to have access to different nutrients than
M. tuberculosis persisting within a caseous granuloma.

To adapt to such changing situations, M. tuberculosis may
utilize a variety of transcriptional control mechanisms. Some
of this environment-dependent gene expression (including ex-
pression of a-crystallin) is controlled by the expression of an
alternative sigma factor, SigF (45, 51). A second sigma factor,
SigB, has been shown to be associated with stationary-phase
adaptation and general stress (34). The interplay between these
two regulons may prove important for distinguishing compo-
nents important specifically for persistence. In addition to the
use of such alternative sigma factors for such adaptation, many
microorganisms translate the stress of amino acid or carbon
source depletion into an intracellular accumulation of (p)ppGpp,
leading to alterations in gene expression that suppress the
synthesis of stable RNA species (rRNA and tRNA), induce
degradative pathways, activate certain stationary-phase genes,
and modulate genes that regulate DNA replication and growth
rate (7, 9–11, 64, 77).

In this study, we have demonstrated that there is a very low
basal level of (p)ppGpp in log-phase wild-type M. tuberculosis
strains CDC1551 and H37Rv grown axenically on glucose with
accumulation starting in early stationary-phase cultures and
reaching a maximum in long-term stationary-phase cultures.
When log-phase cultures were shifted into isotonic buffer with
no nutrients (TBST), (p)ppGpp began to accumulate within 20
min, peaked by 40 to 60 min, and declined to a new steady state
by 90 to 120 min (data not shown). This temporal pattern is
similar to that determined from the kinetic studies of the me-
tabolism of (p)ppGpp in E. coli, where the stringent response
occurs on a more abbreviated time scale, being induced within
seconds of starvation (9, 50). No (p)ppGpp is detectable in the
M. tuberculosis H37Rv strain with a deleted relMtb gene (Fig. 2).

Adaptation to nutrient deprivation is essential for long-term
survival of nongrowing cells. M. tuberculosis is capable of sur-
viving under nongrowing starvation conditions for up to 2 years
in vitro while retaining the ability to resuscitate (54). In M. smeg-
matis it has been reported that carbon, nitrogen, or phospho-

rus-starved organisms retain viability for over 650 days, with an
initial 2- to 3-log drop in CFU followed by long-term mainte-
nance of stable numbers (62). These authors speculate that
sensing and responding to carbon starvation allowed an adap-
tation to stationary phase that facilitated long-term bacterial
survival. In this study, we demonstrate that an effect of such
carbon limitation is to elevate levels of (p)ppGpp in the cell
through the action of the RelMtb protein. RelMtb-mediated
production of (p)ppGpp presumably induces proteins involved
in stationary-phase survival. Furthermore, late-log-phase cul-
tures of the DrelMtb strain that were subjected to starvation
stress contained five times more ribosomes per unit of protein
than the wild-type, highlighting the inability of this strain to
adapt to the stationary phase (data not shown). This failure to
reduce the amount of stable RNA and ribosomal proteins
supports the notion that the stringent response is required for
growth rate control (7, 42). Thus, as we previously speculated
(2), in the absence of this response, M. tuberculosis fails to
adapt to the stationary phase and long-term survival is severely
compromised.

The RelMtb-deficient strain consistently grows more slowly
than the wild type or the complemented strain in normal
growth media, suggesting that during aerobic growth under
these conditions, some level of (p)ppGpp is required for opti-
mum growth. This apparent defect is not complemented by
addition of additional sources of nutrients such as peptone or
glycerol. Addition of such supplements does, however, effec-
tively double the growth rate and the maximal OD of the
DrelMtb cultures, suggesting some of the growth defect may
occur in response to uncharged tRNA concentrations, an ob-
servation consistent with biochemical data (H. Rubin and D.
Avarbock, unpublished results). The wild-type strain shows
more modest effects of these additives, suggesting that the
effect is not strictly due to provision of a general growth
factor. In light of the aforementioned theory that the major
intracellular carbon source for persistent bacteria is lipid, it is
particularly interesting that the RelMtb-deficient strain is not
different in growth rate from the wild type under only two
conditions: when grown within macrophages and when grown
upon lipid. These results were surprising because of the con-
nection of Rel with amino acid starvation in gram-negative
organisms and the known defect in growth of amino acid auxo-
trophs of M. tuberculosis in cultured macrophages (31, 38). It is
noteworthy that organisms with genetic deletion of isocitrate
lyase, an enzyme essential for growth upon lipid substrates, are
defective for persistence in mouse models of latent tuberculo-
sis (J. McKinney, Rockefeller University, personal commu-
nication). Taken together, these data are consistent with the
hypothesis that intracellular growth relies primarily on lipid
catabolism as the major source of carbon.

The evaluation of this mutant in animal models of persistent
infection will allow the direct assessment of the relevance of
this and other proteins involved in stationary-phase survival to
latency and long-term persistence. Validation of the impor-
tance of this (p)ppGpp-mediated response network in animal
models of persistence would lead to consideration of the
RelMtb protein as a target for the development of chemother-
apeutic agents with unique activity in the treatment of asymp-
tomatic tuberculosis infections.
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