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The alternate RNA polymerase sigma factor gene, sigF, which is expressed in stationary phase and under
stress conditions in vitro, has been deleted in the virulent CDC1551 strain of Mycobacterium tuberculosis. The
growth rate of the AsigF’ mutant was identical to that of the isogenic wild-type strain in exponential phase,
although in stationary phase the mutant achieved a higher density than the wild type. The mutant showed
increased susceptibility to rifampin and rifapentine. Additionally, the AsigFF mutant displayed diminished
uptake of chenodeoxycholate, and this effect was reversed by complementation with a wild-type sigF" gene. No
differences in short-term intracellular growth between mutant and wild-type organisms within human mono-
cytes were observed. Similarly, the organisms did not differ in their susceptibilities to lymphocyte-mediated
inhibition of intracellular growth. However, mice infected with the AsigFF mutant showed a median time to
death of 246 days compared with 161 days for wild-type strain-infected animals (P < 0.001). These data
indicate that M. tuberculosis sigF is a nonessential alternate sigma factor both in axenic culture and for survival
in macrophages in vitro. While the AsigF mutant produces a lethal infection of mice, it is less virulent than its

wild-type counterpart by time-to-death analysis.

Tuberculosis is currently the seventh leading cause of dis-
ability and death globally and is expected to remain among the
top seven causes until the year 2020 if current tools and pat-
terns of control prevail (26). Successful treatment of cases
requires multidrug therapy for a minimum of 4 to 6 months.
The operational difficulties of ensuring uninterrupted drug
therapy have led to the development of drug-resistant forms of
Mycobacterium tuberculosis in many parts of the world, the
spread of which poses a growing health threat to all nations,
even those with good tuberculosis control programs (27).

Control of M. tuberculosis infection is made more difficult by
the complex long-term nature of the host-pathogen interac-
tions in tuberculosis. Initial infection is followed by bacterial
multiplication within mononuclear phagocytes, release of in-
tracellular organisms, and dissemination (5). Most often, the
subsequent development of specific immunity serves to contain
but not eradicate the organism, resulting in the persistence of
latent foci of bacteria. Reactivation disease can therefore oc-
cur years after initial exposure (21, 34). Bacterial regulatory
genes may play an important role in the ability of tubercle
bacilli to adapt and survive during these different stages of
infection and disease.

RNA polymerase alternate sigma factors are used by bacte-
ria for conditional gene expression depending on the ambient
environmental milieu (12, 25), and they have been shown to
mediate in vivo-triggered responses necessary for conditional
expression of virulence factors in diverse bacterial species (8,
10) including M. tuberculosis (4). The recently completed de-
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termination of the genomic sequences of M. tuberculosis iden-
tified a total of 13 sigma factors (3, 14): 2 principal-like sigmas
known as SigA and SigB (4, 9, 15), 10 extracytoplasmic sigmas
(11, 38), and one stress/sporulation-type sigma known as SigF
(7). The M. tuberculosis sigF’ gene is upregulated by exogenous
stress conditions (e.g., by the administration of antimycobac-
terial drugs [24], by entry into stationary phase in vitro [7, 24],
and during macrophage infection [16]. Its gene product is
structurally related to sigma factor from Streptomyces coelicolor
(30), Bacillus subtilis (6, 17), Staphylococcus aureus (39), and
Listeria monocytogenes (1, 37), which are also induced by entry
into stationary phase or stress. In this report we describe the
inactivation of the M. tuberculosis sigF gene by allelic exchange
and we present a characterization of the phenotype of the
AsigF mutant.

MATERIALS AND METHODS

Allelic exchange inactivation of the sigF gene. A 2.8-kb BamHI fragment
containing sigF was used to construct the allelic replacement vector pPC47.
Assembly of pPC47 was accomplished by removal of a 723-bp intragenic frag-
ment of sigF by Nrul and BstXI digestion and blunt-end insertion of a 1.7-kb
cassette carrying the Streptomyces hygroscopicus hyg gene from p16R1 (13). The
resulting 3.7-kb BamHI fragment, which contained 1.2 kb of sigF left-flanking
DNA and 1.0 kb of sigF right-flanking sequences around a central Ayg gene, was
excised and blunt end cloned into pJG1001, which is a mycobacterial suicide
vector encoding kanamycin resistance (Km"; encoded by the aph gene) and
sucrose sensitivity (Suc®; encoded by the sacB gene), to yield pPC47, a plasmid
which contains a unique BamHI site adjacent to the inserted 3.7-kb fragment.
Five micrograms of pPC47 was introduced into freshly prepared electrocompe-
tent M. tuberculosis strain CDCI1551 using standard methodologies (19, 29).
After incubation for 7 weeks, nine hygromycin-resistant colonies were identified:
one (the putative sigF knockout) was Km® Suc’, three were Km" Suc® (putative
merodiploid intermediates), and the remaining five were shown by subsequent
Southern blotting to have random Ayg gene insertions, some with gene rearrange-
ments in the sigF locus. A subsequent effort to inactivate the sigF’ gene in the
H37Rv strain of M. tuberculosis was also successful, with similar frequencies of
recombinants. Southern blot analysis was used to confirm the chromosomal



5576 CHEN ET AL.

structure of candidate knockout strains. Later, PCR analysis of chromosomal
DNA or a subcloned Hy"-conferring fragment from the putative AsigF mutant
using primers directed outward from the /yg gene and inward from the left and
right sigF’ flanking DNA gave the appropriately sized fragments. DNA sequenc-
ing of the junctions of the iyg gene and mycobacterial DNA using PCR products
or the subcloned Hy"-conferring fragment confirmed the replacement of sigF by
hyg.

Complementation of the M. tuberculosis AsigF mutant. pPC51 contains the
2.8-kb sigF operon-containing BamHI fragment from pYZ99 (7) cloned into the
Xbal site of pMH94 (20) to yield an integrative, single-copy complementing
plasmid that confers Km". pPC51 was introduced into the M. tuberculosis AsigF
mutant by electroporation and kanamycin selection.

In vitro phenotypic analysis. In vitro growth rates of M. tuberculosis CDC1551
(wild type) and the isogenic AsigF mutant were determined in agitated cultures
at 37°C in Middlebrook 7H9 broth with 5% glycerol, 10% albumin dextrose
complex (ADC), and 0.025% Tween 80 (19). Each 100-ml culture was started by
inoculation with 1 ml of a stationary-phase (>3-week) culture. Aliquots were
sampled every 1 to 2 days, and the bacterial density was determined by plate
counts. Assays of the uptake of ['*C]chenodeoxycholate were performed with
washed, concentrated log-phase bacteria exposed to 1.25 pCi of [**C]chenode-
oxycholate for up to 50 min at 37°C (40). Assays were halted by the addition of
excess buffer, and uptake was assessed by filtration. Uptake at each time point
was normalized to the dry mass of cells determined by pre- and postweighing
each filter. The S. aureus sigB mutant PC400 and its isogenic wild-type strain,
8325-4, were generous gifts from Simon Foster (2).

M. tuberculosis infection of human monocytic cells. Ficoll-Hypaque-purified
peripheral blood monocytes (10°) from four unrelated, healthy, tuberculin-pos-
itive human volunteers were prepared (32) and plated in 96-well microtiter
plates. The following day, M. tuberculosis strains were allowed to infect monocyte
monolayers for 1 h in the presence of 30% autologous serum with a multiplicity
of infection of 1:1; uningested mycobacteria were removed by aspiration and
three washes. For selected samples autologous, peripheral blood lymphocytes
(PBL) prepared as previously described (32) were added after removal of my-
cobacteria in a 10:1 PBL/monocyte ratio. The intracellular infection was allowed
to progress in complete Iscove’s modified Dulbecco medium with NaHCO;, 25
mM HEPES, 1% r-glutamine, and 10% noninactivated autologous serum. At 0,
1, 4, and 8 days after infection, the human cells were lysed with 0.067% sodium
dodecyl sulfate in Middlebrook 7H9-ADC, and surviving CFU of intracellular
mycobacteria were determined by plating.

Mouse time-to-death study. Groups of BALB/c mice (6 to 8 weeks old; female;
Harlan Sprague-Dawley) were infected with 0.1-ml volumes containing dispersed
preparations of M. tuberculosis by intravenous tail vein injection. The inoculum
was 10°02 CFU for wild-type M. tuberculosis and 10°°7 CFU for the M. tuber-
culosis AsigFF mutant. The animals were weighed twice weekly and monitored on
a long-term basis. Moribund animals were sacrificed.

RESULTS

Construction of an M. tuberculosis AsigF mutant. Using a
virulent, recently isolated human outbreak strain of M. tuber-
culosis known as CDC1551 (35), we replaced the sigF gene with
a hygromycin resistance gene using allelic exchange with sacB
counterselection as illustrated in Fig. 1A (28). Phenotypically,
the putative M. tuberculosis AsigF clone was resistant to hygro-
mycin and sensitive to kanamycin, while merodiploid interme-
diate strains were resistant to both markers. These antibiotic
resistance phenotypes confirmed that the desired second re-
combination event leading to loss of vector sequences had
occurred. Analysis of the AsigF mutant, wild-type, and mero-
diploid intermediate strains by Southern blotting using probes
specific for the sigF-flanking sequences, sigF-coding sequences,
the hygromycin gene cassette, and the plasmid backbone re-
vealed the anticipated hybridization patterns (Fig. 1B). Since
the initial construction of the allelic exchange vector pPC47
included a deletion of 723 bp of the sigF’ coding sequence and
since Southern blotting experiments with the 723-bp segment
as a probe revealed its absence in the deletion strain, this sigF
deletion/replacement mutation is nonrevertible to the wild
type. As sigF (Rv3286¢) is the distal member of a multigene
operon, its interruption would not be expected to have polar
effects on other genes in the operon. A single-copy, integrative
plasmid (pPC51) harboring the entire sigF operon and up-
stream elements was introduced in the M. tuberculosis AsigF
mutant to yield a complemented strain.
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FIG. 1. (A) Cartoon representation of the strategy used to interrupt the sigF’
gene using pPC47. The location and spacing of BamHI sites are shown. (B)
BamHI-restricted chromosomal DNA from the recombinant M. tuberculosis
strains was analyzed by Southern blotting using the four probes shown in panel
A. The sizes of the hybridizing bands are indicated at the left margin.

In vitro phenotypes. We studied the M. tuberculosis AsigF
mutant for in vitro phenotypes which might differentiate it
from the wild type. Comparisons of the growth characteristics
of the sigF knockout mutant versus wild-type CDCI1551 re-
vealed that their exponential growth rates in rich medium were
the same (Fig. 2). However, the mutant grew to a threefold-
higher density in stationary phase than did the wild type in
standard Middlebrook broth as assessed by both CFU assay
and by optical density measurements. Also, when passed from
a dense culture into fresh medium the mutant began regrowth
more quickly than the wild type and did not exhibit the usual
lag phase (Fig. 2, inset).

Using a sensitive CFU assay as our end point, we did not find
significant in vitro survival differences between the AsigF mu-
tant and wild-type M. tuberculosis in response to the following
conditions: heat stress, cold stress, microaerophilic stress, and
long-term stationary-phase growth. However, we did observe
differences between the drug susceptibility profile of the M.
tuberculosis AsigFF mutant and that of the wild type. As shown
in Table 1, the mutant showed increased susceptibility to rifa-
mycin drugs including rifampin (eightfold). The rifampin hy-
persusceptibility was partially reversed in the complemented
strain. Control experiments using M. tuberculosis transformed
with a plasmid conferring hygromycin resistance did not reveal
a change in rifampin susceptibility. Also, an S. aureus sigB
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FIG. 2. Invitro growth rates of M. tuberculosis CDC1551 (wild type) and the
isogenic AsigF mutant agitated at 37°C in Middlebrook 7H9 broth supplemented
with glycerol, 10% ADC, and Tween 80 (19). Each 100-ml culture was started by
inoculation with 1 ml of a declumped suspension from freshly grown colonies.
(Main panel) Results of a 22-day growth curve in which aliquots were sampled
every 1 to 2 days and the bacterial density was determined by plate counts; (inset)
display of the same data for the first 5 days plotted on an expanded scale to show
differences in the lag phase between the strains. This experiment was performed
twice by both plating dilutions and optical density determinations, each produc-
ing similar results in lag and stationary phases.

mutant (PC400), which lacks a homologous sigma factor,
showed no change in rifampin MIC compared with an isogenic
wild-type strain (8325-4), suggesting that the rifampin hyper-
susceptibility phenomenon is not generalizable to loss of sigma
factors of this class across species.

Because of these altered drug susceptibilities, we tested the
mutant, wild-type, and complemented-mutant strains for rate
of uptake of exogenous solutes, which might indicate alter-
ations in the cell envelope or in cell wall-associated transport
systems. As may be seen in Fig. 3, the M. tuberculosis AsigF’
mutant, but not the complemented strain, was less permeable
to [**C]chenodeoxycholate in vitro than the wild type on the
basis of the short-term uptake assay. Since chenodeoxycholate
is a hydrophobic solute believed to enter mycobacteria through
passive diffusion (40), these findings suggest that the sigF' mu-

TABLE 1. Antibiotic susceptibilities of wild-type M. tuberculosis,
the AsigF mutant, and the complemented mutant

MIC (pg/ml)* for indicated M. tuberculosis strain

Dru;
¢ Wild type AsigF mutant” C:gg;ﬁiz;e[d
Rifampin 0.25 0.03125 0.625
Rifapentine 0.125 0.0625 ND¢
Isoniazid 0.1 0.1 ND
Ethambutol 2.0 2.0 ND
Streptomycin 1.0 1.0 ND
D-Cycloserine 20 20 ND

“ MICs were determined by the Bactec method except for those for p-cy-
closerine, which were evaluated by agar dilution. Values are means of two to four
determinations.

® Values for rifampin and rifapentine represent eight- and twofold increases in
susceptibility, respectively, with respect to the susceptibilities of the wild type.

¢ ND, not done.
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FIG. 3. ["*C]chenodeoxycholate uptake by wild-type (WT) M. tuberculosis,
the AsigF mutant, and the complemented mutant. Measured values for counts
per minute taken up were normalized to the dry weight of bacterial pellets. Each
value represents the mean of at least three determinations. Standard deviations
were less than 5%. KO, knockout.

tation produces structural alterations in the mycobacterial en-
velope which influence the passive diffusion rate.

Phenotype in a human monocyte infection model. We stud-
ied the ability of the M. tuberculosis AsigF mutant to infect and
proliferate within human monocytes in an in vitro infection
model described previously (32, 33). We selected human pe-
ripheral monocytes because previous studies showed them to
be a good surrogate for human alveolar macrophages (33) and
because of their more direct relevance to human tuberculosis
compared with animal macrophage lines. As shown in Fig. 4,
the intracellular growth rates of the wild-type and AsigF strains
were identical over the 8-day infection of monocytes from
healthy, tuberculin-positive donors. To determine whether the
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FIG. 4. Intracellular survival of M. tuberculosis CDC1551 (wild type [wt]) and
the isogenic AsigF mutant within monocytes (MN) or within MN plus PBL
(nonadherent cells [NAC]) from four unrelated, tuberculin-positive, healthy
human subjects. Each patient’s cells were tested in triplicate under each of the
conditions. Data points represent the surviving mycobacterial CFU per 10° MN
plus 1 standard error.
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FIG. 5. Characteristics of infection by M. tuberculosis CDC1551 (wild type) versus the M. tuberculosis AsigF' mutant in mice. Results are from a long-term infection
model using 6- to 8-week-old BALB/c mice infected with wild-type (n = 12) and mutant (n = 11) M. tuberculosis, respectively. (A) Individual weights were determined
biweekly and are plotted as mean weight per group = 1 standard error. Asterisks, times at which the weight differences achieved statistical significance. (B) Survival
data are shown as a Kaplan-Meier plot. The median time to death was 161 days for wild-type infection and 246 days for infection with the AsigF’ mutant.

two strains differed in their abilities to resist lymphocyte-me-
diated immune mechanisms, we also determined intracellular
growth rates following addition of autologous PBL to infected
monocytes in a 10:1 lymphocyte-to-monocyte ratio. While the
addition of PBL resulted in an initial burst of killing of intra-
cellular M. tuberculosis at 24 h after infection, the magnitudes
of this effect for the two strains did not differ and were com-
parable to that observed with laboratory strain H37Rv in the
same assay (data not shown). Subsequent rates of growth of
the organisms in cocultures of lymphocytes and infected mono-
cytes were identical as well. These data indicate that the loss of
the stationary-phase/stress response sigma factor gene sigF has
no detectable effect on short-term intracellular survival and
proliferation in human monocytes in vitro.

Phenotype in a mouse infection model. We investigated the
in vivo phenotype of the M. tuberculosis AsigF’ mutant in the
mouse tuberculosis model by analysis of median time to death.
BALB/c mice infected with wild-type M. tuberculosis displayed
significant weight loss about 100 days after infection in contrast
to those infected with an equal number of cells of the AsigF
mutant (Fig. 5SA). All wild type-infected mice died within 184
days of infection (median survival, 161 days), while mutant-
infected mice survived for up to 334 days (median survival, 246
days; P < 0.001 by Kaplan-Meier analysis), as may be seen in
Fig. 5B. This long-term mouse survival study indicates that loss
of sigF’ reduces the virulence of M. tuberculosis for mice.

DISCUSSION

In this study we report the interruption of the M. tuberculosis
sigFF gene by allelic exchange and we present a phenotypic
analysis of the resulting mutant. Our in vitro analysis revealed
few distinct differences between the AsigF mutant and the wild
type. Importantly, the only exogenous stress condition for
which the mutant was at increased susceptibility was exposure
to rifamycin drugs, and with these drugs the change in MIC
was relatively small (two- to eightfold). We also found that the
AsigF mutant displayed reduced uptake of the hydrophobic
solute chenodeoxycholate, suggesting that the mutant might
have cell envelope permeability differences from the wild type.
Both the rifampin hypersusceptibility and chenodeoxycholate

uptake phenotypes were reversed or partially reversed by sigF’
complementation, indicating that they are sigF-mediated ef-
fects and not due to the presence of the hygromycin resistance
gene or to a spurious second-site mutation. While the basis of
rifampin hypersusceptibility in the M. tuberculosis AsigF’ mu-
tant remains uncertain, it is unlikely to be related to increased
permeability to the drug. Our chenodeoxycholate uptake ex-
periments indicate that, if anything, the mutant is less perme-
able to exogenous solutes. Also, other drugs including isonia-
zid, ethambutol, and streptomycin did not show MIC changes
as might be expected if the mutant had a general defect in
permeability. Since an earlier study showed rapid induction of
sigF expression in Mycobacterium bovis BCG exposed to vari-
ous doses of rifampin (24), one hypothesis to account for the
rifampin phenotype is that mycobacteria may have a baseline
susceptibility to rifampin equivalent to that of the AsigFF mu-
tant, with sigF expression serving as an adaptive mechanism to
achieve inducible resistance.

sigF has been reported to be induced by a number of in vitro
stress conditions, including temperature, oxidative, and sta-
tionary-phase stress, using a reporter gene assay (24), while
another study using molecular beacons and real-time PCR
detection showed little effect of these conditions on sigF
mRNA expression in vitro (22). A study of differentially ex-
pressed genes upon entry into macrophages found that sigF'
induction occurred at 18 h but that sigF’ expression levels re-
turned to baseline by 48 h after infection (16). In the present
paper, neither temperature shift, oxidative stress, entry into
stationary phase, nor macrophage infection elicited a survival
difference between the AsigFF mutant and the wild type. Thus
while M. tuberculosis sigF expression may be induced by these
conditions, increased sigF expression does not appear to be
essential for bacterial survival under these environmental con-
ditions. This may reflect an abundance of overlapping stress
response regulatory pathways in tubercle bacilli designed to
ensure survival. Our study did not address the survival of the
AsigF mutant in activated macrophages. Several reports have
found that gamma interferon significantly enhances both
phagosome maturation and the mycobacterial inhibitory ca-
pacity of macrophages (31, 36). Although we have observed
that coincubation of macrophages with PBL leads to secretion
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of significant levels of gamma interferon and that there was no
difference between the survival of the mutant and that of the
wild type in the coincubation model, it remains possible that
cytokine preactivation of macrophages might unmask an intra-
cellular survival defect of the AsigF’ mutant in vitro.

Despite the relative lack of in vitro phenotypes, our mouse
survival data reveal that the sigF’ gene plays a role in virulence
in the whole animal. While loss of sigFF does not prevent the
mutant strain from producing a lethal infection, death is sig-
nificantly delayed in BALB/c mice infected by the mutant
strain. Although BALB/c mice have been classified as resistant
to M. tuberculosis (23), this mouse strain exhibits a Th2 cyto-
kine response to M. tuberculosis infection which is associated
with increased susceptibility to the infection (18). It is possible
that greater differences in virulence between the AsigFF mutant
and the wild type might be observed in other mouse strains
such as C57BL/6 which are resistant and respond to infection
with a Thl profile. Future studies are being directed towards
identifying the stage at which the M. tuberculosis sigF gene is
needed in animal infections and whether the disease produced
by the AsigF’ mutant differs immunopathologically.
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