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Among the products that are expressed when Mycobacterium tuberculosis undergoes hypoxic shiftdown to
nonreplicating persistence (NRP) is the alpha-crystallin chaperone protein homologue (Acr). This expression
coincides with the previously reported appearance of a respiratory type of nitrate reductase activity, the
increase in glycine dehydrogenase activity, and the production of a unique antigen, URB-1. In a timed sampling
study, using a slowly stirred oxygen depletion culture model, we have demonstrated that the ~spX mRNA that
codes for Acr protein as well as the protein itself is induced just as the bacilli enter the microaerophilic NRP
stage 1 (NRP-1). In contrast to the induction observed for ZspX mRNA, levels of 16S rRNA, fbpB mRNA
(encoding the 85B alpha antigen), and aroB mRNA (encoding dehydroquinate synthase) demonstrate relatively
small to no change upon entering NRP-1. Acr protein was shown to be identical to URB-1 by Western analysis
with anti-URB-1 antibody. The fact that antibody to Acr is found in a high percentage of tuberculosis patients
suggests that the hypoxic shiftdown of tubercle bacilli to the NRP state that occurs in vitro, resulting in
production of the alpha-crystallin protein, occurs in vivo as well. Simultaneous abrupt increases in zspX mRNA

and Acr protein suggest that Acr protein expression is controlled at the level of transcription.

A major impediment to the control and eradication of tu-
berculosis is the ability of the tubercle bacillus to persist for
long periods in a nonreplicating state in which it does not
appear to be susceptible to the action of many antimycobac-
terial agents (18). More than one-third of the world’s popula-
tion is infected with Mycobacterium tuberculosis, and reactiva-
tion of latent disease is of increasing importance. This is
especially true among individuals with declining immune sys-
tems, including the elderly and persons with AIDS (18). An
increased understanding of such latency is needed in the de-
velopment of new treatment strategies. It has been proposed
that adaptation to depletion of available oxygen plays a signif-
icant role in the ability of M. tuberculosis to enter this state of
nonreplicating persistence (NRP) (17). Abrupt depletion of
oxygen is known to cause death and autolysis of tubercle bacilli
(19), but gradual depletion induces a shiftdown to a state in
which the bacilli can survive microaerophilic and anaerobic
conditions (22), such as those that occur in granulomatous or
necrotic lesions of the lung. A model of this process utilizing
slowly stirred sealed cultures has been developed which dem-
onstrates that the shiftdown of M. tuberculosis occurs in two
stages, a microaerophilic nonreplicating stage, referred to as
NRP-1, followed by an anaerobic nonreplicating stage, NRP-2,
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and events that occur during the microaerophilic stage appear
to be critical to their ultimate hypoxic survival (20).

Several physiologic changes occur when aerobically growing
bacilli are exposed to gradual limitations of available oxygen
and enter into NRP-1. These include termination of replica-
tion and DNA synthesis (20) but with a continuing enlarge-
ment of the cells associated with cell wall thickening (3, 20), at
least a 10-fold increase in activity of an enzyme that reductively
aminates glyoxylate to glycine (glycine dehydrogenase), with
concomitant regeneration of NAD from NADH (20, 22), ap-
pearance of a respiratory type of nitrate reductase activity (21),
and production of a novel antigen, originally designated
URB-1 (23). The URB-1 antigen has been considered to cor-
respond to the 16-kDa alpha-crystallin chaperone protein ho-
mologue (Acr), although this has never been established (3, 25,
26).

Acr protein is of special interest not only because of its
physiologic functions in tubercle bacilli (22, 26) but also be-
cause there is immunologic evidence that this protein is pro-
duced by tubercle bacilli in the human host (16, 24). This
protein is produced only after exposure of tubercle bacilli to
hypoxia and nitric oxide precursors in vitro but not to a number
of other stress conditions (8, 25). It is also produced after
ingestion by ThP-1 macrophage-like cells (26). All of these
observations suggest that the hypoxic in vitro model of shift-
down reflects events that occur as M. tuberculosis shifts down to
the nonreplicating state in vivo as well. This has prompted us
to explore the actual induction of Acr protein and its mRNA in
the slowly stirred hypoxic shiftdown model and compare the
hspX mRNA expression profile to genomic DNA content and
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TABLE 1. Sequences of primers and probes used for quantification of specific DNA and RNA products in bacillary extracts

TaqMan probe sequence

Target PCR primer sequences (5’ to 3')*
1S6110 DNA F: GGC TGT GGG TAG CAG ACC
R: CGG GTC CAG ATG GCT TGC
16S rRNA F: GAG TGG CGA AGC GGT GAG TAA CA

85B mRNA (alpha antigen)

Acr mRNA (alpha-crystallin

R: CAC CCC ACC AAC AAG CTG ATA GG
RT primer: CCG CAC GCT CAC AG

F: TCA GGG GAT GGG GCC TAG CC
R: GCT TGG GGA TCT GCT GCG TA
RT primer: GCT TGG GGA TCT GCT GCG TA

F: ATC CCG GCC CAC CTT CGA CA

TGT CGA CCT GGG CAG GGT TCG

TCC ACC ACA AGA CAT GCA TCC CGT G

TCG AGT GAC CCG GCA TGG GAG CGT

GCA AGT CCT TCT GCT CGG TGC GCT C

homologue)

R: AGC ACC TAC CGG CAG CGA CA

RT primer: GAA TGC CCT TGT CGT

AroB mRNA (3-dehydroquinate
synthase)

F: AGG TCG CCG TCG TGC ATC AG
R: CCG ATG CGG CCC AAC ACC TC
RT primer: GCC TGG ACC ACT

TCG AGA TCC CCG ACG CCG AGG C

“F, forward; R, reverse.

levels of 16S rRNA (a stable and abundant structural RNA). In
addition, levels of fbpB and aroB mRNA were examined in this
model. The fbpB gene encodes the 85B protein (alpha anti-
gen), which functions as a mycolyl transferase in cell wall
biosynthesis and is a dominant protein in mycobacterial culture
filtrates (1) and which is presently a target in vaccine develop-
ment strategies (11). The aroB gene encodes dehydroquinate
synthase, an enzyme (AroB) involved in aromatic amino acid
biosynthesis, and is believed to be an essential gene (9).

MATERIALS AND METHODS

Cultivation of M. tuberculosis in the hypoxic shiftdown model. The H37Rv
strain of M. tuberculosis was grown in tubes of Dubos Tween-albumin broth
(DTA) (Difco, Detroit, Mich.) in the slowly stirred 0.5 headspace ratio (HSR)
model of Wayne and Hayes (20). Briefly, acrobically growing broth cultures were
inoculated to a set of 20- by 125-mm screw-cap culture tubes containing 17 ml of
DTA and an 8-mm Teflon-coated magnetic stirring bar, resulting in a headspace
of 8.5 ml of air; i.e., the volumetric ratio of air to medium was 0.5. The calculated
initial optical density at 580 nm (ODsg,) was 0.004. The tightly sealed cultures
were placed in a rack on a low-speed magnetic tissue culture stirrer at 120 rpm
in a 37°C incubator. At designated times individual cultures were removed, the
ODsg, was measured, and 15 ml of the culture was concentrated to a 1.0-ml
volume by centrifugation and quickly frozen and stored at —70°C until it was
used for isolation of nucleic acids.

Isolation of mycobacterial DNA and RNA. Nucleic acids were isolated from
freshly thawed culture samples that were processed simultaneously. RNA was
isolated by organic extraction coupled with mechanical disruption as described by
DesJardin et al. (4, 7). DNA was isolated from the same aliquots as used for
RNA isolation, using a differential extraction protocol of the interface and
organic portions remaining after RNA isolation (5). Controls for efficiency of
DNA and RNA recovery, consisting of standardized broth cultures of M. tuber-
culosis with known colony counts, were included with each series of isolations (7).
Two independent nucleic acid isolations were performed per culture sample, and
the nucleic acids were stored at —70°C until tested.

Quantification of nucleic acids using the ABI 7700 (TagqMan). (i) TagMan
technology. Amplification and quantification of specific mycobacterial DNA and
c¢DNA products were performed using the real-time PCR format of the ABI
Prism 7700 Sequence Detection System (ABI/Perkin-Elmer, Foster City, Calif.).
Sequences of the oligonucleotide primers and detector probe (TagMan probes)
specific for each target are listed in Table 1. The internal oligonucleotide Tag-
Man probes were fluorescently labeled on the 5’ end with 5-carboxyfluoroscein
(FAM) and N,N,N’,N’-tetramethyl-6-carboxyrhodamine (TAMRA) on the 3’
end (Synthegen, Houston, Tex.). When the two dyes are in close proximity, as
with an intact oligonucleotide probe, TAMRA acts as a quencher for FAM by
absorbing at the FAM emission spectra. The 5’ exonuclease activity of Tag

polymerase degrades the internally hybridizing probe during the course of PCR
(13), and degradation of the probe leads to separation of these two dyes in
solution, with a subsequent increase in the level of fluorescence in the reaction
mixture. The amount of fluorescence measured in a sample is proportional to the
amount of specific PCR product generated (5, 10, 12). The TAMRA emission
spectrum was used to standardize for background fluorescence (18). The thresh-
old value of fluorescence for a positive PCR (cycle threshold, Cr) was set at 10
times the standard deviation of the mean baseline emission between cycles 3 and
15 of amplification. The quantity of DNA and ¢cDNA in each reaction was
determined from the Cy value with reference to a standard curve generated by
amplification of known amounts of target DNA or RNA (converted to cDNA).
As reported previously for the IS6/110 DNA TaqMan assay (5), the standard
curves for the RNA targets were linear over 5 orders of magnitude, with an intra-
or interassay coefficient of variation of less than 10% with standards.

(ii) PCR conditions. PCR conditions were nearly identical for all of the assays.
The 50-pl reaction mixture consisted of 1X PCR Buffer II (Perkin-Elmer), 3 mM
MgCl,, 200 wM concentrations of each deoxynucleoside triphosphate (dATP,
dCTP, and dGTP), 400 pM dUTP, 0.5 U of uracil DNA glycosylase, 1 U of Tag
polymerase (ISC Bioexpress, Kaysville, Utah) or AmpliTaq Gold polymerase for
16S rRNA (Perkin-Elmer), 0.2 pM concentrations of each primer, and a 0.1 pM
concentration of the TagMan probe. The PCR profile consisted of 1 cycle at 50°C
(for uracil DNA glycosylase decontamination) for 2 min, 1 cycle at 95°C for 5
min, and 45 cycles of 94°C for 30 s and 68°C for 1 min. PCR primers for all of the
targets were designed to hybridize only to M. tuberculosis complex strains. These
assays were determined to be specific for M. tuberculosis complex organisms by
screening with a panel of 42 mycobacterial species and related genera (data not
shown).

(iii) IS6110 PCR. DNA samples were tested in the ABI quantitative IS6710
PCR assay as previously described (5). These values were used to calculate the
number of mycobacterial genomes per sample (the number of 1S6770 DNA
molecules was divided by 16, which is the number of copies of the 1S6110
sequence in M. tuberculosis strain H37Rv [2]).

(iv) RT-PCR. RNA was reverse transcribed using avian myeloblastosis virus
reverse transcriptase in a 20-ul reaction volume for all three mRNA targets
simultaneously and in a separate reaction mixture for 16S rRNA as described
previously (6). After reverse transcription (RT), the amount of cDNA obtained
from each RNA species was measured by PCR with TagMan probes in separate
reactions. The amount of contaminating chromosomal DNA was tested in par-
allel reactions without reverse transcriptase. No contamination was observed in
these samples.

The efficiency of RT was determined for each assay by using in vitro transcripts
of cloned M. tuberculosis fbpB, aroB, hspX, and 16S rRNA genes. In vitro
transcripts were generated from pBlueScript with the T3 RNA polymerase pro-
moter (Stratagene, La Jolla, Calif.) using a MAXIscript T3 Kit (Ambion, Austin,
Tex.) according to the manufacturer’s instructions. Transcripts were determined
to be of the correct size by denaturing gel electrophoresis and were quantified by
spectrophotometry. Dilutions of control transcripts ranging from 10 to 10°
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FIG. 1. Optical absorbance (A4sg,) and DNA content (genomes per
milliliter) of cultures of M. tuberculosis H37Rv in the slowly stirred 0.5
HSR model. Aerobic growth occurs for approximately 60 h, after
which the bacilli shift down to the microaerophilic NRP-1 stage until
oxygen is completely depleted, when the culture is about 160 h old and
bacilli shift down to the anaerobic NRP-2 stage. DNA synthesis stops
abruptly as the bacilli enter NRP-1. This figure represents one of two
independent experiments that gave comparable results. Symbols: Asg,
solid circles; DNA, solid squares.

molecules/pl in 10 ng of yeast carrier RNA (Ambion)/pl were included in each
RT-PCR assay. The efficiency of RT was determined by calculating the ratio of
the number of observed to the number of expected molecules per reaction.
Typical efficiencies were approximately 10% for fbpB and aroB, 3% for hspX, and
3% for 16S rRNA.

The number of molecules of mRNA per sample was calculated by correcting
for the efficiency of RT and the dilution factors involved in the reverse tran-
scriptase reaction and PCR.

Protein analysis. M. tuberculosis cultures were sonicated as previously de-
scribed (22, 23) and then centrifuged at 10,000 X g for 5 min before filtration
through a 0.2-um filter (Corning, Corning, N.Y.). Protein concentration was
determined by the Bradford assay (Bio-Rad, Hercules, Calif.). Twenty micro-
grams of protein for each sample was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using a Tris-tricine 16.5% poly-
acrylamide gel (Bio-Rad). The gel was stained and the protein was transferred to
a nitrocellulose paper (Schleicher & Schuell, Keene, N.H.) for Western blotting.
The primary antibody was either CS49 (16), in which case the secondary antibody
was goat anti-mouse horseradish peroxidase-conjugated antibody (Santa Cruz
Biotechnology, Santa Cruz, Calif.), or the primary antibody was RS88-13078
(23), in which case the secondary antibody was goat anti-rabbit horseradish
peroxidase-conjugated antibody (ICN ImmunoBiologicals, Lisie, IIL.).

RESULTS

Cultures of M. tuberculosis H37Rv grown under oxygen de-
pletion conditions exhibited the characteristic three-stage op-
tical density pattern (Fig. 1), corresponding to the initial aer-
obic logarithmic growth phase for about 60 h, followed by a
shiftdown to the microaerophilic NRP-1 stage (in which rep-
lication stopped but the ODsg, continued to rise at a reduced
rate) and finally the abrupt deflection at approximately 160 h
to the anaerobic plateau of the NRP-2 stage. The increase in
genomic DNA content of successive samples (Fig. 1) coincided
with the increase in turbidity (ODsg,) of the cultures up to the
time of first deflection into NRP-1; at that point, the DNA
content stopped rising, thus confirming termination of replica-
tion of bacilli at that deflection. Neither an increase in ODsg,
nor an increase in DNA content was observed after entry into
the anaerobic NRP-2 stage.

Changes in the amounts of different messages (mRNA) dur-
ing cultivation, expressed as molecules per genome to compen-
sate for the bacillary replication during the aerobic phase and
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FIG. 2. Amounts of selected RNA species in cultures of M. tuber-
culosis H37Rv in the slowly stirred 0.5 HSR model. (A) RNA ex-
pressed as number of molecules per genome. (B) mRNA expressed as
number of molecules (X10,000) per molecule of 16S rRNA (mRNA/
rRNA). The X10,000 factor was used to reflect the approximate num-
bers of transcripts per cell equivalent.

termination on entry into NRP-1 as well as to correct for any
possible losses during centrifugal concentration of the bacterial
suspensions, are shown in Fig. 2A. The number of zspX mRNA
molecules per genome increased approximately 100-fold upon
transition from aerobic log phase growth into the microaero-
philic NRP-1 stage and leveled off as the bacilli enter the
anaerobic NRP-2 stage. This is in contrast to a stable number
(5.5 X 10> = 2.1 X 10%) of 16S rRNA molecules per genome
throughout the three growth phases.

The amount of message of fbpB, a gene encoding antigen
85B that functions as a mycolyltransferase in cell wall biosyn-
thesis (1), was increased about fivefold in the microaerophilic
NRP-1 stage over that seen aerobically (Fig. 2A) and remained
at this level in the anaerobic NRP-2 state. The number of
molecules of aroB mRNA, which encodes dehydroquinate syn-
thase, decreased an order of magnitude as the bacilli shifted
into the microaerophilic NRP-1 stage (Fig. 2A), and this lower
amount remained constant in the anaerobic NRP-2. The
changes in numbers of molecules per genome of hspX, fbpB,
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FIG. 3. Protein analysis of M. tuberculosis. (A) SDS-PAGE analysis
of protein extracts from M. tuberculosis stained with Coomassie blue.
Cultures were incubated for the indicated times in slowly stirred sealed
tubes. AG indicates shaking aerobic incubation for 80 h. The alpha-
crystallin homologue is indicated. (B) Immunoblot analysis of the Acr
protein. Proteins from either aerobic (AG) or 141-h-old hypoxic cul-
tures were probed with either monoclonal anti-Acr (CS49) or poly-
clonal anti-URB-1 (RS88-13078) antibody.

and aroB mRNA during cultivation with limited or no oxygen
were supported when expressed as a ratio of mRNA to 16S
rRNA content to compensate for the lesser stability of RNA
compared to that of DNA and control for the efficiency of
RNA isolation (Fig. 2B).

To further investigate the dramatic induction of hspX
mRNA at the point of shiftdown into the NRP-1 state, we
examined Acr protein expression throughout the time course
of the oxygen depletion model. No Acr protein was observed in
protein profiles from aerobic cultures or those before mi-
croaerophilic shiftdown but was first seen in the 67-h sample at
about the time of entry into NRP-1 (Fig. 3A). The amount of
Acr protein increased as the culture progressed further
through NRP-1 into NRP-2. Acr expression within a few hours
after the initiation of the shift of the culture into NRP-1 co-
incides with the induction of ~ispX mRNA. A Western blot with
anti-Acr antibody confirmed the identity of the Acr band (data
not shown).

To determine if the Acr protein and the URB-1 protein
were identical, Western blot analysis was done with anti-
URB-1 polyclonal antibody and the Acr monoclonal antibody.
The Acr antibody identified a single protein (Fig. 3B), while
the URB-1 antibody reacted with several proteins. URB-1 was
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originally identified as an antigen absent in aerobically growing
cells but present after hypoxic incubation (23). There is a single
protein band present in the NRP-1 culture but missing from
the aerobic culture that separates with the same approximate
molecular weight as the Acr protein, suggesting that URB-1
and Acr are the same protein.

DISCUSSION

The data presented here indicate a very abrupt induction of
the AspX mRNA at the point of termination of replication and
DNA synthesis of tubercle bacilli that corresponds to their
entry into microaerophilic NRP-1; i.e., when dissolved oxygen
levels have dropped below 10% air saturation equivalence and
rapidly approached 1% of their initial saturation level (20).
This coincides with the point of rapid acceleration of expres-
sion of the enzyme responsible for reductive amination of
glyoxylate (glycine dehydrogenase) (20) and of the respiratory
nitrate reductase (21). Furthermore, the ongoing rise in con-
centration of ~spX mRNA appears to terminate just before the
culture becomes sufficiently anaerobic to enter NRP-2, which
is below 0.06% air saturation equivalence (20). In view of the
relative instability of the AspX mRNA, with a half-life of only
2 min (14), the persistent plateau level of this transcript sug-
gests equilibrium between decay and low-level synthesis
throughout NRP-1 and well into NRP-2. The Acr protein, on
the other hand, is relatively stable (25) and was found to be at
high levels into NRP-2. Its accumulation, as seen on SDS-
PAGE, mirrors the transcription of zspX mRNA. Further sup-
port for our observations was recently reported by Boon et al.
(1a), who used the slowly stirred shiftdown model to examine
dormancy-induced proteins of Mycobacterium bovis BCG. Lev-
els of Acr protein dramatically increased as the BCG entered
the hypoxic state and remained elevated throughout the hy-
poxic stationary phase. This steady-state level of Acr correlated
with an increase in the steady-state level of hspX mRNA,
suggesting that Acr is regulated at the transcriptional level.

There is an apparent discrepancy between our observations
on the timing of transcription and translation of AspX and
those reported by Hu and Coates (14). Using a modification of
the unstirred settling hypoxic shiftdown model originally de-
scribed by Wayne and Lin (17, 22), they concluded that the
induction of AspX mRNA started during aerobic logarithmic
growth and terminated during the microaerophilic stage. On
the other hand, levels of Acr protein were not detected until
oxygen was severely depleted (25, 26). Thus, Hu and Coates
hypothesized an inverse relationship between transcriptional
and posttranscriptional control of Acr protein levels. No
growth curve data were presented in their report to establish
the physiologic stages of the cultures used for the ~spX mRNA
assays, but based on data from the two papers cited earlier (17,
22), they concluded that a 4-day-old unstirred culture was still
in mid-log growth phase. However, it is not the temporal age of
a culture in the hypoxic model that determines the physiologic
stage but rather the cell density and associated rate of deple-
tion of dissolved oxygen (20). In the original work with un-
stirred cultures the medium was inoculated with about 1.2 X
10° CFU/ml (17, 22), whereas Hu and Coates started with
unstirred cultures representing a 1:10 dilution of a 10-day-old
culture, suggesting that their initial inoculum was at least an
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order of magnitude greater. In a subsequent paper in which
their modified settling model was used again, Hu and col-
leagues recorded (15) a 200-fold depletion of dissolved oxygen
in the bottom of the culture after only 24 h of incubation. Thus,
a significant fraction of the population of bacilli at or near the
bottom of the container by the fourth day was subjected to
severe hypoxic conditions, so the whole unstirred 4-day-old
culture comprised a physiologically mixed population in a self-
generated oxygen gradient (17). Our data demonstrate that the
hypoxic component of the population would have been respon-
sible for the presence of the 2spX mRNA at that time in the Hu
and Coates model, and from this we may infer that the half-life
reported by Hu and Coates (14) does correspond to that of the
hypoxically induced transcript.

Although the most dramatic finding in this study is the sig-
nificant increase in AspX mRNA, there was also a small in-
crease in transcription of the fbpB mRNA. This gene encodes
the 85B mycolyl transferase protein that is involved in cell wall
biosynthesis (1), prompting speculation that this product may
play a role in the cell wall thickening demonstrated by electron
microscopy in cells of tubercle bacilli in microaerophilic
NRP-1 but not in old nonreplicating cultures that were sub-
jected to continuing aeration (3). It is also of interest that aroB
mRNA decreases as the bacilli enter limiting oxygen condi-
tions. With its role as a biosynthetic enzyme in the shikimate
pathway (9), one could speculate that as the tubercle bacilli
shift down to the nonreplicating phase there is decreasing need
for de novo protein synthesis, thus the observed decrease in
aroB mRNA.

Acr has been shown, through the use of a reporter gene
construct, to be induced upon entrance of M. tuberculosis into
the macrophage-like THP-1 cell line, and tubercle bacilli
whose hspX genes have been disrupted are attenuated for
growth within those cells (26). It has also been reported (25)
that tubercle bacilli engineered to overexpress the Acr protein
grew much slower than the wild strain in culture. Yuan and
associates hypothesized that expression of Acr was responsible
for this low growth rate and that down-regulation of this gene
was necessary to achieve replication of M. tuberculosis at its
normal rate (25). Wayne and Lin (22) noted that resumption of
aeration of cultures in the NRP state resulted in dilution of the
URB-1 antigen, which corresponds to Acr, with freshly synthe-
sized protein; the loss of tolerance of the bacilli to anaerobic
conditions paralleled the reduction in specific activity of Acr in
the bacilli during this aerobic shiftup.

At least 85% of a series of tuberculosis patients have been
shown to have antibody to the Acr protein of M. tuberculosis,
demonstrating that it is ubiquitous in infected individuals (16).
Since inflammatory, granulomatous, and necrotic lesions have
hypoxic regions (22a), the hypoxic shiftdown to NRP seen with
this organism in vitro suggests that this probably occurs in the
human host as well. Within this context, monitoring the ratio of
concentration of the Acr mRNA to that of the 85B mRNA in
tissues of experimentally infected animals or sputum speci-
mens of tuberculosis patients may be a useful means for as-
sessing the temporal relationship between the emerging immu-
nologic response of the host and changes in the physiologic
state of the tubercle bacilli. It should be noted that Garbe and
colleagues (8) have reported that precursors to nitric oxide,
which is produced by macrophages, can also induce production
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of Acr by tubercle bacilli; details of the physiologic state of the
bacilli used to induce that effect were not presented. Never-
theless, there may indeed be alternative mechanisms by which
the protective Acr is induced.

Our results are consistent with previous studies showing that
Acr protein is not detected until aerobic growth has terminated
(1a, 25, 26). The induction of Acr during hypoxic shiftdown, its
function as a chaperone (26), its location in the cell wall (3),
the negative effect of its overexpression on growth rate (26),
and the correlation of its cellular concentration with tolerance
of tubercle bacilli to abrupt anaerobic shock (22) all suggest a
critical role for this product in the ability of M. tuberculosis to
persist without replicating in hostile regions of the host’s tis-
sues. An understanding of the mechanisms of induction of
factors associated with the hypoxic shiftdown tubercle bacilli
should contribute to the development of strategies for prevent-
ing that persistence.
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