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Gradual depletion of oxygen causes the shift-down of aerobic growing Mycobacterium bovis BCG to an
anaerobic synchronized state of nonreplicating persistence. The persistent culture shows induction of glycine
dehydrogenase and a-crystallin-like protein and is sensitive to metronidazole.

Mycobacterium tuberculosis is capable of causing asymptom-
atic latent infection. In the latent infection, bacilli persist for
years before they reactivate and cause active tuberculosis (5,
14, 21). How the tubercle bacillus survives during the latent
stage of infection is largely unknown. Following initial infec-
tion, the bacilli typically replicate inside host macrophages
until an effective immune response is mounted and the bacilli
become restricted to the characteristic tuberculous lesions and
the progression of the disease is halted (4). The bacillus can
survive in the caseous necrotic center of these lesions, but it
apparently cannot multiply because of oxygen deprivation and
other adverse conditions (4). It is within this anaerobic envi-
ronment of the caseous necrotic material that bacterial dor-
mancy probably occurs.

Lawrence Wayne showed in vitro that oxygen depletion in-
deed triggers a dormancy response of the bacillus (21, 22).
In the Wayne model, cultures of the bacterium are subjected
to gradual self-generated oxygen depletion by incubation in
sealed stirred tubes. Upon the slow shift of aerobic growing
M. tuberculosis to anaerobic conditions, the culture is able to
adapt and survive anaerobiosis by shifting down to a state of
nonreplicating persistence (9, 22). Three growth phases can be
observed. After initial aerobic exponential growth, the turbid-
ity of the culture increases slowly without a corresponding
increase in viable counts. This phase was termed NRP-1 (non-
replicating persistence stage 1). After NRP-1, the culture en-
ters a phase where no further increase in turbidity is seen. This
phase was named NRP-2. A key feature of the dormancy
response is that the anaerobic persistent NRP-2 culture is
arrested at a uniform stage of the cell cycle, i.e., the culture is
synchronized (18, 22). Glycine dehydrogenase activity of the
bacillus was shown to be induced during NRP-1. During NRP-
2, this enzyme activity declines somewhat but stays above the
aerobic baseline level (19, 22). Recently, the 16-kDa a-crystal-
lin-like small heat shock protein was shown to be induced upon
oxygen limitation in vitro (3, 23), and its upregulation corre-
lates with a thickening of the cell wall (3). Intriguingly, an
induction of this protein was also demonstrated in macro-
phages (24). Furthermore, anaerobic persistent bacilli develop
sensitivity to metronidazole (20, 22), a drug specific for anaer-
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obes (8). However, first analyses of the action of metronidazole
on persisting organisms in experimental murine tuberculosis
are inconclusive due to contradictory results (6, 13).

The vaccine strain Bacille Calmette-Guerin (BCG) is an
attenuated form of Mycobacterium bovis and thus closely re-
lated to the tubercle bacillus. Although BCG is widely used as
a live vaccine (1 billion children have been vaccinated since
1921 [10]), little is known about its long-term persistence in the
human host. However, reports of AIDS patients developing
BCG adenitis and disseminated infection 30 years after being
vaccinated indicate that BCG might be able to persist in the
body (1, 15). The experimental disadvantages associated with
the pathogenic nature of M. tuberculosis prompted us to inves-
tigate the possibility of using BCG as a nonpathogenic model
for dormancy. Thus, we asked whether the oxygen depletion-
induced dormancy response shown by M. tuberculosis in the
Wayne culture model is conserved in BCG Pasteur ATCC
35734.

Anaerobic survival and synchronized reactivation of BCG.
Figure 1 shows the growth and survival of BCG in the Wayne
dormancy model, i.e., under sealed stirred culture conditions.
After an initial aerobic growth phase (19-h generation time)
the culture entered an NRP-1 phase which was characterized
by a slow increase of turbidity without an increase in viable
counts. The culture then entered an NRP-2 phase in which the
turbidity stayed constant. As is the case for M. tuberculosis, a
slow depletion of oxygen was observed (Fig. 1). Fading of the
oxygen indicator methylene blue did not start until after ter-
mination of NRP-1. Complete decolorization took about an
extra 8 days. These results show that growth, adaptation, and
survival of BCG under the Wayne dormancy culture conditions
are essentially identical to those of the tubercle bacillus. To
determine whether the persistent NRP-2 culture of BCG was
synchronized, reactivation experiments were carried out. An-
aerobic sealed cultures (at 20 days) were diluted 1:100 in fresh
oxygen-rich medium and incubated with aeration. Figure 2
shows synchronous cell division upon reactivation after a lag
phase of about 13 h.

Induction of glycine dehydrogenase. To analyze the tempo-
ral profile of glycine dehydrogenase activity during growth
under sealed stirred culture conditions, protein extracts were
prepared at various time points by using a Bead Beater (Bio-
spec). Glycine dehydrogenase activity was determined by an
assay based on optical measurement of the rate of oxidation of
NADH to NAD, a reaction that accompanies the reductive
amination of glyoxylate to glycine (19). Protein concentrations
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FIG. 1. Growth and survival of BCG under the conditions of the Wayne dormancy culture model. Log A4, as a function of time is shown. Viable counts at selected
time points are indicated. An aerobic exponential preculture was diluted to A4y, = 0.005 (5 X 10° CFU ml~!) with Dubos Tween-albumin broth (Difco) and incubated
in sealed tubes under gentle stirring conditions, as described previously (7, 22). f and d indicate fading and complete decolorization of the oxygen indicator methylene blue.
Mean values and standard deviations from five independent experiments are shown. Viable counts were determined by plating appropriate dilutions of the cultures on Dubos
oleic albumin agar. For all CFU determinations in this report, cultures were checked microscopically for any clumping of cells. Significant clumping was never observed.
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FIG. 2. Synchronous cell division after reactivation of anaerobic persistent BCG. Log CFUs per milliliter as a function of time after reactivation of an anaerobic
persistent culture are shown. Twenty-day-old sealed stirred culture was diluted 1:100 in fresh oxygen-rich medium and incubated under aerated conditions. The data

points represent mean values from three independent experiments. The solid lines between 0 and 10 h and between 16 and 36 h represent the average of the respective
mean counts (n = 6 and 9) during those periods of shift-up. The dotted lines represent 1 standard deviation above and below these averages.
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FIG. 3. Induction of glycine dehydrogenase activity during growth of BCG under the conditions of the Wayne dormancy culture model. The temporal profile of
specific glycine dehydrogenase (GlyDH) activity in sealed stirred cultures is shown. An aerobic exponential preculture was diluted 444, = 0.005 and incubated in sealed
tubes under gentle stirring conditions. Protein extracts were prepared at various time points, and specific glycine dehydrogenase activities were determined by using
a photometric assay. The corresponding growth curve monitored by 44y, determination is shown. This figure is based on data from two independent experiments.

were determined with a Bio-Rad kit. Figure 3 shows that the
specific enzyme activity stayed at a low baseline level during
the initial aerobic exponential growth phase (0.08 U mg !
h™1'). After termination of aerobic growth, glycine dehydroge-
nase activity increased rapidly during NRP-1 to a level sixfold
greater than the baseline level. During NRP-2, the enzyme
activity declined until it reached a level about 40% of that of
the peak value. These results show that the temporal profile of
glycine dehydrogenase activity in BCG grown under the Wayne
culture conditions is strikingly similar to the profile observed
for M. tuberculosis.

An increase of isocitrate lyase activity, a marker of the gly-
oxylate shunt, has been reported for oxygen-deprived cultures
of sedimented tubercle bacilli (19). However, determination of
isocitrate lyase activity (16) in aerated growing (79 = 12 pmol
mg~ ' min~!') and anaerobic persistent 20-day-old BCG cul-
tures (7 = 1 wmol mg~ ' min~') showed that this enzyme ac-
tivity is down regulated in anoxic BCG grown under the Wayne
culture conditions. Isocitrate lyase activity of anoxic tubercle
bacilli grown under the Wayne culture conditions has not been
reported yet.

Induction of a-crystallin-like protein. To assess whether the
16-kDa a-crystallin-like protein was induced in BCG under the
conditions of the Wayne dormancy model, protein extracts
from aerated exponentially growing and anaerobic persistent
20-day-old cultures were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Figure 4 shows that a high
level of a 16-kDa protein was detectable in the extract from
anaerobic persistent cultures but not in the extract from aer-
ated growing cultures. To confirm the identity of the 16-kDa
protein, the Coomassie-stained band was excised from the gel
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FIG. 4. Induction of a-crystallin-like protein in anaerobic persistent BCG
culture. A Coomassie-blue-stained 12% sodium dodecyl sulfate polyacrylamide
gel of total protein extracts is shown. Lanes: 1, extract from aerated, vigorously
shaking, exponentially growing BCG culture (44, = 0.2); 2, extract from anaero-
bic persistent 20-day-old culture containing the upregulated 16-kDa a-crystallin-
like protein (arrow). The molecular masses of the protein standards are indicated.
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FIG. 5. Development of metronidazole sensitivity in BCG grown under the conditions of the Wayne dormancy culture model. (A and B) Aerated exponentially
growing precultures were diluted to Agy, = 0.005 (5 X 10° CFU ml™'). Metronidazole (0, 10, and 100 g ml~') was added, and the cultures were sealed and gently
stirred for 20 days. (A) Survival of bacilli after 20 days of incubation is plotted as a function of metronidazole (MTZ) concentration. MTZ is observed to have a
bactericidal effect. (B) Monitoring of A4, as a function of time shows that the loss of viability was not accompanied by a decline in the turbidity of the culture. (C and
D) Metronidazole resistance of BCG grown under aerated conditions. Aerated exponentially growing precultures were diluted to 44, = 0.05 (5 X 10° CFU ml™1).
Metronidazole (0, 10, and 100 wg ml~") was added, and the unsealed cultures were vigorously shaken. In order to stay within the exponential growth phase, the cultures
were terminated after 2 days of incubation. (C) Survival of bacilli after 2 days of incubation is plotted as a function of metronidazole (MTZ) concentration. MTZ is
observed to have no effect on the aerobically growing cultures. (D) Monitoring of A4, as a function of time did not reveal any differences in the generation time of
metronidazole-free and metronidazole-containing cultures. Mean values and standard deviations from three independent experiments are shown.

and digested with trypsin, and one of the tryptic peptides was
sequenced on an Applied Biosystems Procise Sequencer. With
the resulting amino acid sequence DGQLTIKA, a search of
the M. tuberculosis genome database (Sanger Centre [2]) was
carried out. The only match with 100% sequence identity was
the a-crystallin-like protein. The induction of a-crystallin-like
protein in BCG grown under the Wayne dormancy culture
conditions is consistent with recent findings showing induction
of this protein in BCG under oxygen-limiting conditions (3, 17,
24).

Development of metronidazole sensitivity. To determine
whether anaerobic dormant BCG develops sensitivity to met-
ronidazole, cultures were incubated in the presence of various
concentrations of the drug under sealed stirred conditions.
Metronidazole was added at the beginning of the experiment,
and survival of the bacilli was determined after 20 days of
incubation. Metronidazole was found to have a dose-depen-

dent bactericidal effect on anaerobic BCG. Figure 5A shows
that 10 and 100 g ml~! metronidazole reduced viable counts
threefold and more than 1,000-fold, respectively. Aerated, expo-
nentially growing cultures were not affected by the drug (Fig.
50).

Conclusions. We recently described a dormancy response,
induced by oxygen depletion, for Mycobacterium smegmatis (7).
This physiological response, first observed in M. tuberculosis
(21), appears to be conserved between the slow-growing patho-
gen and the fast-growing saprophyte. There are, however, sev-
eral molecular differences between the dormancy response in
M. smegmatis and that of the tubercle bacillus (11, 12, 23). In
this paper, we report that BCG is capable of adapting to anaer-
obiosis by shifting down to a persistent state in a manner
similar to the tubercle bacillus. While the vaccine strain is slow
growing and therefore less convenient for molecular genetic
analyses, we demonstrate that its physiological behavior is strik-
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ingly similar to that of the closely related pathogenic M. tuber-
culosis. Furthermore, the expression of two molecular markers,
a-crystallin-like protein and glycine dehydrogenase, in BCG is
very similar to that in M. tuberculosis. It has also recently been
demonstrated that microaerobically and anaerobically cultured
BCG developed a thickened cell wall similar to that of M. fu-
berculosis (3). These morphological, physiological, and molec-
ular observations suggest BCG may be a useful nonpathogenic
model for the in vitro analyses of dormancy of the tubercle
bacillus.
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