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Abstract—Persistent forms of the wild-type strain of Mycobacterium smegmatis and its mutants with inacti-
vated devR and hlp genes were investigated. devR encodes the regulatory protein responsible for the formation
of nonreplicating mycobacterial forms under hypoxia, and 4lp codes for a histone-like protein. It has been
found that a gradual decrease of pH in M. smegmatis wild-type poststationary cultures resulted in the forma-
tion of a special type of persisters. They significantly differed from vegetative cells in their properties and were
represented by shortened ovoid forms with thickened cell walls. According to atomic force microscopy data,
the size of the ovoid forms and vegetative cells was 1.2 x 0.9 um and 3.7 x 0.8 um, respectively. The metabo-
lism level was markedly decreased in ovoid cells: the incorporation of [5,6->H]uracil and thymidine was
decreased 200- and 50-fold, respectively. The intracellular ATP content was lowered threefold. The ovoid
forms that emerged in poststationary cultures in Sauton’s medium when the medium pH value was gradually
decreased to 6.0 retained for a long time (9 months) the capacity to resume growth on rich solid and liquid
medium. Compared to vegetative cells, the ovoid forms exhibited an elevated resistance to heating (60—80°C)
and antibiotics (hygromycin, kanamycin, and tetracycline). The ovoid forms of the M. smegmatis wild-type
strain were classified as dormant forms based on their survival capacity, resistance to deleterious factors, and
structural peculiarities. The ovoid forms generated in poststationary cultures upon decreasing the pH value to
5.0 or below lost the colony-forming capacity. It was established that the capacity to form ovoid cells upon
gradual decrease in the pH value to 6.0 was reduced in AdevR and hlp-0 mutants compared to the wild-type
strain (generation of 5—6 and 40% dormant forms, respectively) The amount of M. smegmatis dormant cells
formed correlated with the acidification degree of the medium. The model developed can be used in tests of
new antibacterial preparations that effectively inhibit resuscitating mycobacterial dormant forms that persist
in the host organism.

Keywords: mycobacteria, dormancy, ovoid dormant cells, nonculturable forms, stress resistance, medium pH.

DOI: 10.1134/S0026261711050080

Mpycobacterium tuberculosis (MTB) cells can exist
in the human organism for a long period of time in a
peculiar nonreplicative (dormant) state [1, 2]. Dor-
mant MTB cells, widely believed to be the cause of
latent tuberculosis, have not yet been isolated from
host tissues because their number in infected
organs/tissues may be extremely low [3]. In addition,
dormant mycobacterial cells may be in the viable but
nonculturable (VBNC) state, in which they are inca-
pable of forming colonies on solid media that normally
provide for growth of vegetative cells; therefore, they
may be undetectable upon inoculation of clinical sam-
ples [4—8]. Despite the long history of in vitro and in
vivo studies of MTB, dormancy in mycobacterial cells
has not yet been well understood. This is in part due to
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the lack of in vitro models in which dormant myco-
bacterial cells could be generated.

It is natural to assume that dormant cells can be
obtained in laboratory cultures under conditions that
simulate conditions in the host organism. Upon pene-
trating into the organism, mycobacteria are engulfed
by immune cells such as alveolar macrophages. Inside
activated macrophages mycobacteria are subject to the
influence of reactive oxygen species, nitric oxide, the
hydrolytic enzymes of lysosomes, and low pH values.
However, this does not result in total destruction of the
tuberculosis pathogen [9]. Moreover, mycobacteria
can survive in macrophages [10], e.g., at pH values of
6.1-6.5[11, 12]. Taking into account the fact that veg-
etative cells of mycobacteria are sensitive to low pH
values [13], it seems likely that some phagocyte-
engulfed cells can assume the state of low metabolic
activity or dormant state. In line with this, MTB pro-
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liferation in macrophages is followed by the transition
of MTB cells to the VBNC state, and their resuscita-
tion required liquid medium [4].

Thus, it can be assumed that decrease in the pH
value plays a role in the transition of MTB cells to the
dormant state. Confirming this suggestion requires in
vivo experiments that will model the transition of the
mycobacterial cells to the dormant state under such
conditions. A question to be addressed in studies on
the adaptation of vegetative cells to stress and their
transition to the dormant state in poststationary cul-
tures is how quickly unfavorable environmental fac-
tors are imposed on bacterial cells. Using the model in
which mycobacteria convert to a nonreplicative state
under hypoxia (Wayne’s model), it was demonstrated
that rapid oxygen depletion in the culture resulted in
the death of most MTB cells, whereas slowly develop-
ing hypoxia promoted cell transition to the dormant
state and caused no loss of their culturability [14]. On
analogy with the results obtained with Wayne’s model,
we could expect MTB cells to assume a dormant state
upon gradual decrease in the pH of the medium.

The rapidly growing nonpathogenic bacterium
Mpycobacterium smegmatis is a model for studying the
forms and mechanisms of long-term persistence of
tuberculosis pathogens under unfavorable growth con-
ditions. For this model, cell transition to the dormant
state upon slow oxygen depletion [15, 16] was shown,
as well as the adaptation of stationary-phase popula-
tions to stress caused by carbon, phosphorus, or nitro-
gen starvation [17].

The goal of the present work was to study the gen-
eration of M. smegmatis dormant forms during gradual
acidification of the medium.

MATERIALS AND METHODS

The subjects of this work were the following strains
of the bacterium Mycobacterium smegmatis mc? 155
(ATCC 700084): (i) the wild type, (ii) the hlp-0
mutant with the Alp gene inactivated by inserting the
kanamycin cassette (provided by Thomas Dick) [18],
and (iii) the AdevR mutant with inactivated devR gene
of the two-component devR system (provided by Mar-
garet Smeulders) [19].

The cells were initially grown in Nutrient Broth
(Himedia, India) at 37°C for 24 h with stirring
(220 rpm). The inoculum (1 ml) was added to 100 ml
of Sauton’s medium containing (g/1) K,HPQO,, 0.5;
MgSO, - 7H,0, 1.4; L-asparagine, 4; ferric ammo-
nium citrate, 0.05; trisubstituted sodium citrate, 2;
ZnSO,, 0.001; and glycerol, 60 ml [20]. The initial pH
value was 6.0. The culture was grown at 37°C on a
shaker (220 rpm) for 16—20 days until a constant pH
value of the medium was established. Tween-80
(0.05%) was added to the medium to obtain a homo-
geneously growing culture. Grown cultures were
stored at room temperature in plastic test tubes with
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screw caps for 1—3 months. The cultures were period-
ically stirred, and samples were taken for measuring
pH value and used as inocula. The mycobacteria were
also grown on the synthetic 2AS medium we devel-
oped. It contained (g/1) glucose, 40; MgSO, - 7H,0 ,
0.125; NacCl, 1.5; (NH,),SO, — 2.5; KH,PO,, 13.6;
histidine (Sigma), 0.44; glutamic acid (Sigma), 4;
trace element solution #1 [21], 4 ml; and Tween-80,
0.05%. The pH value was adjusted to 6.0 using NaOH.

Phase-contrast and epifluorescence microscopy
was carried out using an Eclipse E4000 microscope
(Nicon, Japan). Cell suspensions were stained with (i)
propidium iodide (3 uM) to identify impaired or dead
cells and (ii) the CTC tetrazolium dye (1-3 pM) to
detect respiratory activity. Ultramicroscopic studies
were conducted as described in [22]. Atomic force
microscopy was performed using a SmartSPM micro-
scope (AIST-NT, Russia). A cell suspension (6—10 pul)
was applied to a freshly fractured mica surface and
incubated at room temperature for 15 min. Then the
excess material was removed by submerging the speci-
men for 1 min into a drop of distilled water. The
washed specimen was dried. The images obtained were
processed using FemtoScan software.

The colony-forming capacity (CFU/ml) was
determined by plating diluted cell suspensions onto
agarized Nutrient Broth (agar, 13 g/1) and Sauton’s
medium (agar, 1.5 vol %). The plates were incubated
for 37°C for 5 days. The most probable number of cells
(MPN cells/ml) capable of growing in liquid media
was estimated using the serial dilution method; wells
on plates were inoculated with 100 pl of the suspension
of the relevant dilution and supplemented with 400 pl
of twofold-diluted Sauton’s medium with 0.6% glyc-
erol.

The total cell number (TCN) in 1 ml of the culture
was estimated using a Helber chamber (phase-contrast
microscopy; 400x magnification) to determine the cell
number in one small square. The mean value was cal-
culated after counting cells in ten small squares; the
relative error did not exceed 30%.

The DNA and RNA synthesis level in the cells was
determined from the incorporation of hydrogen-
labeled uracil or thymidine. The cell suspension was
supplemented with 1 ul of [5,6-*H] uracil or thymi-
dine solutions with a radioactivity level of 10 pCi/ml
in 50% ethanol and incubated for 4 h at 37°C with agi-
tation. Then the cells were washed with 10% trichloro-
acetic acid and ethanol on glass filters (Whatman
GFC) and the filters were placed in scintillation liq-
uid. The radioactivity level was measured with a Beck-
man Coulter (United States) LS6500 counter.

To determine the intracellular ATP level, M. smeg-
matis cells precipitated by centrifugation at 3000 g
were suspended in a small volume of DMSO and dis-
rupted in a BeadBeater disintegrator (BioSpec Prod-
ucts, United States) with zirconium beads. Unde-
stroyed cells were pelleted by centrifugation for 2 min
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at 3000 g. The ATP content in the cell extract was esti-
mated from luciferin/luciferase bioluminescence
intensity determined using a LYUM-1 luminometer.
Three replicate measurements were carried out with
0.02 ml of the sample solution and 0.18 ml of the ATP
reagent (ApoSENSOR™ ATP Cell Viability Assay
Kit, BioVision).

The percentage of antibiotic-resistant cells was
determined from the ratio between the CFU/ml values
before and after incubating the cells with the antibiotic
(kanamycin, tetracycline, or hygromycin) at a con-
centration of 100 pug/ml for 1 day. After the antibiotic
treatment, the cells were washed with 50 mM phos-
phate buffer (pH 7.0) before inoculation.

Thermal stability was determined by direct micro-
scopic count of the number of cells that remained
intact (were not stained with propidium iodide) after
heating cell suspensions (0.5 ml) at temperatures of
60—80°C for 10 min.

To obtain dormant cell fractions, 2 ml of a poststa-
tionary culture was carefully layered on top of a solu-
tion (8 ml) with a linear 1.4—2.2 M sucrose gradient
placed in 12-ml glass tubes. The tubes were centri-
fuged at 3000 g for 40 min, and the cell fractions were
transferred to sterile microtubes. The cells were
washed three times to remove sucrose and resus-
pended in 1 ml of 50 mM phosphate buffer (pH 7.0).

The ammonium ion contents in the cells and cul-
ture liquid were determined by thin-layer chromatog-
raphy after dansylation of the cell extracts and super-
natant as described in [23].

The percentage of ovoid cells in M. smegmatis pop-
ulations was determined from the mean values of
direct cell count cells in ten microscope fields (with
total number of counted cells no less than 1000).

HPLC was carried out using the Stayer (Aquilon)
HPLC system. A 60-day culture supernatant (pH 5.8)
was passed through a 0.5-kDa filter, and 5 pl was
applied to a column for organic acid separation
(Grace Davison Discovery Sciences). The separation
was performed in 25 mM phosphate buffer (pH 2.5) at
a flow speed of 0.5 ml/min.

The data were statistically processed using the Stu-
dent’s test. The significance level was set at P < 0.05.

RESULTS

Generation of Dormant Forms of M. smegmatis Upon
Lowering the Medium pH Value in the Poststationary
Growth Phase

Mycobacteria are known to be sensitive to changes
in pH of the medium. The optimum growth of their
cultures occurs on media with neutral pH [13]. While
cultivating a wild-type M. smegmatis strain on Sauton’s
medium with a lowered initial pH value (6.0), we
observed a significant lag phase (1 day longer than in
the culture grown in a medium with initial pH 7.0—
7.5). The lag phase was followed by an exponential
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growth phase characterized by medium alkalization to
a pH value of 7.5—8.0 (Fig. 1a). During this growth
period, the bacteria utilized asparagine, a substrate
contained in Sauton’s medium, and converted it to
aspartate in a reaction catalyzed be asparaginase
(MSMEG _3173). This was accompanied by ammo-
nium ion accumulation and growth medium alkaliza-
tion. TLC revealed that ammonium ions were accu-
mulated intra- and extracellularly (Fig. 2). The subse-
quent cultivation of the wild-type strain was
characterized by a gradual pH decrease to 5.8—5.7
over days 7—14 . A yellow-colored pigment, which
became reddish-brown with the decrease in the pH
value, was released by the cells into the culture liquid.
These changes in the pH of the medium were appar-
ently due to the active metabolism of vegetative cells.

If Sauton’s medium with a lowered initial pH value
(6.0) was modified by replacing asparagine with
ammonium sulfate, the pH value decreased signifi-
cantly during culture’s active growth due to ammo-
nium uptake by the cells and the accumulation of sul-
fate anions in the medium. Upon the addition of
asparagine to this culture on the 6th day, the pH value
drastically increased (Fig. 3a), confirming the rela-
tionship between changes of the medium pH and
asparagine metabolism. The subsequent acidification
of the medium in the poststationary phase was due to
the fact that mycobacteria continued active metabo-
lization of glycerol, the carbon substrate, while
ammonium ion formation slowed down. It follows
from Fig. 3b that glycerol limitation in Sauton’s
medium resulted in a drastic pH increase after 14 days,
when glycerol was depleted.

The pH value of the medium decreased in a similar
fashion if glycerol was replaced with glucose. Presum-
ably, this acidification resulted from release of metab-
olites, e.g., organic acids, from the cells.

HPLC of the culture liquid upon cultivation on
Sauton’s medium failed to detect the accumulation of
TCA cycle acids as well as acetate, pyruvate, and lac-
tate in amounts that could acidify the whole medium
volume (data not shown). The citrate detected is likely
to represent the residual citrate of Sauton’s medium
that was not consumed. Further studies should address
the issue of detecting metabolites responsible for the
acidification of the medium acidification in the sta-
tionary phase.

Cells with an altered morphology appeared in wild-
type mycobacterial cultures synchronously with acidi-
fication of the medium in the poststationary phase
(days 7—9). Such cells were ovoid forms with a thick-
ened multilayered cell wall and an electron-dense
cytoplasm (Fig. 4). According to atomic force micros-
copy data (Figs. 4f and 4g), the size of vegetative cells
in the exponential phase was 3.7 x 0.8 um on an aver-
age, which considerably differed from the size of ovoid
cells, 1.2 x 0.9 um. After reaching the minimum level
on the 12th—14th day, the pH value did not change for
a long time (6—8 months) if the culture was incubated
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Fig. 1. Changes in pH of the medium (/) and viable cell numbers (2, 3, and 4) in M. smegmatis cultures grown on (a) Sauton’s
medium and (b) the 2AS medium; the initial pH value was 6.0 in both media. The cultures were grown with agitation for 20 days
at 37°C and then incubated at room temperature without agitation. Cell viability was estimated from CFU/ml (2), MPN cells/ml
(3), and TCN/ml (4) values. Averaged values of the results of three experiments are presented. The mean square deviations are

given.

under static conditions (without agitation) at room
temperature (Fig. la). By the time the pH value
reached the minimum level, the wild-type
M. smegmatis culture was rather heterogeneous. It
included three cell types: ovoid, transitional, and rod-
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shaped forms that accounted for 35, 30, and 35% of
the total cell number, respectively (Fig. 4). After stor-
ing for 30 days without agitation at room temperature,
the ovoid form number increased to 60%, which prob-
ably resulted from the transformation of transitional
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Fig. 2. Thin-layer chromatography of the culture liquid and cell extracts of M. smegmatis grown on Sauton’s medium (pH 6.0)
after dansylation. /, exponential-phase culture (2 days); 2, poststationary culture (20 days); and 3, ovoid cell-containing culture

(60 days). The arrow indicates the position of the N HI ion.

forms. However, compelling proof of the fact that the
morphologically intermediate cells actually represent
transitional forms between vegetative and ovoid cells
requires further studies.

Isolation of a homogeneous fraction of ovoid cells
presented difficulties because the culture included
three types of cell forms. After centrifuging poststa-
tionary cultures (30—40 days of incubation) in a 1.4—
2.2 M sucrose gradient, cells were located within a
wide density range (1.4 to 1.9 M). 70% of ovoid cells
were in the 1.8 M zone and displayed a higher buoyant
density than vegetative cells (1.4—1.5 M).

The cell metabolism level markedly decreased dur-
ing the pH decrease in cultures grown on Sauton’s
medium. In the cells of poststationary cultures stored
for 20—60 days, the level of incorporation of radioac-
tive RNA and DNA precursors and the extracellular
ATP amount were low, although distinct from zero
(Table 1). The fact that M. smegmatis cultures failed to
reduce the CTC dye (based on fluorescence micros-
copy data) and methylene blue testified to a deceler-
ated or lacking respiratory activity in M. smegmatis
cultures dominated by ovoid and transitory forms.

The ovoid forms of mycobacteria exhibited higher
resistance to elevated temperatures than wild-type
cells. After heating the suspensions for 10 min at 60°C,
the percentage of intact ovoid cells was 20% higher
than that of intact vegetative cells (Table 1), while the
colony-forming capacity of ovoid cells was 14 times
higher than that of vegetative cells. Ovoid forms were

more resistant to antibiotics. After treating M. smeg-
matis cells (108 CFU/ml) with 100 ug/ml hygromycin
for 24 h, the number of viable ovoid and vegetative
forms was 107 and 10> CFU/ml, respectively (Table 1).

During long-term storage at room temperature of
cultures with pH values of 6.1—5.8, CFU/ml numbers
decreased to 103 (by 1.5 orders of magnitude) by day 60
(Fig. 1a) and to 10*—10° after 1 year of incubation.
Serial dilutions and the most probable number method
revealed that the viable cell number in 30—60 day
M. smegmatis populations was 5 x 108—10'" cell/ml,
which was higher than the CFU titer by one to two
orders of magnitude (Fig. 1a).

Thus, the ovoid forms of M. smegmatis can be clas-
sified as dormant forms according to their properties
revealed by us.

To answer the question as to what extent the forma-
tion of ovoid cells depends on acidification of the
medium and its rate, we added MOPS or MES buffer
(10—50 mM, pH 7.5) to stationary-phase cultures.
This provided for a lesser pH decrease, which could be
made either gradual or abrupt. The pH decreased by
0.5—2 units over 7—14 days of incubation (Table 2).
The ovoid form percentage was 45% on standard Sau-
ton’s medium with an initial pH value of 6.0 that grad-
ually decreased by 2.2 units by day 14 of cultivation. It
was found that, if decreasing molar concentrations of
MOPS buffer were added, the pH decrease correlated
with the increase in ovoid form number. A high ovoid
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Fig. 3. Dependence of pH changes in M. smegmatis cultures on the composition of Sauton’s medium. (a) The medium contained
1, 6% glycerol and asparagine; 2, 6% glycerol and ammonium sulfate; asparagine was added on the 6th day. (b) The medium con-
tained 1, 6% glycerol and asparagine; 2, 2% glycerol and asparagine.

cell yield (35%) occurred in M. smegmatis wild-type
cultures if the pH value gradually decreased by two
units upon the addition of 10 mM MES buffer. It
should be noted that the ovoid cell percentage by day
14 of incubation in standard Sauton’s medium with an
initial pH value of 7.0 was considerably lower (10—
15%). In addition, secondary growth started during
subsequent incubation, resulting in a pH increase
(data not shown). Against this background, the addi-
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tion of 50 mM MOPS buffer failed to increase the
ovoid cell yield. If the medium pH value was decreased
by two units abruptly by adding acidic MES buffer
(50 mM, pH 3.5) to a 7-day culture, the formation of
ovoid cells in M. smegmatis did not occur even on day
14 of incubation (data not shown).

Thus, the formation of ovoid cells in M. smegmatis
is promoted by acidification of the medium in station-
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Fig. 4. Phase-contrast microscopy (a—c), electron microscopy of thin sections (d—f), and atomic force microscopy (g, h) of
M. smegmatis cells. The M. smegmatis cultures were grown on Sauton’s medium with an initial pH value of 6.0. 1, vegetative cells
(2 days of cultivation); 2, transitional cell forms (20 days); and 3, ovoid cells (60 days). Bars, 2 (a—e) and 5 um (f).

ary cultures to pH values of 6.0—5.7, followed by fur-
ther incubation.

Formation of “Nonculturable” Forms of M. smegmatis
on Glucose-Containing Medium Upon Medium
Acidification to pH 4.8 in Poststationary Cultures

It was shown in the above section that a part of the
M. smegmatis ovoid cell subpopulation formed upon
acidification of the medium (pH 5.7—6.0) lost colony-
forming capacity. However, these conditions were not
sufficient for causing all cells of the persisting myco-
bacterial population to lose the colony-forming
capacity. A more significant pH decrease in station-
ary-phase cultures occurred on the 2AS synthetic
medium (see Materials and Methods). We selected
conditions promoting M. smegmatis cell proliferation
but causing the pH value to start decreasing immedi-
ately after the onset of the culture growth. The alkal-
ization phase was lacking, and the pH value became 4.8
by day 5. Under these conditions ovoid cells with signifi-
cantly decreased colony-forming capacity were formed
(Fig. 1b). The results of microscopic studies indicated
that the cells remained intact over 40-day incubation
in a liquid medium at room temperature, according to

the test with propidium iodide. The acidity level (pH
4.8) of stationary-phase cultures was stabilized by the
addition of 50 mM acidic MES buffer. During their
further cultivation, part of the persister cell subpopu-
lation displayed capacity for cell division upon inocu-
lation into liquid Sauton’s medium that was diluted
twofold and supplemented with 0.6% glycerol. After
incubating such “pH 4.8 cultures” for 40 days, all sur-
viving cells were “nonculturable” if inoculated on
solid media (CFU/ml = 0). Nevertheless, 10* cells/ml
were viable according to the MPN value. The highest cul-
turability restoration level (the MPN value of up to 10*
cells/ml) was attained with cells of culture incubated for
40—45 days. The MP value decreased to a level of 10°
cells/ml after 1.5—2 months of further incubation.

Presumably, the development of the nonculturable
state during growth of mycobacteria on 2AS medium
was promoted by the lower pH value (4.8) in the post-
stationary phase as compared to Sauton’s medium
(pH 5.7—6.0) and not by the medium composition.
The growth of mycobacteria on the 2AS medium
whose pH value in the poststationary phase was main-
tained within the 6.0—6.2 range (close to the pH of
Sauton’s medium pH 6.0) resulted in the formation of
ovoid cells that were culturable on solid media.

MICROBIOLOGY Vol. 80 No.5 2011
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Table 1. Biochemical changes in M. smegmatis cells upon tra
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nsition to the dormant state

Parameters Exponential phj:]ei S(2—day) culture Stationgg;lfglfrt;agzll(SZO—day) Ovoid cells (60 days)
Incorporation of the radioactive label (cpm)
Thymidine [*H] 40196 * 2354 7560 + 1524 860 £ 101
Uracil [*H] 93286 + 3730 12340 £+ 1632 408 + 94
Intracellular ATP concentration in the culture
[ATP], nmol/ml* \ 514 +41.12 \ 264 + 15.84 \ 183 +9.15
Buogunt density (g/ml)
| 1.182+0.1 | 1.20 £ 0.1 | 1.235+0.1
Thermal stability of the cells (% of unheated control)**
60°C 65 (5.7) 75 85(0.4)
70°C 9(0.2) 12 18 (0.11)
80°C 2(8x107°) 4 10 (5.5 % 1079)
Cell resistance to antibiotics™**

Kanamycin 0.5x107% 1x10°° 3% 1070
Hygromycin 1x10°° 1 x107° 1x 107!
Tetracycline 0.5% 1072 1 x1072 1 x107!
Notes: * ATP concentration in 1 ml of a culture containing 1 x 10° CFU/ml

** Percentage of propidium iodide-unstainable cells after heating the cells for 10 min as determined by direct microscopic count.
In parentheses are the respective ratios of CFU values determined on standard medium (NB agar).
*#%* The fraction of cell population resistant to treatment with 100 pg/ml antibiotics for 24 h was determined from the ratios of
CFU values after inoculation of standard medium (NB agar) before and after the antibiotic treatment.

Thus, a considerable acidification of the growth
medium (to a pH value of 4.8) in the poststationary
phase, followed by incubation at this pH value, stimu-
lates the formation of nonculturable ovoid forms of
M. smegmatis.

Involvement of the hip and devR Genes in the Adaptation
of M. Smegmatis Cells to Growth Medium Acidification

Since the formation of dormant M. smegmatis cells
is intensified by slow acidification of the medium, it
could be anticipated that this process in strains with
mutant Alp and devR genes would differ from the for-
mation of ovoid cells by the wild-type strain. We inves-
tigated the M. smegmatis AdevR(dosR) mutant with a
deletion in the regulatory domain of the DevR—DevS
two-component system. This system is involved in
controlling the nonreplicative state under microaero-
philic conditions (Wayne’s model [14]). In another
tested strain, Alp-0, the hlp gene was inactivated. It
codes for the histone-like protein Hlp, which secures
DNA stabilization in M. smegmatis dormant forms
generated under nitrogen limitation [26]. Both mutant
strains were grown on Sauton’s medium with an initial
pH value of 6.0, which promoted the generation of
viable dormant forms by wild-type cells (Fig. 1a).
Under these conditions mutant cells started growing
after a prolonged lag phase. They to a lesser extent
retained their colony-forming capacity during long-
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term incubation and contained a lower number of
ovoid cells as compared to the wild-type strain. In
poststationary cultures incubated at weakly acidic pH
values, the ovoid cell percentages on day 20 were 5 and

Table 2. Formation of ovoid cells by M. smegmatis as de-
pendent on medium acidification in the poststationary
phase (14 days of cultivation)

Comton—|apuee| Ol | o
percentage™**
S6 2.2 45 25
S6 + 50 mM MOPS| 0.5 5
S6 + 25 mM MOPS| 1.0 15 5
S6 + 10 mM MOPS| 1.5 30 10
S6 + 10 mM MOPS| 2.0 35 30
S7 1.2 10—15 5
S7 +50 mM MOPS| 0.4 3 0

Notes: * The buffer was added to Sauton’s medium with initial
pH 6.0 (S6) or 7.0 (S7) on day 7 of incubation, when the
medium pH value reached 7.5, in order to decrease the
level of subsequent acidification of the medium;

** ApH, the difference between the maximum (after 7 days)
and the minimum (after 14 days) pH values of the medium.
*** These data are based on the results of direct microscopic
count of ovoid cells and transitional forms, which are ovoid

cell precursors (see Fig. 4). The relative error was 5%.
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6% of the cell number in the AdevR and the hlp-0
strain, respectively. This percentage was close to 37%
in the wild-type strain (Fig. 5). On day 20 the acidifi-
cation degree (ApH) in poststationary-phase cultures
was lower (6.5) in the mutant strains than in the wild-
type strain (pH 7.5). Lowering the pH value by one
unit on day 20 resulted in the formation of 15—20% of
ovoid cells in the wild-type and only and 6% in mutant
cultures (Table 2). It should be noted that long-term
incubation (for 85 days) of mycobacterial cultures on
Sauton’s medium with a pH value of 6.0 caused a more
rapid decrease in viable cell number in the mutant
strains than in the wild-type strain. The mutant strains
differed in this respect. The CFU/ml number
decreased from 4 x 10° to 2 x 103 in less than two
months in the Alp-0 mutant and from 1 x 10'° to 8
x 10% in the wild-type strain. The cells of thehlp-0
mutant lost the capacity to resume growth in a liquid
medium within this period. All cells lost their integrity
based on the results of microscopic studies with pro-
pidium iodide. The decrease in the colony-forming
cell number was similar in the AdevR and wild-type
strains. However, mutant forms, unlike wild-type
cells, could not grow in submerged culture.

Thus, the Alp and devR mutants of M. smegmatis fail
to generate dormant forms upon acidification of the
medium in poststationary cultures.

DISCUSSION

The sensitivity of mycobacterial vegetative cells to
pH changes is a well-established fact [13]. We found
that in the presence of an amino acid, such a aspartic
acid or glutamic acid, in the growth medium with an
initial pH value of 6.0, multiplying M. smegmatis cells
alkalized the culture liquid to a pH level enabling pro-
liferation (Fig. 1a). In the absence of asparagine, the
cells acidified the medium; the culture growth decel-
erated, and proliferation ceased once the pH value
decreased to a level below 5.0 (Fig. 1b).

In the present study, it was established that acidifi-
cation of Sauton’s medium (pH 6.0) was related to
glycerol metabolism. However, the metabolites
responsible for the acidification have not been
detected so far. It was noted in earlier works that myco-
bacteria metabolize carbohydrate substrates as carbon
sources and convert them to carbon dioxide and water
as the end products [24]. Recently, it has been found
that mycobacteria that actively grow on glycerol accu-
mulate large amounts of glyceraldehyde intracellularly
[25]. Glyceraldehyde is transformed into phospho-
glycerate via the glycolytic pathway. The presence of
the glycerate kinase-encoding MSMEG 2528 gene in
the M. smegmatis genome suggests that phosphoglyc-
erate can be converted to glyceric acid. It can accumu-
late in the culture liquid, causing acidification of the
medium. An analogous role in the tuberculosis patho-
gen may be performed by a hypothetical protein
encoded by the Rv2205¢ gene. Comparison of the pri-
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mary sequences gives us grounds for the assumption
that the hypothetical protein is the glycerate kinase of
M. tuberculosis.

If acidic medium pH values were maintained by
adding buffer solutions (pH 5.0), cell division was
lacking (data not shown). These experiments indicate
that vegetative mycobacterial cells are highly sensitive
to changes in medium pH. A prerequisite for adjusting
the intracellular pH value to a level that allows cell
proliferation is the extracellular pH level within a rel-
atively narrow range. Changes in the medium pH can
be used as a stress factor that causes arrest of cell divi-
sion and the generation of dormant forms of mycobac-
teria. It was shown in this work that these effects were
associated with a decrease in culture pH value and
resulted in the emergence of ovoid cells in an M. smeg-
matis population (Fig. 4). Similarly to our data on the
pH effect on the viability of mycobacteria, rapid oxy-
gen depletion caused the death of most cells in
Wayne’s model. In contrast, gradually developing
hypoxia resulted in cell transition to a dormant state,
so that they remained culturable [16].

The formation of dormant M. smegmatis and M.
tuberculosis cells, including nonculturable forms, was
documented earlier [27, 28]. However, these forms did
not display the ovoid morphotype and their percentage
in the population was low. In the model described in
the present work (gradual medium acidification in the
poststationary phase) (Fig. 1a), the ovoid cell percent-
age in 14-day cultures was 45%. Subsequently, this
percentage increased, which was probably due to the
transformation of transitional forms (Table 2). The
ovoid cell yield was 60% by day 20 of incubation on the
2AS medium we developed (Fig. 1b).

M. smegmatis ovoid cells formed in poststationary
cultures upon a gradual decrease in the pH value to 6.0
can be classified as dormant bacterial forms according
to the following features: (i) viability retention during
a long period of time (6—9 months), (ii) low level of
metabolism (Table 1), (iii) lack of experimentally
detectable respiratory activity, (iv) enhanced resis-
tance to deleterious factors such as high temperatures
and antibiotics (Table 1), and (v) peculiarities of mor-
phological and ultrastructural organization (Fig. 4).
Similarly to other dormancy models studied earlier
[28, 29], the ovoid cells of M. smegmatis assumed the
nonculturable state during long-term incubation in an
acidified medium with a pH value of 4.8.

It should be noted that the generation of dormant
forms of bacteria, including those resulting from
medium acidification, is an active process involving
various cell-metabolism stages. Based on the data on
the expression levels of diverse genes in tuberculosis
pathogen cells upon their transition to the dormant
state, the involvement of at least 200 genes in this pro-
cess was suggested [30]. In the present work, we have
directly demonstrated the important role of at least
two genes, Alp and devR, in the efficient transition to
the dormant state. It was assumed earlier that protein
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Fig. 5. Changes in pH of the medium (a) and percentage of ovoid cell (OC) and viable cell (CFU) number (b) during the culti-
vation of M. smegmatis wild-type strain (/) and of mutants with inactivated 4/p (2) and devR (3) genes. Cultivation was on Sau-
ton’s medium with initial pH 6.0. Averaged values of the results of three experiments are presented. The mean-square deviations
are given.

DevR regulates the adaptation of bacteria to oxygen plausibly, the “Dos-regulon” cluster controlled by it
deficiency [14]. However, in the authors' opinion, the  perform essential functions in the adaptation of vege-
products of the devR gene may also be 1mphcated in tative mycobacterial cells to acidification stress.

other kinds of stress responses [31]. From the results of We showed earlier that histone-like protein Hlp
the present work, it follows that the devR gene and, encoded by the other gene, Alp, is involved in the
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enhanced resistance of dormant mycobacterial cells to
high temperatures, UV irradiation, and antibiotics,
which is apparently due to Hlp-dependent nucleotide
compactization [26]. During acidification of poststa-
tionary cultures of the mutant strain of M. smegmatis,
cells with an inactivated Alp gene lost their viability
and did not generate ovoid dormant forms. In all like-
lihood the Alp and devR genes form part of a global sys-
tem of cell metabolism regulation and adaptation that
enables mycobacteria to generate dormant forms and
survive unfavorable growth conditions in a state of
dormancy.
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