
INTERNATIONAL. JOURNAL OF LEPROSY Volume 63, Number I
Printed in the U.S.A.

Optimal pH for Preserving the Activity of
Mycobacterium leprae During Incubation of Cells in a

Cell-Free Liquid Medium'
Masahiro Nakamura2

Since the discovery of illycobacterium le-
praemurium, numerous attempts to culti-
vate the mycobacterium in vitro have been
made for about 70 years. In 1969, however,
Ogawa and Motomura ( 13) succeeded in in-
ducing continuous colony formation of the
bacilli on solid egg-yolk medium. The re-
sults were confirmed by Mori ( 00 ) and Pat-
tyn, et al. (p'). Unequivocal multiplication
of the bacilli in a cell-free liquid medium
was independently achieved by Nakamura
("). This finding was confirmed by Dhople
and Hanks ( 3 ) using parameters of bacillary
counting and measurement of ATP.

The key to these achievements in the cul-
tivation and multiplication of M. leprae-
murium was only that the pH of the culture
medium should be adjusted to 6.0. When
the pH of the medium was adjusted to 6.0,
M. lepractintrium started to grow on/in the
medium which is routinely used for M. tu-
berculosis, although its growth was less than
that obtained on/in the media developed by
Ogawa and Motomura as well as Naka-
mura. To adjust the pH of the medium to
6.0, Na,HPO 4 is omitted from the original
solid Ogawa medium and a-ketoglutaric acid
is added to the Kirchner liquid medium ( 7 ).
Therefore, it is absolutely critical for the
growth of M. lepraenntrium that the pH of
the medium be 6.0.

M. leprae, the causative agent of leprosy,
has still not been cultivated in vitro, either
in a tissue culture or in a cell-free medium,
even more than 100 years after the discov-
ery of the bacillus. It is conceivable, from
the successful cultivation of M. lepraemu-
rium, that the pH of the culture medium
might be one of the critical factors affecting
the multiplication of M. leprae also.
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The present paper reports the optimal pH
for preserving the activity of Al. leprae in
cell-free liquid media during incubation of
the bacilli.

MATERIALS AND METHODS
Preparation of M. leprae suspension. An

M. leprae suspension was prepared as pre-
viously described ( 12 ). Briefly, foot pads of
nu/nu mice experimentally infected 12
months previously with 1 x 10 6 Al. leprae
Thai 53 strain CI (kindly supplied by Dr.
M. Matsuoka, National Institute for Lep-
rosy Research, Tokyo) were surface decon-
taminated with iodine tincture for 1 min,
then rinsed in 70% ethanol. The foot pads
were then minced with scissors and ho-
mogenized with a glass homogenizer in ster-
ile 0.05 M phosphate buffer (pH 7.0). After
the coarse tissue debris was removed by low-
speed centrifugation (100 x g x 3 min),
sterile 0.5% w/v trypsin (Sigma Chemical
Co., St. Louis, Missouri, U.S.A.) solution
was added to the bacillary suspension at a
final concentration of 0.05%. The mixture
was incubated in a water bath at 37°C for
45 min, then centrifuged (1500 x g x 15
min) to remove the trypsin. The sediment
was suspended in 0.05 M buffer (pH 7.0)
and treated with NaOH at a final concen-
tration of 0.25 N for 15 min in a water bath
at 37°C. After this treatment, the mixture
was centrifuged at 1500 x g x 10 min. The
final suspension was obtained by resus-
pending the pellet in 0.05 M phosphate buff-
er (pH 7.0) containing the fetal calf serum
(10% v/v).

No reduction of the activity compared to
that of the starting material was found by
inoculation into mouse foot pads.

Preparation of M. lepraemurium suspen-
sion. A leproma produced in a C3H mouse
experimentally inoculated subcutaneously
with the Hawaiian strain (M-85) M. leprae-
murium was homogenized in 0.05 M phos-
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phate buffer (pH 6.5) in a glass homogeniz-
er, then treated with NaOH (final concen-
tration, 0.25 N) for 15 min in a water bath
at 37°C. Then the mixture was centrifuged
at 1500 x g x 10 min. The final suspension
was made by resuspending the pellet in a
phosphate buffer containing fetal calf serum
(10% v/v).

Inactivation of M. leprae. For inactivat-
ing the cells by ultraviolet (UV) irradiation,
10 ml of a bacillary suspension was trans-
ferred to an open Petri dish (10 cm in di-
ameter), and exposed at a distance of 15 cm
to a 10-watt germicidal lamp (National
Electric Co., Japan) for 30 min. During ir-
radiation, the petri dish was agitated alter-
nately in a vertical and then in a horizontal
direction. For inactivation by heat, 5 ml of
the Al. leprae suspension in a screw-cap tube
was heated at 120°C for 10 min. No tests
for the remaining infectivity of M. leprae
after treatments were carried out.

Culture medium. Phosphate buffers
(KH,PO 4 :Na,HPO 4 ) (0.05 M) of different
pHs were used as basal culture media.
Changes in the pH caused by addition of
fetal calf serum (GIBCO BRL, Gaithers-
burg, Maryland, U.S.A.) at a final concen-
tration of 10% to the sterile buffers were as
follows: the original pH 5.5 to 5.75-5.78,
6.0 to 5.95-5.96, 6.5 to 6.44-6.45, 7.0 to
6.95-6.96, and 7.5 to 7.42-7.44. [In the
text, the pH of the culture medium before
the addition of the serum, not the pH after
the addition of serum, is designated as the
original pH. The phosphate buffer contain-
ing serum is referred to as serum-buffer.]

Inoculation of bacillary suspension and
incubation conditions. Six-tenths ml of a
suspension containing 3.3-5.6 x 10 8 Al.
leprae was inoculated into 40 ml of serum-
buffer. In the case of M. lepraeltutrium, 1
x 10 7 cells were used. The culture tubes (90
mm x 12 mm, screw-cap tubes) contained
5.5 ml of the inoculated medium, leaving a
27.7% free air space above the medium. In-
oculated culture tubes generally were incu-
bated at 30°C.

Chemotherapeutic agents. Penicillin G
(Tomiyama Chemical Industries, Japan),
isoniazid (Dai-ichi Chemical Industry Co.,
Japan) and rifampin (CIBA-GEIGY Ltd,
Japan) were used.

ATP extraction. ATP determinations
were carried out by the firefly biolumines-

cent technique ( 2 . 6 ). Tubes of bacterial sus-
pension at zero-time and those incubated
for various periods of time were centrifuged
for 20 min at 3000 x g, then 4.5 ml of the
supernatant was discarded and the remain-
ing suspension was vortexed briefly. These
suspensions, approximately 1 ml, were
completely transferred to disposable 1.5-m1
Eppendorf tubes which were centrifuged at
12,500 x g x 6 min to collect the cells. The
supernatant was discarded, and the pellet
was suspended in 0.1 ml of Tris-1 mM
EDTA pH 7.7 and vortexed briefly. There-
after, 0.2 ml of 100 mM Tris containing 2
mM EDTA pH 7.75 was added, and the
suspension was vortexed again. Chloroform
(0.04 ml) was added to the suspension, and
the contents were mixed well. The tube was
placed in a boiling water bath for 7 min.
After the mixture was cooled, 0.9 ml of dis-
tilled water was added to make a test sam-
ple. One-tenth ml of luci ferin-luciferase was
injected into 0.4-m1 portions of the test
samples. An Aminco Integrator (American
Instrument Co., Silver Spring, Maryland,
U.S.A.) was used to determine ATP values.
The actual amounts of ATP per tube could
be calculated by multiplying the measured
values by three.

To describe the stability of ATP extracted
from M. leprae cells, all values were ex-
pressed as a percent of the original suspen-
sion at zero-time.

Bacteriological examinations. The M.
leprae used in all inocula, as well as those
from all in vitro cultures harvested, and con-
tamination checks were characterized on the
basis of the following criteria: acid-fastness
by Ziehl-Neelsen staining, inability to grow
on blood agar and Ogawa egg slants, and
pyridine extraction of acid-fastness of
stained bacilli.

Morphological features of the bacilli in
the inoculum and in tubes incubated for
various periods were observed after Ziehl-
Neelsen staining, and the bacilli were count-
ed by the method of Shepard and McRae
( 1 s).

RESULTS
Effect of pH of serum-buffer. It may be

emphasized that, from the results obtained
from more than five separate experiments,
the presence of more than 2000 pg of ATP
extracted from the cells ofAI. leprae per tube
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FIG. 1. Stability of At leprae during incubation of cells in serum-buffers of different pHs at 30°C.
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in the starting sample was essential for ob-
taining the reproducible results reported be-
low.

ATPs were extracted from the cells at pe-
riodic intervals during cell incubation in se-
rum-buffers of different pHs. The results
shown in Figure 1 indicate that the yields
of ATP extracted from the cells gradually
decreased with time of incubation at 30°C
in serum-buffer at pH 5.5, 6.0 and 6.6. In
serum-buffer at pH 7.0 and 7.5, however,
approximately 30%-50% and 10% increas-
es in ATP over the original zero-time sam-
ple, respectively, were observed after 4 weeks
of incubation, and then decreased.

No differences between the declining
slopes of the ATP yields with incubation
time were seen in the serum-buffers of dif-
ferent pHs, except pH 5.5 at which a slight
increase in ATP was observed at 12 weeks
of incubation compared to the values at 8
weeks.

Effects of serum and glycerin. As shown
in Figure 2, when fetal calf serum was omit-

ted from the serum-buffer, i.e., a simple
phosphate buffer pH 7.0 alone, the activity
of M. leprae in the buffer was rapidly lost
within 2 weeks of incubation. I f glycerin was
added to the serum-buffer at the final con-
centration of 2% (v/v), the ATP yield was
slightly increased during 4 weeks of incu-
bation and then declined. The rate of de-
cline was slower than that in the original
serum-buffer.

Effect of incubation temperature. When
M. leprae cells were incubated in serum-
buffer pH 7.0, at 37°C, no sustainment or
increase in the amount of ATP extracted
from the incubated cells was demonstrated:
30% to 70%, and 10% to 30% of the amount
of ATP extracted from the zero-time sample
were extracted after 4 and 8 weeks' incu-
bation, respectively.

ATP yields from inactivated cells. Ap-
proximately 70%-90% of the amount of
ATP extracted from the starting sample was
extracted from UV-killed cells of M. leprae
just after irradiation. When the UV-killed
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FIG. 2. Stability of Al. leprae during incubation of

cells in serum-buffer (0.05 M, pH 7.0) with (•), and
without (0) glycerin, and without fetal calf serum (0).
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FIG. 4. Stability of M. leprae (•) and M. leprae-

marium (0) during incubation at 4 weeks and 8 weeks,

respectively, of cells in serum-buffers at different pHs.

cells were incubated in the serum-buffer pH
7, no ATP was extracted from the cells after
2 weeks of incubation.

No ATP was extracted from the heat-
killed cells of Al. leprae just after heating.

Effect of chemotherapeutic agents. The
effects of penicillin (final concentration 100
pig/m1), isoniazid (10 µg/ml) and rifampin
(20 pg/ml) on the ATP yields extracted from
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FIG. 3. Effects of penicillin (Pn; 100 µg/ml), iso-
niazid (INH; 10 µg/ml) and rifampin (RFP; 20 µg/ml)
on the stability of Al. leprae during incubation of cells
in the serum-buffer.

incubated Al. leprae cells were investigated.
The results are shown in Figure 3. Only rif-
ampin inhibited the maintenance of the ATP
activity of M. leprae.

Morphological observations. No signif-
icant increase in the number of cells during
incubation was seen. In some samples, there
was an increase in the number of cells but
it could not be distinguished from the ap-
parent increase in cells resulting from de-
clumping, in which large aggregates of Al.
leprae in the inoculum are dispersed during
incubation. In addition, no significant dif-
ference in cell length was observed between
the cells at zero-time and cells harvested
after the various periods of incubation.

Optimal pH for ATP concentration of M.
lepraemurium. It is known that growth of
Al. lepraemurium takes place when the cells
are inoculated into the established culture
medium with the pH adjusted to 6.0. Yields
of ATP extracted from the cells of Al. le-
praemurium incubated for 4 weeks in the
serum-buffers having different pHs were
measured. The results indicate, as shown in
Figure 4, that the largest amount of ATP
could be extracted from those cells that were
incubated in the serum-buffer at pH 6.0.

DISCUSSION
A definite amount of M. leprae ATP in

the starting material for obtaining repro-
ducible results described here was found to
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be necessary. Although the reason for this
requirement is not clear, the activity of M.
leprac in a cell-free liquid medium could be
maintained at a level at least as high as at
zero-time, and even somewhat higher for
approximately 4 weeks at 30°C, when the
cells of M. leprae were incubated in 0.05 M
phosphate buffer pH 7 containing 10% fetal
calf serum. The activity of the cells was
evaluated by measuring the amount of ATP
extracted from the incubated cells.

There are three possible factors influenc-
ing the yield of ATP extracted from the in-
cubated cells because the ATP was extracted
from the cells collected by centrifugation: a)
The amount of ATP represents the sum of
the ATP produced by genuine energy me-
tabolism initiated in a serum-buffer at pH
7 when the cells were incubated at 30°C. b)
The yield of ATP indicates an increase in
the total weight of individual cells during
incubation, caused by an increase in the
number of cells collected by centrifugation.
c) The increase in the amount of ATP could
be due to a decrease in viscosity of the cul-
ture medium as a result of chemical dena-
turation during incubation in which the cells
are more rapidly sedimented and more ef-
ficiently harvested than in the starting me-
dium.

Among these three possibilities, the re-
sults obtained strongly suggest that the yield
of ATP extracted from the incubated cells
represents the total amount of ATP gener-
ated and accumulated in continuation of the
energy metabolism of the Al. leprae cells in
the serum-buffer at pH 7, during incubation
at 30°C. This is because the maintenance of
the activity occurred only in the medium
containing fetal calf serum within the lim-
ited pH range of 7 at 30°C but not at 37°C.
In addition, the maintenance of the activity
of the cells was prolonged by adding glycerin
to the medium; it is well known that glycerin
is important as a carbon source for myco-
bacteria. Therefore, it might be implied that
the Al. leprae cells have utilized serum and
glycerin as an energy source. In other words,
it is obvious that the amount of ATP ex-
tracted from the incubated cells definitely
depends on several factors, such as serum
and glycerin, as well as incubation temper-
ature.

The ATP extracted from the cells after 4
weeks' incubation is not likely the initial

ATP present in the starting cells but ATP
produced during incubation, because no
ATP was obtained from the UV-irradiated
cells without metabolism after 2 weeks' in-
cubation; whereas 70%-90% of the ATP of
the intact cells could be obtained from the
UV-killed Al. leprac just after irradiation.
ATP in the cells without metabolism might
diminish rapidly during incubation. Fur-
thermore, the maintenance of the activity
under the limited condition was definitely
inhibited by rifampin but not by either pen-
icillin or isoniazid. These findings are quite
similar to those for the response of Al. leprae
to chemotherapeutic agents reported by
Franzblau and Hastings ( 5 ).

Finally, the reason why pH 7.0 should be
considered optimal for the growth of Al.
leprac is the fact that the increase in ATP
extracted from the cells of i1.1. lepraenutrium
was observed when the cells were incubated
in the serum-buffer at pH 6. It is evident
that the pH 6.0 of the established solid me-
dium as well as liquid medium is surely
optimal to support the growth of Al. le-
pruenturium.

These results might conflict with the data
reported by others. The discrepancy be-
tween the results reported by Lee and Col-
ston (8 ), indicating a rapid decay in intra-
cellular ATP of Al. leprae under the cell-free
condition, and the results of the experiment
described here might be due to the differ-
ence in the kind of culture medium and its
pH.

On the other hand, the data demonstrat-
ing a slow decay of intracellular ATP of Al.
leprae in Dubos albumin medium, pH 7.0
( 5 ), as well as in Dhople-Hanks medium,
pH 7.2 ('), might support the results re-
ported here, although the compositions of
the culture media used were different.

It cannot be concluded whether the slight
increase in ATP extracted from the cells in-
cubated in the serum-buffer pH 5.5, after
an incubation of 12 weeks, is due to ATP
extracted from the cells adapted from the
in vivo to the in vitro environment, as de-
scribed by Dhople and Hanks ( 3), in the
experiment on AI. lepraenturium, because
the culture medium used here is a nutrient-
poor solution, i.e., serum-buffer, rather than
a nutrient-rich medium.

It is well known that some bacteria re-
quire a strictly limited pH of the appropriate
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medium to support growth; for instance,
Vibrio cholerae requires peptone water of
pH 8, Legionella pneuntophila requires a
yeast extract-cysteine medium of pH 6.95
± 0.05 (4 ), and the growth of M. leprae-
muritn is observed only in/on a medium
of pH 6.0, as previously mentioned. There-
fore, it is easy to presume that M. leprae
also might require a limited pH of the cul-
ture medium, i.e., pH 7, to support the en-
ergy metabolism necessary for multiplica-
tion.

SUMMARY
The effect of the pH of a cell-free liquid

medium on the activity of Mycobacterium
leprae during incubation of the cells was
investigated. As a parameter for evaluating
the activity, the amount of adenosine tri-
phosphate (ATP) extracted from the incu-
bated cells collected by centrifugation was
measured. The results demonstrate that the
activity of Al. leprae cells was maintained
at a significant level for approximately 4
weeks at 30°C in 0.05 M phosphate buffer
containing 10% fetal calf serum at pH 7.0
compared to cells at other pHs tested, but
activity was not preserved in phosphate
buffer at pH 7.0 without serum and incu-
bated at 37°C. The maintenance of the ac-
tivity under these conditions was prolonged
somewhat by the addition of glycerin (2%)
to the medium, and was definitely inhibited
by rifampin but not by either penicillin or
isoniazid. From the results reported here, it
could be postulated that the optimal pH of
cell-free media for the study of cultivation
of M. leprae is 7.0.

RESUMEN
Sc investigO el efecto del pH de un medio Libre de

celulas sobre la actividad metabOlica de Mycobacte-
rium leprae incubado en ese medio. Como parâmetro
de la actividad se midi() la cantidad de trifosfato de
adenosina (ATP) extraido de las cêlulas colectadas por
centrifugaciOn. Los resultados demostraron que Ia ac-
tividad de Al. leprae se mantuvo a niveles significantes
a lo largo de 4 semanas dc incubaciOn a 30°C en re-
gulador de fosfatos 0.05 M, pH 7.0, con 10% de suero
fetal de ternera. La actividad del microorganismo no
se preserve) cuando la incubaciOn se hizo a 37°C en
rcgulador de fosfatos, pH 7.0, sin suero fetal de ternera.
Bajo estas Altimas condiciones la actividad se prolong()
un poco cuando se adicione) glicerol al 2% al medio, y

se inhibiOcompletamente por Ia rifampina pero no por
la penicilina o la isoniazida. De estos resultados se
peude postular que el pH Optimo para el cultivo de M.
leprae en medios libres de celulas es de 7.0.

RESUME

On a examine I'effet du pH d'un milieu liquide acel-
Iulaire sur l'activite de Mycobacteriunz leprae durant
l'incubation des cellules. Comme parametre d'evalua-
tion de l'activite, on a mesure la quantitê d'adenosine
triphosphate (ATP) recoltee par centrifugation A partir
des cellules incub&s. Les resultats demontrent que l'ac-
tivite des cellules de M. leprae &Wit maintenue a un
niveau significatif pour environ 4 semaines a 30°C dans
un tampon phosphate 0.05 M contenant 10% de serum
de foetus de veau a pH 7.0, par comparaison a des
cellules testi:es a d'autres pH, mais Pactivite n'etait pas
preservee dans un tampon phosphate a pH 7.0 sans
serum et incub& a 37°C. La maintenance de l'activite
dans ces conditions etait quelque peu prolong& par
l'addition de glycerine (2%) au milieu, et etait nate-
mcnt inhibee par Ia rifampicine, mais non par Ia pe-
nicilline ni par l'isoniazide. A partir de ces resultats,
on pourrait postular que le pH optimal des milieux
acellulaires pour Petude de la culture de M. leprae est
7.0.
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