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During the course of studies concerned with the
effect of carbon sources on the growth or the res-
piration of tubercle bacilli, investigators in the
past have examined compounds of the Kreb’s
tricarboxylic acid cycle and occasionally have
speculated on the possibility that the interme-
diary carbohydrate metabolism of these organ-
isms might be through such a pathway.
Furthermore, Boissevain (1943b) demonstrated
chemically that one of these intermediate com-
pounds, pyruvic acid, was formed during the
growth of virulent human type tubercle bacilli
from the glycerol in Long’s medium.

Long (1919), employing the human strain H37
of Mycobacterium tuberculosis and a basal syn-
thetic medium containing 2.5 per cent glycerol,
observed excellent growth at the end of a three
week incubation period in the presence of ammo-
nium succinate and ammonium malate, but no
growth in the presence of ammonium pyruvate
or ammonium lactate. He suggested the possi-
bility that the dibasic acids arise from the break-
down of the constituents of the “usual glycerol-
peptone medium”. Merrill (1931a) observed that
citrate, acetate, and lactate, when available as a
single carbon source, were utilized by the major-
ity of the 14 strains of mycobacteria but not by
the one known human strain H37. Merrill (19315)
felt that acetate and lactate were utilized possibly
more readily than glucose, and that these acids
might be intermediate products in glucose metab-
olism. Nakamura (1938) found no increase in the
oxygen consumption during & 30 minute period
by & human type strain in the presence of 1.0 per
cent concentrations of citric acid, succinic acid,
or malic acid. Steinbach (1940) investigated the
effect of the substrates lactate, pyruvate, succi-
nate, and glycerophosphate on the respiration of
M. tuberculosis and found they did not serve as

1 This investiga.tidn was aided, in part, by a
research grant from Parke, Davis & Company,
Detroit 32, Michigan.

hydrogen donators. Bernheim (1941) reported
that citric, succinic, malie, and pyruvie acids had
no effect on the oxygen consumption of a bovine
strain although he gave no experimental data.
Two years later, Boissevain (1943a) observed that
the growth of 5 bovine strains was stimulated by
the addition of 0.1 per cent pyruvate to Long’s
medium which normally is not a suitable medium
for growth of these organisms, but that higher
concentrations of this acid inhibited growth.
Furthermore, pyruvic acid plus sodium phosphate
added to distilled water permitted multiplication
of human type bacilli.

Edson and Hunter (1943) employed both
growth and respiration studies to determine the
carbon requirements of a number of strains of
mycobacteria. They found that 8 nonvirulent
strains exhibited differences in their ability to
oxidize the same carbon source although none of
the strains oxidized citrate, and that generally
there appeared to be a correlation between the
growth and respiration of 7 of these strains.
Moreover, they observed that a 10-2 mg inoculum
frequently would not grow in the presence of cer-
tain carbon compounds while growth would occur
if 1.0 mg of the organisms was used as an inocu-
lum. Growth of Mycobacterium phlei, M. smeg-
malts, and M. karlinskt occurred in the presence
of 1.0 per cent concentrations of lactate and py-
ruvate during a 7 day incubation period employ-
ing a 10~ mg inoculum. After 5 weeks of incuba-
tion, M. smegmatis also grew in succinate, and
after 6 weeks of incubation, M. karlinski grew
in acetate. The presence of L-lactic, pyruvic,
L-malic, fumaric, and «-ketoglutaric acids, in 0.01
per cent concentrations, was ineffectual in stimu-
lating the growth of M. phlet during a 7 day
incubation period. Edson and Hunter concluded
from this finding that “citric acid is not oxidized
as a source of energy, nor does it catalyze the
oxidation of carbohydrate after the manmner of
the citric acid cycle, since the intermediates of
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the cycle, such as o-ketoglutaric, succinie, fu-
maric, and L-malic acids, did not stimulate
growth.”

Gerundo (1947) felt that the asparagin in
Long’s medium was metabolized by tubercle
bacilli to succinic acid and thereby utilized as a
source of energy for growth. He therefore substi-
tuted sodium succinate for the asparagin and
obtained more abundant growth of the tubercle
bacilli than in Long’s medium.

Edson and Hunter (1947) observed that the
oxygen consumption of M. ranae was augmented
by the presence of lactate, pyruvate, L( —)malate,
and glucose. Since lactate and glucose increased
the oxygen consumption fivefold, they felt that
lactate might possibly be an intermediate in
glucose metabolism. In the same year, Edson
(1947) reported on the oxidation of lactic acid by
an enzyme preparation obtained from M. phles.
He found, using methylene blue as the hydrogen
acceptor, that L(+)lactate was oxidized anaerobi-
cally to pyruvate. Aerobically, lactic acid was
oxidized to acetate and carbon dioxide. The en-
zyme was specific for the aerobic reaction and
was insensitive to cyanide inhibition. From these
results Edson concluded that aerobic oxidation
is independent of a cytochrome system.

Lindsay, O’Donnell, and Edson (1950), in
further studies with M. ranae, observed that the
addition of pyruvate or acetate increased respira-
tion approximately fourfold. Acetate was not
found as an intermediate product during the
metabolism of pyruvate. The authors suggested
that perhaps 75 per cent of the acetate formed
was burned to completion and the remainder was
assimilated for growth of the organisms. Cell
extracts and broken cells were unable to oxidize
pyruvate or acetate.

In the same year, Oginsky, Smith, and Soloto-
rovsky (1950) reported that the avian strain,
Kirchberg, oxidized pyruvic and oxalacetic acids,
but oxidized pyruvate plus oxalacetic acid only
slightly. Moreover, this strain did “not oxidize
to an appreciable state” cts-aconitate, citrate,
a-ketoglutarate, succinate, fumarate, aspartate,
asparagin, glutamate, lactate, acetate, and glu-
cose. With this strain the investigators were “able
to obtain no positive evidence for a citric acid
cycle.”

According to Edson (1951), many enzymes con-
cerned with the metabolism of intermediates of
the Kreb’s cycle have been found in cell-free ex-
tracts of mycobacteria, and he stated that “at the
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present time there is sufficient evidence to suggest
that the glycolytic and citric acid cycles both
play part in the metabolism of the acid fast
bacteria, but it is not possible to see how far the
details of the cycles may need modification.”

Unfortunately, most of the previous studies
have been made on saprophytic strains. There is
no assurance that the metabolism of highly viru-
lent strains would be identical to that of sapro-
phytic mycobacteria.

The present study is concerned with the quan-
titative measurement of the rate of growth of a
highly virulent strain of M. tuberculosis var.
hominis in a synthetic medium containing, as
single sources of carbon, compounds which are
related to the Kreb’s tricarboxylic acid cycle. It
was hoped from such an investigation that some
information might be gained concerning the inter-
mediate metabolism of carbohydrates by virulent
tubercle bacilli.

METHODS

The small inocula method used to determine
the rate of growth of the virulent H37Rv strain
of M. tuberculosis and all other technical proce-
dures were the same as described in the first paper
of this series (Youmans and Youmans, 1953).

RESULTS

The results are given in table 1. Listed are the
generation times, in hours, of the tubercle bacilli
which grew in the various media. In certain con-
centrations of some of the compounds, growth
occurred only in those tubes inoculated with
10-2 mg. This finding is so indicated in the table.
In all cases where a generation time is recorded,
growth of the tubercle bacilli occurred in all 5
inocula, and growth increased during the 5 week
incubation period although the maximal growth
present at the end of that period was not always
as great as that obtained with glycerol.

Growth was obtained in the presence of certain
concentrations of glycerol, lactic acid, pyruvie
acid, acetic acid, oxalosuccinic acid, o-ketoglu-
taric acid, and oxalacetic acid.? With the excep-
tion of acetic acid and oxalosuccinic acid, these
compounds stimulated the growth of the organ-
isms to the same degree as did the higher concen-
trations of glycerol. However, the generation
time obtained with acetic and oxalosuccinic acids
was gimilar to the generation time found with the
lower concentrations of glycerol. The importance
of the concentration in which the substrate was
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employed also is evident from the data in the
table. It is of interest that none of the amino acids
which, by oxidative deaminatioMare thought
to be able to enter the Kreb’s cycle could serve as
a carbon source for growth.

DISCUSSION

The evidence obtained from these studies lends
support, perhaps, to the theory that a tricarbox-
ylic acid or a similar cycle may be involved in the
carbohydrate metabolism of M. tuberculosis var.
hominis since pyruvic, acetic, oxalacetic,2 oxalo-
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rate obtained in the presence of the best carbon
source, glycerol; and (3) these compounds stimu-
lated the growth of the smallest inoculum (10-¢
mg) employed. Edson and Hunter (1943) have
pointed out the importance of the size of the
inoculum in experiments in bacterial nutrition
since many substances will stimulate the growth
of large, but not of small, inocula.

Although citric acid, which, according to cur-
rent belief, belongs in the Kreb’s cycle, and the
other acids of the Kreb’s cycle, cts-aconitic, iso-
citrie, succinic, fumaric, and malie, did not allow

TABLE 1
The effect of compounds related to the Kreb’s tricarbozylic acid cycle on the growth of Mycobacterium
tuberculosis var. hominis

GENERATION TIME IN HOURS
COMPOUNDS Concentration of compound in per cent
16.0| 4.0 2.0 1.0 0.28 0.06 0.016 0.004 |0.0
Glycerol..........coovvvevnnnnnn.n. 0j21.7]21.7|21.7| 21.7 24.0t | 24.0t
Lacticacid..............ccovinnan, 0 0 22.7 22.7 22.7
Pyruvicaeid.............c.covuneL 0 0 20.5 20.5 21.7
Aceticacid........................L 0 0 (100)* | 25.2t | 25.2t 0
cis-Aconitic acid.................... 0 0 0
Citricacid............oevivviennn.. 0 0 0 0 0 0
Isocitric acid........................ 0 0 0
Oxalosuccinic acid. ................. 0 (103)* | 25.2 | (107%)*
a-Ketoglutaric acid. ... ............ 21.7 | 21.7 21.7 21.7 0
Succinic acid. . ..................... 0 0 0 0 0 0
Fumaricaeid........................ 0 0 0 0 0
L-Malicacid....................... 0 0 0 0 0 0
Oxalacetic acid 0 21.7 21.7 21.7
pL-Alanine................. ..., 0 0 0 0 0
Glutamic aeid....................... 0 0 0 0 0
Asparticacid. ................. ... 0 0 0 0 0
None......cooovvviiiiinninnnnnnnn. 0
0 = no growth

* = gmallest inoculum (in milligrams) which grew

1 = slight growth.

succinic, and a-ketoglutaric acids supported the
growth of the virulent H37Rv strain. These re-
sults are even more striking when one considers
(1) the very few carbon sources which will support
the growth of this strain (Youmans and You-
mans, 1953); (2) that the rates of growth ob-
tained with these compounds were similar to the

t Since oxalacetic acid readily may undergo
spontaneous decarboxylation to form pyruvie
acid and CO,, the growth promoting activity of
this compound actually may be due to pyruvic
acid.

growth, these results do not rule out the operation
of such a cycle since the problem of the penetra-
tion of these substances into the bacterial cell
must be considered. Clarification of this problem
is difficult since there are, at present, no data
available on the permeability of virulent myco-
bacterial cells to these substrates. However, Ed-
son (1951) quotes Geronimus as having found
that clarified extracts of the H37 strain would
consume oxygen in the presence of citrate or
isocitrate when methylene blue was employed as
a hydrogen carrier. Edson (1951) also reported
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that Geronimus obtained fumarase and malic
dehydrogenase in soluble preparations from the
H37 strain, but succinic dehydrogenase appeared
to be absent, weakly developed, or remained ad-
herent to the insoluble debris. If these enzymes
are present and if they actually function in the
metabolism of the H37Rv strain, many of the
negative results obtained in the present study
may have been due to the inability of the sub-
strates to penetrate the bacterial cell.

Edson (1951) also listed a number of enzymes
of the Kreb’s cycle which appear to be present in
mycobacteria, and these are: aconitase, isocitric
dehydrogenase, oxalosuccinic carboxylase, a-ke-
toglutaric dehydrogenase, malic dehydrogenase,
fumarase, and succinic dehydrogenase. Most of
these enzymes, however, apparently have been
isolated from nonvirulent or saprophytic strains.

In growth studies such as this one, one might
expect intermediates in the metabolism of a
given substrate to produce the same rate of
growth as that obtained with the parent com-
pound. Of the substrates which stimulated
growth, this was found to be true with the excep-
tion of acetic and oxalosuccinic acids. The slower
rate of growth produced by these compounds
again possibly may have been due to a slower rate
of penetration of the bacterial cell.

Of added interest is the finding that the tuber-
cle bacilli grew at a similar rate in both glycerol
and lactic acid. This suggests that the two
compounds may be metabolized in a similar
manner.

SUMMARY

By employing quantitative growth studies and
a basal synthetic medium from which the normal
carbon source, glycerol, was omitted, it was found
that pyruvie, acetic, oxalacetic, oxalosuccinic,
aketoglutaric acids, lactic acid, and glycerol
supported the growth of the virulent human type
strain H37Rv of Mycobacterium tuberculosts.

cis-Aconitic, isocitric, succinic, fumaric,
L-malic, and citric acids did not support growth;
nor did the three amino acids, glutamic acid,
aspartic acid, and pr-alanine.

The relation of these findings to the operation
of the Kreb’s tricarboxylic acid cycle in the inter-
mediary carbohydrate metabolism of M. tubercu-
losis var. hominis was discussed.
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