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A technique was developed for the detection, on agar, of mutants of Bacillus
subtilis that lacked a functional tricarboxylic acid cycle. Mutants devoid of detect-
able levels of aconitase, isocitric dehydrogenase, alpha-ketoglutarate dehydrogen-
ase, succinic dehydrogenase, fumarase, and malate dehydrogenase have been iso-
lated and characterized. Several mutants with conditionally expressible lesions, in-
cluding a mutant with a heat-sensitive citrate synthase, have also been isolated. All
of the mutants examined express all the biochemical markers normally absent in
early-stage sporulation mutants except elastase, and some of these mutants sporu-

lated nearly as well as the prototroph.

Mutants of Bacillus subtilis that lack an en-
zyme of the tricarboxylic acid cycle have been
observed to be oligosporogenic, i.e., the proba-
bility of a cell to form a mature spore was found
to be considerably less than that of a cell of the
parent strain (3-6, 12, 13). In most cases de-
scribed, these mutants were isolated on the basis
of their unusual colonial morphology and pig-
mentation. The colonial morphology was in part
determined by the inability of the cells to com-
plete sporulation (3-5). These mutants were sub-
sequently observed to have lesions in the tricar-
boxylic acid cycle. Therefore, in many cases, the
method of isolation may have precluded the
selection of sporogenic mutants which lacked a
functional tricarboxylic acid cycle. The purpose
of this study was to develop a technique for the
isolation of mutants that directly tested for a
functional tricarboxylic acid cycle. With these
mutants, one could reexamine the relationship
between the presence of enzymes of the tricar-
boxylic acid cycle and sporulation. Mutants which
lacked succinic dehydrogenase, produced low lev-
els of proteinase, and had low antibiotic activity
against Staphylococcus aureus (4). Some other
mutants isolated by Freese and co-workers (5),
with a lesion in the tricarboxylic acid cycle, lacked
either antibiotic or proteinase activities. All the
tricarboxylic acid cycle mutants isolated in this
study showed normal activities of other early-
stage sporulation events.

MATERIALS AND METHODS

Organism. B. subtilis Marburg 168, auxotrophic for

! Present address: Department of Biology, Edinboro State
College, Edinboro, Pa. 16412.

indole or tryptophan, and derivatives of this strain were
used throughout this study. B. subtilis strain H (ob-
tained from J. Spizizen, Scripps Clinic and Research
Foundation, LaJolla, Calif.) and S. aureus UW209 were
used to test for antibiotic production.

The medium used for the isolation of mutants con-
tained the following (in 1 liter of distilled water): nu-
trient broth (Difco), 8 g; bromocresol purple, 0.015 g;
dibasic potassium phosphate, 0.5 g; and agar, 20 g. The
pH was adjusted to 6.6 before sterilization. After auto-
claving, the medium was cooled to 50 C, and sterilized
solutions or suspensions of the following compounds
were added: 20% CaCOys, to give a final concentration
of 1.0%; sufficient sterile 50% glucose to give a final
concentration of 0.2%; 5 ml of a metal mixture con-
taining 0.14 M CaCl, 0.01 M MnCl,, and 0.20 M MgCl,;
and 0.5 ml of filter-sterilized FeCl; (2 x 103 M in 0.01
N HQ).

The purification medium used for the reisolation and
testing of all mutants before use in experiments con-
tained the following (in 1 liter of distilled water): nu-
trient broth, 8 g; bromocresol purple, 0.015 g; and
agar, 20 g. The pH was adjusted to 6.0 before auto-
claving. After cooling to 50 C, 5 ml of the metal mix-
ture indicated above and sufficient sterile glucose solu-
tion to give a final concentration of 0.1% were added.
Mutants lacking a functional tricarboxylic acid cycle
form yellow colonies after 24 hr of incubation, whereas
the wild-type colonies turn the medium blue after 24 hr
at 37 C. It is possible to detect wild-type contaminants
representing less than 1% of the population on this
medium.

The mutants were routinely stored in vials con-
taining a medium of the following composition: nu-
trient broth, 8 g; glucose, | g; potassium bicarbonate, 1
g; and agar, 17 g. The pH was adjusted to 7.5 before
sterilization.

The minimal phosphate medium contained (in 1 liter
of distilled water): (NH,),SO,, 2 g; K,HPO,, 6 g;
KH,PO,, 14 g and ethylenediaminetetracetic acid
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(EDTA), 0.1 g. The pH was adjusted to 7.0 and the
solution was autoclaved. After the medium had cooled,
1 ml of the metal mixture indicated above was added.
The minimal Tris medium contained (in 1 liter of dis-
tilled water): tris(hydroxymethyl)aminomethane (Tris),
1.2 g; KH,PO,, 0.136 g; MnCl,, 0.33 g; NH,Cl1, 0.8 g;
KCl, 5 g; and Na,SO,, 0.014 g. The pH was adjusted
to 7.0 before autoclaving. The nutrient sporulation
medium (NSM) contained 8 g of nutrient broth per
liter. After autoclaving, 1 ml of the metal mixture indi-
cated above was added.

Mutagenesis. Approximately 100 mg of dry spores
was transferred to a sterile test tube and placed in a
vacuum oven. After evacuation of the oven, the tem-
perature was slowly increased to 105 C and the spores
were heated for 9 hr as described by Northrop and
Slepecky (10). The treated spores were then plated for
isolation of mutants or stored in a dessicator for future
use.

Growth of cultures and preparation of extracts.
Spores of B. subtilis Marburg 168 were grown in
NSM. A loopful of a 24-hr culture grown at 37 C on
NSM plus 2.0% agar was transferred to a 500-ml flask
containing 50 ml of medium, and the cultures were
incubated at 37 C on a rotary shaker until visible
growth had occurred. The contents of oue flask were
transferred to 400 ml of NSM in a 2-liter flask. The
culture was incubated on a rotary shaker for 48 hr and
centrifuged for 10 min at 10,400 x g to collect the
spores. The spores from several cultures were pooled,
washed 12 times with a buffer containing 10-° M Tris,
10-3* M EDTA, 102 M citric acid, and 0.1 M KCI (pH
7.5). The washed spores were lyophilized and stored in
a dessicator at 4 C.

Cultures to be used for enzyme assays were streaked
on purification medium and incubated for 24 hr at 37
C, and an inoculum from a yellow colony was trans-
ferred to a plate of blood-agar base. After 12 hr at 37
C, an isolated colony was used to inoculate 50 ml of
the growth medium in a 500-ml flask. The culture was
incubated at 37 C for 2 hr, and the contents were trans-
ferred to 400 ml of the growth medium in a 2-liter
flask. These cultures were incubated at 37 C and were
harvested 2 to 3 hr after the end of exponential growth
by centrifuging at 10,400 x g for 10 min. The purity of
the cultures was routinely checked by streaking a
loopful from each flask onto purification medium. The
plates were incubated for 24 hr at 37 C, and only those
cells from flasks which did not yield any blue color in
the agar were used for enzyme assays. The cells were
washed twice in ice-cold buffer containing 0.1 M Tris,
10-* M EDTA, and 10-% M citric acid (pH 7.5) and
were stored frozen at —20 C. The frozen cells were
thawed in 5 ml of the same buffer and were broken by
two passes through a French pressure cell at 4 C. The
extract was centrifuged at 4 C for 10 min at 5,100 x g,
and the supernatant fraction was used for enzyme as-
says.

Enzymatic assays. The following enzymes were as-
sayed as previously described (2, 7): citrate synthase
[citrate oxalacetate-lyase (CoA acetylating), EC
4.1.3.7]; aconitase [citrate (isocitrate) hydro-lyase, EC
4.2.1.3]; isocitric dehydrogenase (NADP) (threo-p,-
isocitrate:NADP oxidoreductase, EC 1.1.1.42); suc-
cinic dehydrogenase [succinate:(acceptor) oxidoreduc-
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tase, EC 1.3.99.1], fumarase (L-malate hydro-lyase,
EC 4.2.1.2); and malate dehydrogenase (L-malate:
NAD oxidoreductase, EC 1.1.1.37). The reaction
mixture for the assay of a-ketoglutarate dehydrogenase
contained: potassium phosphate buffer (pH 7.0), 50
mM; coenzyme A, 0.1 mM; nicotinamide adenine dinu-
cleotide, 2 mM; cysteine, 3 mM; magnesium chloride, 1
mM; thiamine pyrophosphate, 0.2 mM; a-ketoglutarate,
5 mM; quinacrine hydrochloride, 0.1 mMm; and sufficient
extract to cause a change in absorbance at 340 nm of
approximately 0.03 per min. The reaction was moni-
tored with a Gilford model 2000 recording spectropho-
tometer. Quinacrine hydrochloride was required to in-
hibit a soluble reduced nicotinamide adenine dinucleo-
tide oxidase that interfered with this assay in the ab-
sence of the inhibitor.

Estimation of sporulation frequencies. The inoculum
for each culture was prepared as described above.
Samples of the culture for viable cell counts were taken
0.5 hr after exponential growth had ceased and were
diluted in sterile phosphate buffer containing 14 g of
K,HPO, and 6 g of KH,PO, (pH 7.0), in 1 liter of dis-
tilled water. Dilutions were plated on purification me-
dium and incubated at 37 C for 24 to 48 hr. Samples
for spore counts were taken at several times after expo-
nential growth and were heated at 80 C for 10 min.
After dilution in phosphate buffer, samples were plated
on purification agar. This method provided a means for
detecting wild-type revertants in the culture. If rever-
tants were detected, the experiment was discarded.
Sporulation frequencies (S/V) are reported as the ther-
mostable colony-forming units (S) divided by the viable
count (V).

RESULTS

Isolation and storage of mutants. When B. sub-
tilis 168 was grown in nutrient broth supple-
mented with glucose, the pH dropped from 7.0 to
approximately 5.5 because of the accumulation
of organic acids. After exhaustion of glucose, the
synthesis of enzymes of the tricarboxylic acid
cycle was derepressed and the pH increased (6,
8). The pH drop was greater when tricarboxylic
acid cycle mutants were grown in media con-
taining small amounts of glucose, and the pH of
the medium did not increase after glucose was
exhausted. Tricarboxylic acid cycle mutants
grown on the isolation agar medium described in
Materials and Methods formed halos around
colonies (resulting from solubilization of CaCO;,
by organic acids accumulated by the mutants.)
In preliminary tests with mixtures of an aconi-
tase-negative mutant and B. subtilis 168, it was
found that a single clone of an aconitase-negative
mutant could be detected on a plate containing
100 or more clones of the parent strain. Many of
the tricarboxylic acid cycle mutants isolated by
spreading treated spores on this medium were
unstable and appeared to revert at high frequen-
cies when first isolated. After 10 or more reisola-
tions at 12-hr intervals, the isolates were stabi-
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lized. The mutants rapidly lost viability on media
containing glucose or on nutrient agar alone and
were stored on nutrient agar slants containing
glucose and calcium carbonate. Cultures lost
viability after 2 weeks on this medium and were
lyophilized or were stored in 5% dimethyl sulf-
oxide in liquid nitrogen for long-term preserva-
tion.

Dissimulation of !'“C-succinate and '‘C-gluta-
mate. After isolation and stabilization, all mu-
tants were characterized by a modification of the
technique described by Fortnagel and Freese (3)
and subsequently used by Rutberg and Hoch (11).
'4C-succinate was used instead of '‘C-gluta-
mate because it gave a more easily interpretable
pattern of labeling of tricarboxylic acid cycle in-
termediates with our strains. '*C-glutamate la-
bels other intermediates by reversal of the first
half of the tricarboxylic acid cycle. Because the
reaction catalazed by a-ketoglutarate dehydro-
genase is irreversible, '*C-succinate pulses pro-
vide more readily interpretable labeling patterns.
Cultures were incubated with '*C-succinate, and
the extracted pools were analyzed by thin-layer
chromatography and autoradiography (3). Mu-
tants lacking a-ketoglutarate dehydrogenase
were distinguishable from the parent strain only
after labeling with '*C-glutamate. Aconitase and
isocitrate dehydrogenase mutants accumulated
asparate and citrate (or isocitrate) but did not
label glutamate or a-ketoglutarate. The single a-
ketoglutarate dehydrogenase mutant studied ac-
cumulated '*C-glutamate and '‘C-a-ketoglu-
tarate but no *C-citrate when labeled with '*C-
succinate. Only !'*C-a-ketoglutarate, '*C-gluta-
mate, and **C-citrate (or isocitrate) accumulated
when this mutant was incubated with '‘C-gluta-
mate. Succinate dehydrogenase-negative mutants
accumulated only '*C-succinate when incubated
with '*C-succinate. Fumarase mutants accumu-
lated fumarate; no succinate was observed in cell
pools. The single malate dehydrogenase mutant
accumulated '*C-glutamate, !'*C-malate, and
14C-succinate; surprisingly, '*C-fumarate and
other intermediates were not detected. The accu-
mulation of glutamate by this mutant is perhaps
due to the conversion of malate, via malic en-
zyme to pyruvate and the reentry of radioactive
carbon into the tricarboxylic acid cycle as '*C-
acetate.

One mutant, apparently deficient in citrate
synthase (HS1A17), and two which appeared to
lack both citrate synthase and aconitase
(HS1A14 and HS2A1) when grown on NSM
(Table 1) and were glutamate auxotrophs (Table
2) accumulated very small amounts of citrate (or
isocitrate). This finding prompted further studies
which have shown them to be leaky mutants or
mutants with a modified enzyme.
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Nutritional studies. Mutants deficient in citrate
synthase, aconitase, and isocitric dehydrogenase
would be expected to be glutamate auxotrophs
(3, 6, 11), and this assumption was borne out in
further tests of the mutants isolated (see Table 2).
Mutants with lesions in a-ketoglutarate dehy-
drogenase, succinate dehydrogenase, and fu-
marase cannot grow on media containing gluta-
mate as the sole energy source. A single mutant
lacking malate dehydrogenase was capable of
growing on glutamate as the sole energy source.
All mutants were tested for a tryptophan require-
ment to insure that they were derived from B.
subtilis 168.

Some mutants that were isolated as acid-accu-
mulating mutants and were subsequently shown
to be devoid of citrate synthase (HS1A17), acon-
itase (HS1A12), and isocitric dehydrogenase
(HS1A15) when grown on NSM (Table 1) were
able to grow on a synthetic glucose medium de-
void of glutamate, arginine, and proline at 37 C
(Table 2). The growth of these mutants on a
minimal glucose medium was shown to be tem-
perature, dependent (Table 3). The parent strain,
B. subtilis 168, grew on a minimal glucose-agar
medium at 37 and 50 C, whereas none of the
mutants listed above grew at 50 C on this me-
dium. Mutant HS1A17 grew at 50 C when gluta-
mate or citrate was added to the synthetic me-
dium containing glucose, and all were capable of
growing on glutamate as an energy source at 50
C. These results indicated that a modified en-
zyme in the first half of the tricarboxylic acid
cycle was inactivated during growth at 50 C and
that this defect resulted in a temperature-de-
pendent requirement for citrate or glutamate.
These mutants formed low levels (compared to
B. subtilis 168) of enzymes when grown on heart
infusion broth at 37 C and accumulated organic
acids on purification medium agar.

Mutant HS1A17 has been studied in some
detail. The growth rate of this mutant on a syn-
thetic medium containing glucose plus 15 amino
acids (see Table 2) decreases at temperatures
above 45 C and it does not grow above 47.5 C on
this medium. When the medium is supplemented
with arginine or proline and glutamate, the
growth rate is identical to that of the wild type at
50 C (D. Johnson, R. Carls, and R. Hanson,
unpublished data). Citrate synthase was partially
purified from extracts of cells grown on a min-
imal succinate and heart infusion broth, and the
enzyme was found to be inactivated by 5 min of
exposure to 44 C, whereas the wild-type enzyme
was stable at the same protein concentration at
46 to 48 C (Fig. 1). The K, values for oxalace-
tate and acetyl-coenzyme A were found to be
identical to those of the wild-type enzyme (2),
but the citrate synthase from HS1A17 was not
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TABLE 1. Specific activities of citric acid cycle enzymes in Bacillus subtilis 168 and tricarboxylic acid cycle
mutants in extracts of cells grown in nutrient sporulation medium

Specific activity®
Source of enzymes

cs’ Acon IDH AKGDH SDH Fum MDH
B. subtilis 168 3.5 25 9.0 0.15 10.0 7.0 40
B. subtilis HS1A17 <0.05 0.3 9.0 — 7.9 6.5 30
B. subtilis HS1A 14 <0.05 <0.10 4.0 — 8.0 1.5 36
B. subtilis HS2A1 <0.05 <0.10 11.5 — 7.3 5.6 44
B. subtilis HS1A3 3.6 <0.10 6.0 — — 6.7 —
B. subtilis HS1A11 44 <0.10 13.3 0.1 7.9 5.0 42
B. subtilis HS1A 12 33 <0.10 8.6 — — 115 —_
B. subtilis HS1A19 1.8 <0.10 6.8 _— 6.0 32 59
B. subtilis HS1A23 0.3 <0.10 14.7 — —_ 5.4 _
B. subtilis HS3A1 23 <0.10 6.9 —_ 7.7 1.2 21.7
B. subtilis HS3A20 0.4 <0.10 59.0 — 7.1 58 91
B. subtilis HS1A1S 39 <0.10 <0.01 —_ 6.9 6.6 27
B. subtilis HS2A2 13.0 15.0 <0.01 —_ 6.3 7.0 55
B. subtilis HS3A 16 39 0.3 6.7 <0.01 16.0 7.9 23
B. subtilis HS3A 17 2.7 0.6 1.5 0.04 56.5 5.2 19
B. subtilis HS1A1 29 0.2 6.6 2.0 <1.0 14.3 —
B. subtilis HS1A7 2.8 0.3 4.1 —_ <1.0 4.7 12
B. subtilis HS1A9 0.6 0.5 34 — <1.0 1.9 21
B. subtilis HS1A13 2.0 1.0 1.7 — <1.0 3.1 9.7
B. subtilis HS1A16 23 0.9 7.3 — <1.0 5.0 16.5
B. subtilis HS1A18 1.3 0.3 4.5 — <1.0 1.9 12.7
B. subtilis HS1A22 1.9 0.5 5.0 - <1.0 6.9 32.0
B. subtilis HS1A6 1.5 0.8 6.1 — — <0.1 —
B. subtilis HS1A8 22 0.7 438 — - <0.1 —
B. subtilis HS1A21 2.1 0.4 5.0 — 10.7 3.6 <1.0

2Specific activities are expressed in micromoles per minute per milligram of protein multiplied by 10.
" Enzymes assayed were citrate synthase (CS), aconitase (Acon), isocitrate dehydrogenase (IDH), a-ketoglu-
tarate dehydrogenase (ADGDH), succinate dehydrogenase (SDH), fumarase (Fum), and malate dehydrogenase

(MDH).

¢ Indicates that the levels of this enzyme were not determined.

significantly inhibited by an adenosine triphos-
phate (ATP) concentration that caused 80% inhi-
bition of the wild-type enzyme (Table 4). Mu-
tants HS1A12 and HS1A1S5 with apparent tem-
perature-sensitive defects in aconitase and isocit-
ric dehydrogenase were not characterized further.

One mutant (HS1A8) devoid of fumarase and
one devoid of malate dehydrogenase (HS1A21)
also appeared to have conditionally expressed
defects in glutamate synthesis (Table 3). This
phenomenon was not investigated further. One
possible explanation is that the intracellular ac-
cumulation of dicarboxylic acids results in sensi-
tization of one or more of the enzymes in the
first half of the tricarboxylic acid cycle to higher
temperatures. An aconitase mutant, HS1A12,
also shows a conditionally expressible defect in
the second half of the tricarboxylic acid cycle
because it does not grow on glutamate as a sole
energy source at 50 C.

All other mutants were tested for growth on
several media at temperatures between 25 and 50
C and none exhibited conditionally expressible
phenotypes.

Enzymatic assays. Table 1 shows the results of
enzymatic assays of mutants grown on NSM.
Because a few mutants that were defective for an
enzyme gave autoradiograms that indicated that
they were leaky, attempts were made to obtain
detectable levels of enzymatic activity by growth
on several media. Mutant HS1A17, with a tem-
perature-sensitive citrate synthase, had undetect-
able levels of enzyme on NSM but formed 10%
of the wild-type levels of citrate synthase on
heart infusion broth and formed detectable levels
of citrate synthase in defined medium with glu-
cose or succinate as the energy source. Other
mutants devoid of citrate synthase and aconitase
when grown on NSM (HSIAI4 and HS2AI)
also formed detectable levels of enzyme when
grown on heart infusion broth. These resuits
were predictable from the autoradiographic
studies described above.

Mutant HS1A12, an aconitase mutant which
synthesized small amounts of '*C-glutamate
from '*C-succinate, synthesized detectable levels
of aconitase in heart infusion broth but not in
NSM. All other mutants were tested for ability
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TABLE 2. Nutritional requirements of tricarboxvlic
acid (TCA) cycle mutants of Bacillus subtilis

CARLS AND HANSON

Media®
TCA

Organism cycle try-

# le:ion" gle "Iy Doty gli-

gle . glu elu

B. subtilis 168 -+ 4+ 4+
B. subtilis HS1A14  cts-acn - -+ o+
B. subtilis HS2A 1 cts-acn - -+ o+
B. subtilis HS1A17  cts -+ o+ 4+
B. subtilis HS1A3 acn - -+ 4+
B. subtilis HS1A1l  acn - -+ o+
B. subtilis HS1A19  acn - -+ 4+
B. subtilis HS1A23  acn - -+ o+
B. subtilis HS3A1 acn - -+ 4+
B. subtilis HS3A20  acn - -+ o+
B. subtilis HS1A12  acn -+ 4+ o+
B. subtilis HS2A2 idh - -+ o+
B. subtilis HS1A15  idh -+ + 4+
B. subtilis HS3A16  kdh -+ - 4+
B. subtilis HS3A17  Unknown' | - 4+ - 4+
B. subtilis HS1A1 sdh- -+ -+
B. subtilis HS1A7 sdh -+ -+
B. subtilis HS1A9 sdh -+ -+
B. subtilis HS1A13  sdh- -+ -+
B. subtilis HS1A16  sdh - 4+ -+
B. subtilis HS1A22  sdh -+ -+
B. subtilis HS1A6  fum - 4+ -+
B. subtilis HS1A8 Sfum -+ -+
B. subtilis HS1A21  mdh -+ o+ o+

2Determined by enzyme assay. Abbreviations: cts,
citrate synthase; acn, aconitase; idh, isocitrate dehy-
drogenase; kdh, a-ketoglutarate dehydrogenase; sdh,
succinic dehydrogenase; fum, fumarase: mdh, L-malate
dehydrogenase. Superscript minus indicates the absence
of an enzyme; no superscript indicates a leaky mutant
with low but detectable levels of the enzyme indicated.

® Minimal Tris medium plates plus 15 amino acids
plus additions indicated. The 15 L-amino acids added
were (I mg/ml each): alanine, asparagine, aspartate,
cysteine, glycine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, serine, threonine, tyrosine,
and valine. The amino acids were neutralized with
NaHCO; and were filter sterilized. Abbreviations: try,
tryptophan (10 ug/ml); glc, glucose (0.5%); glu, gluta-
mate (50 mMm).

¢ Growth (+); no growth (-).

9 Succinyl-CoA synthetase was not assayed. Other
characteristics of this organism indicated that the le-
sion might be in this enzyme.

to synthesize enzymes in synthetic media and
heart infusion broth. Only one other mutant,
HSI1A15, a conditionally expressible isocitrate
dehydrogenase mutant, synthesized detectable
levels of enzyme in heart infusion broth but not
NSM.

There was excellent agreement among the
three methods for characterization of mutants.
In each case that an incomplete block was de-
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tected, it was detectable by labeling patterns and
enzymatic assays of extracts from cells grown on
several media. In all other mutants, all three
methods used provided data supporting a com-
plete block at one reaction in the tricarboxylic
acid cycle.

Several other interesting observations are
worth brief mention. Mutant HS3A20, an aconi-
tase-negative mutant, forms 9 to 10 times more
isocitrate dehydrogenase than the wild-type
strain on NSM. This phenomenon is possibly
due to the inability of this strain to synthesize a-
ketoglutarate, an effector of repression of citrate
synthase, aconitase, and isocitrate dehydrogenase
in B. subtilis (2). An isocitrate dehydrogenase
mutant, HS2A2, forms a high level of citrate
synthase and aconitase, possibly for the same
reason. Other citrate synthase, aconitase, and
isocitrate dehydrogenase mutants do not have
derepressed levels of the remaining enzymes of
the first half of the tricarboxylic acid cycle when
grown under the same conditions. This is be-
lieved to be due to the fact that compounds that
are metabolized to form a-ketoglutarate were
not exhausted when these cultures were harvested
(unpublished data). When grown under condi-
tions of glucose limitation, all mutants with low
or undetectable levels of citrate synthase and
aconitase form very high levels of isocitrate de-
hydrogenase (Table 5.) It was possible to in-
crease the specific activities of isocitrate dehy-
drogenase 28- to 130-fold over the wild-type levels
in these mutants. Rutberg and Hoch (11) pre-
viously reported that a block in aconitase in-
creases the specific activity of isocitric dehydro-
genase and vice versa in cells grown on a modi-
fied NSM medium.

Mutants HS1A14 and HS2A1 that have low
but detectable levels of citrate synthase when
grown on heart infusion broth also have low
levels of aconitase. It has been shown that the
synthesis of citrate synthase and aconitase was
coordinate in B. subtilis (2), and this phenom-
enon may reflect a mutation in a gene control-
ling the synthesis of both enzymes. Attempts to
derepress further the synthesis of citrate synthase
and aconitase by limitation of glucose in mutants
HS1A14, HS1A17, and HS2A1 were partly suc-
cessful (compare Tables 1 and 5). Although the
enzyme levels obtained were low compared to the
activities obtained with the wild-type strain, limi-
tation of glucose resulted in considerably higher
levels of the respective enzymes than have been
obtained by growth on complex media.

Expression of early-stage sporulation events in
tricarboxylic acid cycle mutants. Mutants that
are unable to synthesize an enzyme that appears
early in sporulation often do not express other
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TABLE 3. Growth of some tricarboxylic acid (TCA) cycle mutants on different media at 37 and 50 C
Media”
Apparent
Organism TCA cycle try glc try gle-cit try glu try glc-glu
lesion”
37C 50 C 37C 50C 37C 50C 37C 50C

Bacillus subtilis 168 None + + + + + + + +
B. subtilis HS1A17 cts + - + + + + + +
B. subtilis HS1A11 acn - — - + _ + +
B. subtilis HS1A12 acn + - + + + - + +
B. subtilis HS1A1S idh + - + + + + + +
B. subtilis HS1A8 Sfum® + - + - - - + +
B. subtilis HS1A21 mdh- + - + + + + + +

9 Symbols for the lesions as in Table 2.

® Minimal Tris medium plated plus 15 amino acids plus additions indicated. The additions to the minimal Tris

medium are identical to those described in Table 2, excel

> 1.0 ¥ X L] T v T T T
— [~ B. subtilis-
W ; 0.8 - X 168 7
O 6 L ‘/ 4
% b 06} \
= " B subtilis-
0 g 04t HS1A17 x .
2N “ ~
wO©o02} J
@ - K
O O‘O L 2 s L2 A " r
42 44 46 48 50 52
TEMPERATURE (C)

FIG. 1. Stability of citrate synthases from Bacillus
subtilis 168 and B. subtilis HS1A17 at different tem-
peratures. Partially purified preparations of citrate syn-
thase from B. subtilis 168 and B. subtilis HS1A17 were
incubated for 5 min at the temperatures indicated in
10~ M tris(hydroxymethyl)\aminomethane, 10-2 M eth-
ylenediaminetetracetic acid, and 10~* M citric acid, pH
7.8. The optical density (280 nm) was adjusted to 18
prior to heating.

sporulation-related events (1, 12). For this rea-
son, it is often difficult to recognize the primary
lesion in many asporogenous and oligosporog-
enous mutants (9). All the mutants isolated
showed normal proteolytic activity against the
following substrates that have been used by Bal-
assa (1) for the isolation of different proteinase-
negative mutants: gelatin, casein, denatured albu-
min, native albumin, protamine, and hemo-
globin. All mutants showed antibacterial activity
against B. subtilis strain H and S. aureus used as
indicators for distinct antibacterial agents de-
scribed by Shaeffer (12) and Balassa (1). None of
the mutants reduced triphenyltetrazolium chlo-
ride when assayed by the method of Balassa (1)
and none except HS1A21 (a malic dehydro-
genase mutant) hydrolyzed elastin. The inability

pt for citrate (5 g/liter); +., growth; —, no growth.

TABLE 4. Inhibition of partially purified citrate
synthase from Bacillus subtilis 168 and B. subtilis
HSI1A17 by ATP

Source of ATP added Control

enzyme* (mM) activity” (%)

B. subtilis 168 None 100

2 45

4 19

6 20

B. subtilis HS1A17 None 100

2 123

4 81

6 83

10 78

2The enzyme preparations were partially purified
from extracts of B. subtilis 168 and B. subtilis HS1A17
by precipitation with ammonium sulfate (R. A. Carls,
Ph.D. Thesis, Univ. of Wisconsin, Madison, 1970).

*The reaction mixtures contained in 1.0 ml: 10
umoles of tris(hydroxymethyl)aminomethane-acetate,
pH 7.8; 1.0 umole of oxaloacetate; 0.06 umole of
5,5’-dithobis-(2-nitrobenzoic acid), and 0.1 umole of
acetyl coenzyme A and ATP as indicated.

to hydrolyze elastin probably reflects the loss in
viability of the cells on NSM agar. Elastase ac-
tivity appears after 4 to 7 days of incubation at
37 C, and the mutants examined lose viability
rapidly after 2 to 4 days of growth on this me-
dium.

Sporulation of tricarboxylic acid cycle mutants.
In contrast to previous results (3-6, 9, 12), some
of the mutants isolated in this study sporulate at
frequencies approaching those observed with the
parent strain (Table 6). Fifty-seven per cent of
the viable cells at 7, ; of B. subtilis Marburg 168
form spores in a NSM medium. Mutants devoid
of aconitase (HS1A12 and HS1A19) and suc-
cinic dehydrogenase (HS1A7, HS1A9, HS1A13,
HS1A16, and HSI1A1l) formed spores in 1 to
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TABLE 5. Specific activities of citrate synthase,
aconitase, and isocitric dehydrogenase in extracts of
cells grown on a glucose-limited medium®
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TABLE 6. Sporulation of tricarboxylic acid (TCA)
cycle mutants in nutrient sporulation medium (NS M)
and on heart infusion broth (HIB)

Specific activity® TCA S/v*
Source of enzyme Organism cycle
CS Acon IDH lesion NSM HIB

Bacillus subtilis 168 3.0 11.0 10.0 Bacillus subtilis 168 57 x 10" 5x 102
B. subtilis HS1A17 0.2 1.5 430 B. subtilis HS1A17 cts 6.7 x 10! 8 x 10°*
B. subtilis HS1A 14 0.9 ND¢ 1300 B. subtilis HS1A14 cts-acn | 1.6 x 1077 1.2 x 10°*
e - B. subtilis HS2A1 cts-acn | 7.3 x10% 3.1 x 10 ¢

B. subsilis HS2A1 01 ND 280 B. subtilis HS1A3 acn 22x10° <10 °
:1: 7 -5
2 The growth medium contained (per liter of me- g i:ll:::zi gg:ﬁ:; Zi: |.8< :(Olo 2 :gi :0,.
dium): phosphate buffer (10 mM, pH 7.0), glucose g subrilis HSI1AI9 acn 19% 10 55x%x10°

(0.1%); glutamate, arginine, and proline (I mM each),  B. subiilis HS1A23 acn 32x10 ¢ <10-"
tryptophan (20 mg/ml); a mixture of the 15 amino  B. subtilis HS3A1 acn 1.3x10°¢ 55x10°
acids listed in Table 2 (10 mg each); and 5 ml of the  B. subtilis HS3A20 acn 52x10°* 26 x10°°
metal mixture described in Materials and Methods.  B. subtilis HS1AIS idh <10’ h.4 x 107

Cells harvested 2 hr after the end of logarithmic growth g- ‘“:’{;’F HS2A2 ;:Z'h < :8 : 2~23< )|<0I(’)

and the enzymes were assayed as described in Materials - i:b::l:j :g;?:g’ ses il 0 <10
and Methods. L B. subilis HS1AI sdh | 55x 107 8x10°?
Specific activities are expressed in micromoles per g cuprilis HS1A7 sdh 84x102 26x10°?
minute per milligram of protein. Figures shown to be  B. subrilis HS1A9 sdh 11x102 13x10°2
multiplied by 10°. Enzymes assayed were: citrate syn-  B. subtilis HS1A13 sdh 25x102 29x10?
thase (CS), aconitase (Acon), and isocitrate dehydro-  B. subtilis HS1A16 sdh 78 x 10 * 1 x 10!

genase (IDH). B. subtilis HS1A18 sdh <107 <10’
“Not detectable; less than 0.01 units per milligram  B. subtilis HS1A22 sdh 16 x 1072 1.4 x 10°2
of protein. B. subtilis HS1A6 Sfum 27x10* 57x10°*
B. subtilis HS1A8 Sfum <107 52 x 107

B. subtilis HS1A21 mdh <10 7 <107

12% of the viable population. Several factors
have been shown to affect the accuracy of the
estimates of sporulation frequencies. The time of
the maximum heat-stable count varies consider-
ably with the mutant studied. The parent strain
formed the maximum number of spores 25 hr
after the end of logarithmic growth, and the
number of spores remained constant for another
20 hr. In all of the mutants examined, the heat-
stable count decreased after reaching a max-
imum. In one case, the maximum heat-stable
count was observed 14 hr after logarithmic
growth and decreased by two logs during the
next 24 hr (unpublished data). All mutants lost
viability after logarithmic growth was completed.
Viable counts were taken immediately after loga-
rithmic growth was completed, and sporulation
frequencies reflect the fraction of the total popu-
lation that formed spores rather than the fraction
of the population that survived long enough to
complete sporogenesis. Therefore, the results
presented in Table 6 reflect a minimum estimate
of the sporulation frequencies of the mutants.
Because media affected the synthesis of tricar-
boxylic acid cycle enzymes in some mutants in a
manner different from effects observed with the
parent strain, sporulation was also measured on
different media. From the results of Table 6, it is
also apparent that some mutants (particularly
mutant HS1A12) sporulate better than the
parent strain on heart infusion broth and sporu-
late better on this medium than on NSM. NSM

2 Symbols for each lesion are identified in Table 2.
*S/V is equal to the maximum thermostable counts ob-
served divided by the total viable counts at 4 5.

is the better medium for sporulation of the
parent strain.

DISCUSSION

The technique described for the isolation of
tricarboxylic acid cycle mutants has proved to be
a rapid and specific means for the isolation of
mutants that do not exhibit recognizable pleio-
trophic defects. All the tricarboxylic acid cycle
mutants we have isolated produce normal zones
of inhibition against S. aureus and B. subtilis
strain H and normal proteinase activities against
all substrates but elastin. Only two of the mu-
tants isolated which produce halos on isolation
medium and yellow colonies on purification me-
dium have not been identified as tricarboxylic
acid cycle mutants. One required hemoglobin for
growth and has no recognizable lesion in the tri-
carboxylic acid cycle. It does not respond to
heme precursors. The other mutant cannot con-
vert '*C-succinate to other tricarboxylic acid
cycle intermediates and accumulates *‘C-suc-
cinate when incubated with '‘C-glutamate. Al-
though apparently blocked in the conversion of
succinate to fumarate, extracts of this mutant
have normal levels of succinic dehydrogenase and
succinate thiokinase. Using the technique de-
scribed, we isolated previously undetected mu-
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tants of B. subtilis lacking malate dehydrogenase
and one with a modified citrate synthase activity.
Citrate synthase mutants have not been reported
in B. subtilis. The technique has been shown to
be useful in the isolation of mutants that produce
very low but detectable levels of tricarboxylic
acid cycle enzymes.

Rutberg and Hock (11) reported that the ge-
netic determinants for isocitrate dehydrogenase,
a-ketoglutarate dehydrogenase, fumarase, and
succinic dehydrogenase are unlinked. Previous
reports from this laboratory have indicated that
these enzymes are not coordinately regulated in
B. subtilis 168. Citrate synthase and aconitase
are coordinately regulated and may belong to a
single operon (2, 7). The isolation of mutants
that are deficient in both of these enzymes sup-
ports the hypothesis that at least one gene regu-
lates the synthesis of both proteins or that they
share a protein in common.

The usefulness of mutants blocked in one reac-
tion of the tricarboxylic acid cycle for the pro-
duction of another enzyme is indicated by the
results presented here and those of Rutberg and
Hock (11). It is possible to greatly increase the
specific activities of aconitase, isocitric dehydro-
genase, and citrate synthase over those obtain-
able with the parent strain by using the appro-
priate medium and mutant.

Because two aconitase-negative mutants and
one succinic dehydrogenase mutant isolated form
spores in at least 1 to 10% of the viable cells, we
can conclude that a functional tricarboxylic acid
cycle is not essential to sporogenesis as pre-
viously proposed (13). It is also obvious that dif-
ferent methods of isolation may select tricarbox-
ylic acid cycle mutants that differ in their abili-
ties to express other postlogarithmic growth-
phase events. We cannot explain why some tri-
carboxylic acid cycle mutants sporulate very
poorly while others with the same lesion in the
tricarboxylic acid cycle sporulate reasonably
well. In each case in which sporulation was ob-
served, we have shown that all of the surviving
spores have retained the original marker and are
not revertants. Freese and co-workers (5) pro-
posed that poor sporulation of tricarboxylic acid
cycle mutants results from a deficiency of ATP
during sporogenesis. The aconitase-negative
mutants isolated in this laboratory all show a
drop in ATP levels after stationary phase. One
that sporulates at frequencies above 1% main-
tains slightly higher ATP levels in stationary
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phase than those that sporulate poorly, but it has
considerably lower levels of ATP than the wild
type (A. A. Yousten and R. S. Hanson, unpub-
lished data).
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