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Aerobacter aerogenes is able to utilize citric
acid as sole source of carbon for growth in both
aerobic and anaerobic conditions. From an an-
alysis of fermentation liquors Deffner and Franke
(1939) and Brewer and Werkman (1939) con-
cluded that citric acid is decomposed anaerobi-
cally to oxalacetate and acetate as initial prod-
ucts. Manometric studies by the latter workers,
using Aerobacter indologenes, showed that oxal-
acetic, pyruvic, and L-malic acids were fermented
readily in addition to citric acid, and they also
suggested that the "citrate enzyme" was adap-
tive rather than constitutive. Ajl and Werkman
(1949) observed the effect of bisulfite and other
inhibitors on the ability of citrate to replace the
CO2 requirement of A. aerogenes and concluded
that the aerobic decomposition of citric acid
occurs by a different mechanism. Preparation of
bacterial extracts which catalyze some of the
reactions of the tricarboxylic acid cycle (Korkes
et al., 1950; Stone and Wilson, 1952) has estab-
lished a pathway for citrate oxidation by this
mechanism. Krebs (1950) has drawn attention to
the possibility that the dissimilation of citrate to
oxalacetate and acetate may be a reversal of the
synthesis of tricarboxylic acids and accordingly
deserves further attention than it has received
so far.
For unaerated cultures of A. aerogenes rela-

tionships between bacterial crop and nutrient
concentration are linear for glucose (Dagley et al.,
1951) and citrate (Dagley et al., 1953) up to
certain concentrations, beyond which further ad-
ditions of carbon source produce no increase in
crop in the presence of excess nitrogen source.
Aeration of such cultures results in large increases
in crop and further consumption of the source of
carbon. Among the suggestions to account for the
effect of aeration on glucose cultures is that of
Fowler (1951) attributing fermentation to an
unspecified adaptive enzyme, inactivated by oxy-
gen. Since the effect of aeration on growth of cul-
tures utilizing glucose and citrate is similar, it
was of additional interest to study further the

citric acid metabolism of A. aerogenes for which
a definite adaptive enzyme has been postulated
in anaerobic conditions.

EXPERIMENTAL METHODS

The organism used in this work was Aerobacter
aerogenes, N.C.T.C. strain 418. Growth curves
were constructed by the methods described in
earlier work (Dagley et al., 1950). For reasons
discussed later, the medium from which cells were
harvested contained a concentration of citrate
limiting for growth and was as follows. Medium
A: Na citrate dihydrate, 7 g; KH2PO4, 5.4 g;
(NH4)2S04, 1.2 g; and MgSO4 7H20, 0.4 g per
liter glass distilled water; pH adjusted to 7.1.
The MgSO4 was added aseptically as a 10 per
cent (w/v) solution after sterilization. In certain
experiments a higher concentration of citrate was
employed (growth medium B), namely 21 g per
liter. Citrate-phosphate solution contained Na
citrate dihydrate, 21 g; KH2PO4, 5.4 g; and
MgS04 7H20, 0.4 g per liter glass distilled water;
pH adjusted to 7.1. For cells grown with aeration
a gentle stream of sterile air was passed through
the culture; semianaerobic conditions were ob-
tained in round flasks filled to the neck. Experi-
ence showed that cells grown in this latter way
had similar properties to those grown under
strictly anaerobic conditions in a McIntosh and
Fildes jar.

Pyruvic and total keto acids were determined
by the method of Friedemann and Haugen (1943),
and glucose, by the method of Nelson (1944).
Pyruvic and a-ketoglutaric acids were separated
as their 2,4 dinitrophenylhydrazones by paper
chromatography; confusion of a-ketoglutarate
with oxalacetate was eliminated by treatment
of the metabolizing fluids either with aniline
citrate or with 0.5 N HC1 at 100 C for 15 min.
Identification of the 2,4 dinitrophenylhydrazone
of a-ketoglutaric acid was confirmed by plotting
absorption spectra of eluates from chromato-
grams; details of these procedures have been
given already (Dagley et al., 1952).
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RESULTS

Keto acid production. Cells were harvested
from aerated and from unaerated citrate media,
washed, adjusted to equal turbidities, and aerated
at 37 C with citrate-phosphate solution. Samples
were taken at certain time intervals, the bacteria
removed by centrifugation and pyruvate, and
total keto acid concentrations determined. Figure
1 shows that the initial rate of total keto acid
accumulation for cells grown without aeration is
approximately fifty times greater than that for
cells grown with aeration. Further, pyruvate ac-
counts for the total keto acid production in the
former case but only for a small fraction in the

Figure 1. Effect of growth conditions on produc-
tion of keto acids from citrate by nonproliferating
suspensions of Aerobacter aerogenes. Keto acid
concentrations: total, 0; pyruvic acid, *. The
difference in ordinate scales should be noted.

latter. Analysis of the 2,4 dinitrophenylhydra-
zones by paper chromatography, as described in
the previous section, demonstrated the formation
of a-ketoglutarate in addition to pyruvate by
aerated grown cells; no spot corresponding to
a-ketoglutarate was observed for cells grown
without aeration. Confirmation of pyruvate as
the sole keto acid formed by the latter was ob-
tained as follows. Cells were harvested from 10
liters of anaerobic culture, resuspended in 4 liters
of citrate-phosphate solution containing 0.0025 M
As203, and incubated for 3 hours at 37 C. After
Seitz filtration and addition of 300 ml conc HCl
and 500 ml 2,4 dinitrophenylhydrazine (0.1 per

cent (w/v) in 2 N HCI), the solution was allowed
to stand at room temperature overnight. The
solution (ca 1.5 liters) obtained after repeated

extraction by ethyl acetate was reextracted with
500 ml 10 per cent (w/v) Na2COs. The latter on
slight acidification with conc H2SO4 yielded a
yellow precipitate which was filtered and re-
crystallized from ethyl acetate-ligroin. Yield ca
0.5 g; mp, alone or admixed with authentic
2,4 dinitrophenylhydrazone ofpyruvic acid, 213 C.
Analysis (Drs. Weiler and Strauss, Oxford): C
40.6, H 3.1, N 21.4. C,H806N4 requires C 40.4,
H 3.0, N 20.9 per cent. Experiments similar to
those of figure 1 were conducted using a stream
of nitrogen in place of air. The concentration of
keto acid produced in 30 min by cells grown with-
out aeration was 1,220 and 1,490 ;&M per liter in
air and nitrogen, respectively. Cells grown with
aeration yielded respectively 100 and 30 UM per
liter in 60 min. Clearly replacement of air by
nitrogen considerably reduces keto acid produc-
tion by aerobically grown cells but does not
similarly affect this capacity in cells grown an-
aerobically.

Effect of aeration on adaptation to citrate dis-
8imilation. From figure 1 it is seen that anaerobic
growth in citrate medium confers upon the cells
ability to produce pyruvate rapidly from citrate.
We have used the following test to measure this
ability. A sufficient quantity of cells was har-
vested, washed, and resuspended in 4 ml citrate-
phosphate solution to give a population of 109
bacteria per ml. After incubation in a 6 by M in
tube for 10 min the cells were removed by centri-
fugation and the keto acid concentration deter-
mined to give a quantity QKA, expressed as JAm
per 109 cells per 10 min.
When inocula for unaerated or strictly an-

aerobic citrate cultures were taken from broth
or glucose-ammonium salt cultures, lag periods
occurred. The test described was carried out
with cells in this lag phase and no keto acids
were detected, but at the onset of the logarithmic
phase the cells acquired ability to produce pyru-
vate. This development of large QKA values by
cells actively engaged in splitting citrate an-
aerobically has provided a useful tool for inves-
tigating the factors affecting this enzyme system.

Cells from an unaerated citrate culture were
harvested, washed, resuspended in citrate growth
medium (B) to give a population of ca 250 mil-
lions per ml and aerated at 37 C. The QKA
values of cells withdrawn at suitable time inter-
vals were determined; growth also was followed.
Parallel experiments were conducted with cells
grown aerobically; after harvesting, washing, and
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resuspending in citrate growth medium they
were incubated without aeration in 6 by M in
tubes. The results of these experiments are shown
in figure 2 where it is seen that the former batch
of cells progressively lost their high QKA values
as they grew with aeration, while the second
batch exhibited a lag period of 250 min before
anaerobic growth occurred and a high QKA value
was developed rapidly at this time.

Cells harvested from an aerated culture were
resuspended in growth medium (B) to give a
population of ca 250 X 10 cells per ml, and two

DO 200 300
TIME (MINUTES)

Figure 2. Effect of growth conditions on ability
of Aerobacter aerogenes to produce keto acids from
0.07 M citrate (QxA). Growth in aerated citrate
medium: the inoculum was grown in an unaerated
medium, (1); loss in QA of cells during growth,
(2). Growth in unaerated citrate medium, previous
growth aerobic, (3); gain in QKA of cells in growth,
(4).

50 ml lots were incubated in large boiling tubes
at 37 C. One tube was aerated and the other was
not; growth was followed in each tube and QKA
values of samples of cells taken at intervals were
determined (figure 3). Growth in the unaerated
medium commenced after a lag period of 50 mi,
and at that time there was a sudden rise in QKA
to 1.1. This value was maintained for about 2
hours while the cells were actively dividing, but
towards the end of logarithmic growth a sharp
fall in QKIA occurred. The cells which were
aerated exhibited no lag phase and their QKA
value rose only slightly to 0.2.

Effect of acetate on QKA values. In figure 3 the

decrease in rate of growth towards the end of the
logarithmic phase is accompanied by a fall in
QKA, and this suggests that loss of ability to
dissimilate citrate governed the onset of the
stationary phase. A relationship between sta-
tionary population and citrate concentration for
unaerated cultures providing excess nitrogen

Figure S. Changes in QKA during logarithmic
growth. Bacteria were grown in aerated citrate
medium and transferred to (A) aerated, (U) un-
aerated media. Growth, 0; QKA, *.

Figure 4. Relationship between stationary popu-
lation and citrate concentration, shown by open
circles. Values of Qi, for cells harvested from their
stationary phases are shown by solid circles.

source (0.2 per cent w/v (NH4)2SO4) was ob-
tained by methods previously described (Dagley
et al., 1951) and is shown in figure 4. The break-
down in the linear relationship at concentrations
higher than 5.4 X 10-2 M citrate indicates that
citrate remained unconsumed in the medium at
these concentrations, and this has been verified
by chemical analysis (Dagley et al., 1953). The
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pH of such cultures in the stationary phase is
7.0 to 7.5, suggesting that growth cessation is
due solely to the adverse effect of accumulated
products of metabolism. For cells grown to their
stationary phase in various concentrations of
citrate, QKA values fell sharply above 2.7 X 102
M citrate. That the agent responsible for cessa-
tion of growth and reduction in QKA may be
acetate is supported by the following experiment.
Cells were grown without aeration in media con-
taining a limiting concentration of citrate (2.3 X

TIME (MINUTES)

Figure 5. Diauxie growth in unaerated citrate
medium containing a limiting concentration (0.7
mg/ml) of glucose. Bacteria for inoculation were

grown in unaerated citrate medium. Growth,
(1); glucose concentration in medium, (2); ability
to ferment citrate, (3).

10- M) to which additions of sodium acetate were

made. The QKA for cells grown without acetate
addition was 0.92 and for those grown in the
presence of 2.3 and 4.6 X 10- M acetate was

0.61 and 0.16, respectively. Further experiments
with cells of high initial QKA values showed that
the rate of keto acid production on incubation
with citrate-phosphate solution was diminished
by acetate addition and that activity was not
recovered merely by washing; activity, however,
was regained rapidly during incubation with the
complete growth medium at 37 C. Omission of

MgSO4 from the medium prevented growth and
recovery of activity.
From these experiments it was clear that for

production of cells of high QKA it was necessary
either to harvest them during the logarithmic
phase or to grow them at limiting citrate con-
centrations.

Effect of glucose on citrate dissimilation. Brewer
and Werkman (1939) observed that glucose, in
glucose-citrate mixtures, was fermented much
more rapidly by A. indologenes than the citrate.
In figure 5 it is seen that when growth occurred
without aeration in a medium containing 0.4 X
102 M glucose and 7.1 X 10 2 M citrate, after
inoculation with cells grown anaerobically on
citrate, the phenomenon of diauxie (Monod,
1942) was exhibited and the citrate in the medium
was attacked only after a period of adaptation
when the glucose disappeared. Measurements of
the ability of the cells to ferment citrate were
made for samples taken at intervals during the
experiment. Gas evolution in an atmosphere of
N2 + 5 per cent CO2 was measured in Warburg
respirometers over a 10 minute interval; the
flasks, at 37 C, contained 109 cells per ml in 3 ml
citrate-phosphate solution. Citrate fermentative
ability decreased rapidly during growth on glucose
and was regained when cellular division recom-
menced. In similar experiments QKA values for
cells sampled during growth decreased to zero
during glucose consumption and increased again
at the end of the adaptive period.

Inhibition of citrate dissimilation by arsenite.
Complete inhibition of citrate dissimilation by
0.003 M arsenite was reported by Brewer and
Werkman (1939). We found, however, that 0.0025
M As2O3 completely inhibited pyruvate dissimila-
tion but permitted some evolution of gas from
citrate. Total gas evolution from citrate and
pyruvate in the presence and absence of As2O8
was measured for anaerobically grown cells in an
atmosphere of N2 + CC2; results are shown in
figure 6. The total gas evolution from citrate in
the presence of As2O3 approximated to one-third
of that observed in its absence (2.3 and 6.0
jAM, respectively). Determinations of pyruvate
accumulation from citrate in the presence of
As203 gave 2.4 FM compared with 2.3 AiM gas
evolved. No pyruvate could be detected in the
absence of As2O3 at the end of the experiment.
Gas evolution did not occur with As203 inhibited
cells when KOH was present in the center well
in an atmosphere of N2.
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Formic hydrogenlyase activity of cells grown
anaerobically. Cells growing anaerobically on cit-
rate develop strong formic hydrogenlyase ac-
tivity. This activity was estimated by measuring
the hydrogen evolution in 10 min in Warburg
vessels containing 1 ml sodium formate (1 per
cent), 1 ml phosphate buffer, pH 7.0, and 1 ml
bacterial suspension in buffer containing 3 X
109 cells. The center well contained 0.2 ml 20
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Figure 6. Total evolution of gas during fer-
mentation of citric and pyruvic acids (2.5 pM of
each) by cells grown anaerobically in citrate me-
dium. Substrates: citrate, C; pyruvate, P. Addition
of 0.0025 M As20s, *; no addition, 0.

per cent KOH, and the atmosphere was N2. Cells
harvested from unaerated media rapidly lost
formic hydrogenlyase activity when allowed to
grow with aeration. Under anaerobic conditions
the activity increased during the logarithmic
phase. To investigate the question of whether
hydrogenlyase activity was developed simultane-
ously with citrate dissimilation, cells were grown
with aeration, harvested, washed, and resus-
pended in growth medium. The culture was di-
vided into two batches, one of which was made
0.01 M with respect to formate, and both were
incubated without aeration at 37 C. Figure 7
shows that during growth in the medium con-

taining no formate hydrogenlyase activity de-
veloped after 100 min whereas in the presence
of formate it developed from the start of incuba-
tion. It is apparent that the enzyme is formed
in response to formate accumulating as the result
of citrate breakdown.

TiME (MINUTES)

Figure 7. Development of formic hydrogenlyase
activity during growth in unaerated citrate me-
dium. Bacteria for inoculation were grown in
aerated citrate medium. Growth curves: with ad-
dition of 0.01 M sodium formate to citrate medium,
(2); with no addition, (1). Formic hydrogenlyase
activity of cells growing in presence of 0.01 M so-
dium formate, (4); with no formate addition, (3).

DISCUSSION

The rapid production of pyruvate as sole keto
acid from citrate by cells grown anaerobically
accords with the mechanism proposed by Brewer
and Werkman (1939) if it is assumed that oxal-
acetic acid is decomposed to pyruvate as rapidly
as it is formed. We have isolated the 2 ,4 dinitro-
phenylhydrazone of pyruvic acid from fluids in
which anaerobically grown cells had been incu-
bated with citrate in the presence of arsenite.
The method of isolation used did not differentiate
between the derivatives of pyruvic and a-keto-
glutaric acids, but since the former was obtained
pure, this supports the other evidence presented
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that pyruvic is the sole keto acid produced in
these circumstances. Attempts to demonstrate
the accumulation of oxalacetate by cells without
oxalacetic decarboxylase activity were not suc-
cessful because of the difficulty experienced in
obtaining such cells. Aging of suspensions held
in the refrigerator at pH 4 had little effect on
the active oxalacetic decarboxylase.
The evidence we have presented is also in

agreement with Brewer and Werkman's sugges-
tion that the enzyme is adaptive since it is lost
during growth on glucose or on citrate in aerobic
conditions. The activity is not affected by aera-
tion in a nitrogen-free citrate medium and is
lost relatively slowly during the logarithmic phase
of aerobic growth. The normal route of citrate
oxidation may be the tricarboxylic acid cycle since
the main keto acid produced by cells harvested
from aerated cultures appears to be a-ketoglu-
tarate, and is certainly not pyruvate, and keto
acid accumulation is suppressed largely when air
is excluded. The fact that aeration does not ex-
clude the operation of the citrate split may ac-
cord with the observations of Baskett and Hin-
shelwood (1950) who concluded that two modes
of aerobic growth on citrate were possible for
A. aerogenes. We found that ability to dissimilate
citrate was regained only on prolonged anaerobic
incubation if the cells had been maintained in
their stationary phase with aeration for a long
time; such was the case for the cells used in
obtaining figure 2. When harvested shortly after
logarithmic growth had ceased, this lag period
was much shorter and the mechanism by which
citrate is oxidized consequently may be related
to the lag period of the inoculating cells as Baskett
and Hinshelwood (1950) found.
Our experiments on As20C) inhibition and formic

hydrogenlyase activity together indicate that
pyruvate formed by citrate dissimilation under-
goes fission to formate and acetate. Accumulation
of the latter inhibits the rapid formation of
pyruvate, and this apparently leads to cessation
of growth in anaerobic cultures with citrate un-
consumed. The large increase in crop which at-
tends aeration of these cultures (Dagley et al.,
1953) may result from the establishment of the
alternative tricarboxylic acid cycle mechanism
by which acetate would also be consumed. It
may be suggested that the Pasteur effect in these
cultures is dependent on the operation of alterna-
tive pathways for citrate utilization.
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SUMMARY

The rate of keto acid accumulation when
Aerobacter aerogenes, grown anaerobically on ci-
trate, was aerated with citrate-phosphate solu-
tion was considerably greater than that observed
when cells were grown aerobically. In the former
case, pyruvic acid was the sole keto acid detected,
and its production was not dependent on admis-
sion of air. For the latter cells, absence of air
reduced keto acid formation while the evidence
of paper chromatography showed a-ketoglutaric
acid to be the main product, with small amounts
of pyruvic acid. Anaerobic citrate dissimilation
apparently was dependent on an adaptive enzyme
system whose development was suppressed by
growth in aerobic conditions. Diauxie growth was
exhibited by cells growing in unaerated glucose-
citrate media, and during growth on glucose,
enzymes responsible for citrate fermentation were
suppressed. Growth in unaerated media contain-
ing concentrations greater than 5.4 X 10 2 M
citrate ceased with citrate unconsumed, and the
ability of the cells to produce pyruvate rapidly
from citrate was impaired. These phenomena are
attributed to the action of accumulated acetic
acid. In the presence of 0.0025 M As203 pyruvate
accumulated during citrate dissimilation and an
approximately equimolar amount of CO2 was
evolved. The formic hydrogenlyase activity of
cells grown on citrate has been studied.
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