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Microbacterium thermosphactum was grown at 25°C in glucose-limited contin-
uous culture under aerobic (>120 ,uM oxygen) and anaerobic (<0.2 t,M oxygen)
conditions. The end products of the anaerobic metabolism of glucose were

identified as L-lactate and ethanol. Together these compounds accounted for
between 85 and 90% of the glucose utilized over the full range of growth rates
studied. In addition, 4% of the glucose utilized was incorporated into cellular
material. Under anaerobic conditions the molar growth yield was 40 g (dry
weight) of cells per mol of glucose utilized, and the maintenance energy coefficient
was 0.4 mmol of glucose utilized per g (dry weight) of cells per h. For cells grown
under aerobic conditions the corresponding values were 73 g/mol and 0.2 mmol/
g per h, respectively. The molar growth yield with respect to adenosine 5'-
triphosphate varied with the growth rate of the culture, and the true molar
growth yield with respect to adenosine 5'-triphosphate was found to be 20 g/mol
of adenosine 5'-triphosphate.

Microbacterium thermosphactum is a psy-
chrotrophic, facultative anaerobe that, together
with certain lactic acid bacteria, has been impli-
cated in the spoilage of vacuum-packaged meat
(2, 18, 21). Little is known about the physiology
and energetics of this organism either in batch
culture or in an open system.
There is some evidence to suggest that, when

microorganisms are growing on the surface of
meat, growth is limited by the rate of diffusion
of fermentable substrates from the underlying
tissues (8, 13). When the meat is packed in
plastic films of low oxygen permeability, the
microorganisms may be thought of as operating
in an anaerobic open system. Under these con-
ditions the major available substrate appears to
be glucose (8, 13), but whether the ultimate
composition of the microflora is a result of selec-
tion on the basis of competition for glucose is
not clear (8, 13, 17). This point may be clarified
by studying pure and mixed cultures of spoilage
organisms in glucose-limited continuous cultures
under anaerobic conditions. These cultures ap-
proximate some of the conditions operative on
the surfaces of packaged meat and also allow
quantitation of energetic data.

In the present study, Y"x, the true molar
growth yield with respect to adenosine 5'-tri-
phosphate (ATP), in grams of cell dry weight
per mole of ATP, has been determined for M.
thermosphactum, together with the mainte-
nance energy requirements of this organism

growing in aerobic and anaerobic cultures under
conditions of energy limitation. YATW has been
found to be 20 g/mol of ATP, which is almost
twice the value of 10.5 ± 2.5 g/mol ofATP found
for many organisms and proposed as a constant
by Bauchop and Elsden (3). Our data are com-
parable to the data of de Vries et al. (6), who
found an anomalously high Y"W' value of 24.3
g/mol of ATP for Lactobacillus casei, and sup-
port the contention that observed energetic
growth efficiencies may be considerably greater
than first appreciated (3). In addition, we have
found that M. thermosphactum has a very low
maintenance energy requirement, which may
partly explain the high YATP value.

MATERLA1S AND METHODS
Bacteria and culture conditions. M. thermos-

phactum ATCC 11509 was grown in a New Brunswick
Bioflo C30 continuous culture apparatus fitted with
dissolved oxygen and pH monitoring devices. The
semisynthetic medium used was half-strength medium
56 (12) supplemented with 0.3% (wt/vol) yeast extract
(Difco) and 0 to 12 mM glucose. The oxygen concen-
tration was monitored with an autoclavable version of
the Mackereth-type oxygen electrode, constructed as
described by Borkowski and Johnson (4). Culture den-
sity was followed by using a Klett-Summerson color-
imeter fitted with a no. 66 filter, and Klett values were
converted to dry weights by a standard curve. Dry
weights were determined by using 0.45-nm membrane
filters (Sartorius SM 111) which had been dried to
constant weight. Samples of the cultures were filtered,
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and the collected cells were washed with water and
then dried to constant weight.

Anaerobic cultures were maintained by continu-
ously sparging the culture vessel with sterile high-
purity nitrogen containing 5% carbon dioxide and less
than 1 ,ul of oxygen (Commonwealth Industrial Gases,
Brisbane, Australia) per liter. The medium in the
nutrient reservoir was continuously sparged with ster-
ile high-purity nitrogen. No dissolved oxygen was de-
tected in the medium in the nutrient reservoir or in
the cultures of cells growing anaerobically. This indi-
cates that the oxygen concentration was less than 0.2
jiM (equivalent to 0.1% air saturation) (15). Aerobic
cultures were maintained by sparging the culture ves-
sel with sterile air so that the steady-state oxygen
concentration was always greater than 50% of the
value determined for air-saturated culture medium
(>120 iM) (15).
The pH values of the media were 6.5 ± 0.1 and 6.7

+ 0.1 for the anaerobic and aerobic cultures, respec-
tively.

Analytical procedures. L-Lactate, glucose, and
ethanol were determined in cell-free culture filtrates
by using assay kits supplied by Calbiochem. Concen-
trations were obtained by referring to standard curves
prepared by using appropriate concentrations of
standards in aqueous solution, after subtraction of
medium blanks. Total lactate was estimated chemi-
cally by the method of Barker and Summerson (1).
The proportion of glucose being incorporated into

cellular material was estimated by following the incor-
poration of radioactivity into trichloroacetic acid-in-
soluble material after the addition of D-[U-'4C]glucose
(Amersham; 317 mCi/mmol) to the chemostat cul-
tures. The radioactive glucose was injected directly
into the culture vessel of the chemostat to produce a
final ["4C]glucose concentration of 0.2 ,uCi/ml. Samples
(5 ml) were taken at various times until two complete
medium volume changes had occurred, and from each
sample two 1-ml volumes were immediately trans-
ferred into 1-ml portions of ice-cold 10% trichloroacetic
acid. The precipitated samples were then left for at
least 30 min at 0°C befoie being collected on mem-
brane filters (0.45-jim pore diameter; Sartorius SM
111). The filters were washed twice with 2 ml of 5%
trichloroacetic acid, dried, placed in 5 ml of toluene
scintillation fluid, and counted in a Packard Tri-Carb
liquid scintillation counter. The radioactivity incor-
porated was expressed as a percentage of the total
radioactivity per milliliter of culture at each time
point. The experiment was carried out four times at
dilution rates between 0.1 and 0.2 h-'.

RESULTS
Anaerobic cultures. Preliminary experi-

ments carried out at dilution rates between 0.10
and 0.20 h-1 showed that cell growth was limited
by glucose availability up to a medium glucose
concentration of almost 7 mM. Cell yield was
then determined for a series of cultures with
varying glucose concentrations and at a constant
dilution rate of 0.10 h-1. As Fig. 1 shows, there
was some growth in medium containing yeast
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FIG. 1. Anaerobic growth yield of M. thermos-
phactum in continuous culture at a dilution rate of
0.1 h-' as a function ofglucose concentration.

extract alone, and cell yield increased in propor-
tion to glucose utilized, up to a glucose concen-
tration of at least 6 mM. The slope of the straight
line so obtained gave an observed cell yield (Yglu)
of 37 g (dry weight) of cells per mol of glucose
utilized. A glucose concentration of 3.7 mM was
chosen for all further experiments, and Fig. 2
shows the data obtained for a series of anaerobic
cultures plotted as a function of dilution rate.
The cell yield was maximal at dilution rates
between about 0.10 and 0.25 h-1 and declined at
higher or lower values (Fig. 2A). In the absence
of added glucose (but with 0.3% yeast extract in
the medium), the yield was essentially independ-
ent of dilution rate (Fig. 2B). By subtraction, the
net yield of cells due to glucose metabolism
alone was determined (Fig. 2C) and was maximal
at exponential growth rates between 0.10 and
0.22 h-'. Yglu values were calculated and are
shown in Fig. 2D. Cell yield was dependent upon
growth rate, and to determine the "true" cell
yield and maintenance coefficient the equation
of Pirt (14) was used. This equation relates these
values as follows: ji/Yglu = i/YyMAX + mi, where,
for cells growing with glucose as the limiting

yMAXsubstrate, Ygu is the true cell yield, /i is the
exponential growth rate (dilution rate), and m8
is the maintenance coefficient, defined as the
rate of substrate uptake in the absence of
growth. When ti/Yglu is plotted against ,u, the
slope of a straight line plot so obtained is 1/
ygluAX and the y-axis intercept gives min. The
rate of glucose consumed (ji/Ygiu; moles of glu-
cose per gram of dry weight per hour) has been
calculated for each value of the dilution rate by
using the data in Fig. 2D and has been replotted
as a function of ti (Fig. 3). A straight-line rela-
tionship was found; yMAX was calculated to be
46 g (dry weight) of cells per mol of glucose, and
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FIG. 2. Growth yields of M. thermosphactum in
anaerobic glucose-limited continuous cultures as a

function ofdilution rate. (A) Input medium contained
3.7 mM glucose and 0.3% yeast extract. Symbols: 0,

dry weight; 0, glucose concentration. (B) Input me-

dium contained 0.3% yeast extract only. (C) Calcu-
lated net dry weight of cells due to the metabolism of
glucose. (D) Calculated net yield (Ygi,,) in grams dry
weight of cells per mole ofglucose.

me was calculated to be 0.4 mmol of glucose per
g (dry weight) per h.
The end products ofthe anaerobic metabolism

of glucose were identified and estimated initially
in cultures of cells with an exponential growth
rate of 0.15 h-'. As expected, L-lactate was the
major end product, and 68% of the glucose uti-
lized was converted to this compound. When a
sensitive enzymatic assay (D-lactate dehydro-
genase coupled with glutamate pyruvate trans-
aminase) was used, no D-lactate was detected.
Chemical determinations of total lactate concen-
tration agreed well with the value for L-lactate
determined enzymatically.
By using gas chromatography, ethanol was

identified as a major end product, but no volatile
fatty acids or acetoin could be detected in cul-
ture filtrates. Pyruvate was not an end product.
Further enzymiic estimations showed that
ethanol accounted for 19% of the glucose uti-
lized.

The concentrations of L-lactate and ethanol
were determined in a series of culture filtrates
obtained from cultures grown over a range of
dilution rates from 0.05 to 0.30 h-1. In all cases
L-lactate was the major end product, but signif-
icant concentrations of ethanol were also always
present (approximate ratio, 3:1). These com-
pounds between them accounted for between 85
and 90% of the glucose utilized in all cases. The
experiments with ['4C]glucose showed that an
average of 4% (range, 3.4 to 4.3%) of the glucose
utilized was incorporated into cellular material.
This means that 7.2 g of glucose was incorpo-
rated for each mol utilized. Assuming that the
carbon content of the cells was 50% of the dry
weight, and since glucose is 40% carbon by
weight, then 5.8 g (dry weight) of cells is ob-
tained from glucose carbon for each mol of glu-
cose utilized. Thus, the corrected value for
yguAX is 40 g (dry weight) of cells per mol of
glucose utilized.

In a typical experiment 91% of the glucose
consumed was accounted for 87% as end prod-
ucts and 4% by incorporation. Assuming a max-
imum value of 2 mol of ATP produced per mol
of glucose consumed, then 1.82 mol of ATP was
produced per mol of glucose utilized, and
ATP, corrected for the energy of maintenance,

was 22 g/mol. Assuming that the 9% of glucose
which is unaccounted for also yields 2 mol of
ATP per mol, then YATP becomes 20 g/mol.
Aerobic cultures. As in the anaerobic exper-

iments, a limiting concentration of 3.7 mM glu-
cose was used. In Fig. 4 the data obtained for a
series of aerobic cultures have been plotted as a
function of dilution rate. Cell yield was relatively
constant over a range of dilution rates from
about 0.05 to 0.30 h-' (Fig. 4A), but at higher
dilution rates the cell yield declined rapidly and
there was a concomitant increase in the steady-
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FIG. 3. Effect of specific growth rate on the rate of
glucose consumption in anaerobic, glucose-limited,
continuous cultures ofM. thermosphactum.
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FIG. 4. Growth yields of M. thermosphactum in
aerobic, glucose-limited continuous cultures as a

function ofdilution rate. (A) Input medium contained
3.7 mM glucose and 0.3%o yeast extract. Symbols: 0,

dry weight; 0, glucose concentration. (B) Input me-

dium contained 0.3%1v yeast extract only. (C) Calcu-
lated net dry weight of cells due to the metabolism of
glucose. (D) Calculated net yield (Ygju) in grams dry
weight of cells per mole ofglucose.

state concentrations of glucose and lactate. Ex-
trapolation of this data gives a maximum growth
rate equivalent to a generation time of about 1.4
h.
The cell yields in media lacking added glucose

(but containing 0.3% yeast extract) were rela-
tively high at dilution rates up to 0.15 h-' and
thereafter declined steadily (Fig. 4B). Figure 4C
shows the net yield of cells due to glucose me-

tabolism, which was obtained by subtracting the
cell yield without glucose from the cell yield
with glucose. Cell yield was maximal at an ex-

ponential growth rate of 0.35 h-'. Y values were
also determined (Fig. 4D).
Using the data in Fig. 4D, lI/Yglu was calcu-

lated, and when plotted as a function of JL (up to
values of A = 0.25 h-'), a straight line was ob-
tained. From this graph ygmuX was found to be
73 g (dry weight) of cells per mol of glucose, and
m. was found to be 0.2 mmol of glucose per g

(dry weight) of cells per h.

DISCUSSION
In glucose-limited cultures of M. thermos-

phactum L-(+)-lactate was the major end prod-

uct of glucose catabolism. In addition, although
not previously reported as a metabolic end prod-
uct, ethanol was also detected in cell-free fil-
trates. Since no volatile fatty acids appeared as
end products, there are only three possible path-
ways for glucose catabolism: (i) the Embden-
Meyerhof glycolytic pathway, in which, after the
conversion of glucose to 2 mol of pyruvate, this
latter compound is metabolized to lactate and/
or ethanol plus CO2 and 2 mol of ATP is pro-
duced per mol of glucose metabolized; (ii) the
hexose monophosphate pathway (phosphoketo-
lase pathway), in which glucose is converted via
6-phosphogluconate and pentose phosphate to
equimolar amounts of lactate, ethanol, and CO2
and 1 mol ofATP is produced per mol of glucose
metabolized; and (iii) the Entner-Doudoroff
pathway, in which glucose is converted via 6-
phophogluconate and 2-keto-3-deoxy-6-phos-
phogluconate to 2 mol of pyruvate and 1 mol of
ATP is produced per mol of glucose metabolized.
The production of ethanol as found in the

present study requires the concomitant forma-
tion of a one-carbon fragment. Since no formate
was produced, it appears likely that CO2 is an
end product and that the organism is behaving
as a heterofermentative strain under glucose-
limited conditions. This agrees with the earlier
finding that M. thermosphactum produces acid
and gas from the fermentation of glucose (10).
However, irrespective of the pathway (or com-
bination of pathways) operating in glucose-lim-
ited cultures, the maximum yield of ATP pro-
duced per mole of glucose metabolized under
anaerobic conditions must be 2 mol. If all of the
glucose utilized yielded this amount of ATP,
then a minimum value for YlAl of 20 g/mol can
be calculated. If either the hexose monophos-
phate pathway or the Entner-Doudoroff path-
way were also operative, the net gain of ATP
per mole of glucose metabolized would decline,
and consequently the apparent YATP would in-
crease. Even the minimum Y-AX value of 20 g/
mol is considerably higher than values com-
monly obtained for microorganisms and also is
almost twice the value of 10.5 + 2.5 g/mol pro-
posed by Bauchop and Elsden (3). A number of
reports of high YATP values have previously ap-
peared, but because of lack of precise knowledge
of metabolic pathways or unsatisfactory carbon
recoveries, these values were considered to be of
questionable validity (7). More recently, a value
of 24.3 g/mol was reported for L. casei (6), and
Stouthamer and Bettenhaussen (20) argued that
this study was of an organism with known met-
abolic pathways and that satisfactory carbon
recovery data was presented. Our carbon bal-
ance studies for M. thermosphactum showed
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that 91% of the carbon consumed as glucose
could be accounted for. This is comparable to
the data presented for L. casei (6), and it seems
unlikely that the 9% of the carbon which is
unaccounted for could yield enough ATP to
reduce the value to that of Bauchop and Elsden
(3). If we assume a YATP of 13.0 g/mol (upper
limit of the Bauchop and Elsden range), it can
be calculated that the remaining 9% of the glu-
cose would have to yield 14 mol of ATP per mol
of glucose. In determining the cell yield a cor-
rection was applied for the yield of cells obtained
in the absence of glucose (yield due to yeast
extract). This correction would be inaccurate if,
in the presence of glucose, cells were able to
utilize for energy additional components of the
yeast extract, since in this case an anomolously
high cell yield would result. However, since a
straight-line relationship existed between glu-
cose utilized and cell yield (Fig. 1), it appears
unlikely that additional energy was in fact being
obtained.
Stouthamer (19) has discussed the effect of

growth rate and maintenance energy on YATP,
and the extremely low maintenance energy coef-
ficient found in the present study may explain
the high YAXT value found. Stouthamer and
Bettenhausen (20) derived a series of theoretical
curves relating YATP and ,u at various values of
me (the maintenance energy expressed in terms
of ATP consumed; moles of ATP per gram of
dry weight of cells per hour). Assuming that M.
thermosphactum produces 2 mol of ATP per
mol of glucose utilized, then the me value is 0.8
mmol/g per h. The theoretical YATP values pre-
dicted from the calculations of Stouthamer and
Bettenhausen (20) would range from about 19
g/mol at,I = 0.1 h-' to 23 g/mol at It = 0.25 h-'.
These values are in good agreement with the
data shown in Fig. 2D.
There was an increase in the growth yield

when cells of M. thermosphactum were grown
in the presence of excess oxygen, and this is in
agreement with results found for other faculta-
tive anaerobes (5, 9). If it is assumed that YATP
is a constant for both aerobically and anaerobi-
cally grown cells, then the additional ATP ob-
tained from respiration is 1.65 mol/mol of glu-
cose. Aerobically, glucose is quantitatively con-
verted to acetoin (L. E. Brownlie, M.Sc. thesis,
University of Sydney, Sydney, Australia, 1969),
and this reaction involves the overall transfer of
4[H]. Thus, if 1.65 mol of ATP is obtained per
2[0] we can project a P/O ratio of 0.82. This is
considerably less than the value of 3 reported by
Meyer and Jones and determined from H+/O
studies (11). However, a number of reports sug-
gest that optimum P/O ratios are not found

when the metabolism of whole cells is studied
(16).
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