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Streptococcus bovis and Megasphaera elsdenii were grown in continuous
culture with maltose as the limiting substrate at dilution rates of 0.36, 0.22, and
0.12 h-1. After each steady-state turnover, the pH was decreased by adding
concentrated HCI to the medium reservoir. Relative counts of the two species at
each dilution rate indicated that when the pH was high (6.6 to 6.0), higher dilution
rates selected for a higher ratio of S. bovis to M. elsdenii. At intermediate pH (6.0
to 5.4), higher dilution rates once again selected for greater numbers of S. bovis
in relation to M. elsdenii, but the increase in S. bovis numbers was much less at
the 0.36-h-1 dilution rate. Decreasing the pH below 5.4 caused the ratio of S.
bovis to M. elsdenii to increase greatly, and no M. elsdenii cells were seen below
pH 5.1. The ratio of the two species could be explained by their relative affinities
for maltose ifpH was greater than 6.0, but the lower relative numbers of S. bovis
in the 0.36-h-1, intermediate-pH (6.0 to 5.4) incubations could not. Analysis of
lactate production by S. bovis in pure culture showed that L-lactate was produced
only if the pH was less than 5.2 at dilution rates of 0.22 and 0.12 h-1 and less than
6.0 at a rate of 0.36 h-'. The lower numbers of S. bovis relative to M. elsdenii in
the incubations with a dilution rate of 0.36 h-' and intermediate pH thus could be
explained by utilization of L-lactate by M. elsdenii. The very high numbers of S.
bovis at pH less than 5.4 were consistent with the greater tolerance of this
organism to low pH.

A striking feature of rumen microbiology is
the complexity and diversity of species that are
found in the rumen (5). Although some of the
bacteria such as the cellulolytics are quite spe-
cialized with respect to their energy sources (2),
many rumen bacteria are able to ferment an
array of the same substrates (5), and it seems
probable that these bacteria evolved different
strategies of growth.

In an effort to quantitate and predict rumen
bacterial competition, we compared substrate
preferences mediated by catabolite regulatory
mechanisms (12), maximal growth rates (12),
maintenance and energy expenditures (13), sub-
strate affinities (14), and resistance to low pH
(15) among several species of rumen bacteria,
and large differences were found. It therefore
seemed likely that these physiological charac-
teristics were important determinants of rumen
bacterial ecology.
When high levels of starch are fed, Strepto-

coccus bovis numbers within the rumen increase
markedly (6). S. bovis produces L-lactic acid
when it is growing rapidly (13), and an accumu-
lation of this acid can cause rumen pH to de-

t Present address: AR-SEA-USDA, Department of Animal
Science, Cornell University, Ithaca, NY 14853.

crease. Starch feeding also selects for higher
numbers of Megasphaera elsdenii, but in this
case M. elsdenii is able to utilize both the mal-
tose resulting from starch hydrolysis and the L-
lactate produced by S. bovis (1, 5). If the pro-
duction of L-lactate by organisms such as S.
bovis does not exceed the utilization rate by
organisms such as M. elsdenii, stable rumen pH
can be maintained. If the production rate ex-
ceeds the utilization rate, however, rumen pH
can decline to the point where animal perform-
ance is impaired (3, 8, 9).
The following series of experiments was con-

ducted to examine the effects of pH and growth
rate on the relative proportions of S. bovis and
M. elsdenii growing on starch or maltose. It was
hoped that such a study would provide a quan-
titative understanding of starch utilization and
lactate production and utilization by these two
organisms. It was further hoped that this inves-
tigation would provide a model for predicting
rumen bacterial competition based on the phys-
iology of the organisms involved.

MATERIALS AND METHODS
Organisms. M. elsdenii B159 and S. bovis JB1

were used.
Media and growth. The medium used was essen-
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tially the same as that described before (15) except
that acetate (2 g/liter) was the only volatile fatty acid
included, and either maltose or starch was provided as
the energy source (0.4 g/liter). All incubations were at
390C in chemostats (New Brunswick model C30; 350-
ml culture vessel) that were suitably modified for the
culture of strictly anaerobic bacteria (14). The pH was
adjusted by adding concentrated HCI to the medium
reservoir. Changes in pH or dilution rate were con-
ducted in order from a high pH or a high dilution rate.
At least a 98% turnover (approximately 4 culture vessel
volumes) of medium was allowed before another sam-
ple was taken. Previous work has indicated that a
steady-state optical density is achieved by such a
turnover if the change in culture conditions is not
drastic (14).

Samples were withdrawn directly from the culture
vesseL and pH and optical density (Gilford spectro-
photometer model 250 at 600 nm with cuvettes of 1-
cm light path) were recorded. Substrate samples were
immediately passed through a 0.65-pm-pore-size mem-
brane filter (Miflipore Corp., Bedford, Mass.). When
cell yields were calculated (see Fig. 5 and 6), another
50-ml sample was collected for bacterial dry matter
determinations by the membrane filter method of
Isaacson et al. (7). Cell yields were defined as grams
(dry weight) of cells per liter divided by the difference
in maltose concentrations between the culture and
reservoir vessels.

L-Lactic acid was measured by the method of Ho-
horst (4). Maltose was determined by an enzymatic
method that has been described previously (12).

Estimation of relative numbers (see Fig. 1 and 8)
was facilitated by the morphological differences be-
tween S. bovis (small ovoid cells) and M. elsdenii
(large cocci). Each culture vessel sample was diluted
onefold with 0.9% NaCl and was examined under a
phase microscope at 1,250. The ratios presented rep-
resent the average of at least five microscope fields
chosen at random.

Maltose affinities (see Fig. 2 and 3) were determined
by measuring maltose concentrations remaining in the
culture vessel at a variety of dilution rates and per-
forming a Lineweaver-Burk transformation of these
data. Maintenance energy expenditures were deter-
mined by the double-reciprocal plot method (1/yield
versus 1/dilution rate) of Pirt (11). Standard errors of
the mean of dilution rates (see Fig. 1, 4, and 7) and
linear regression and correlation coefficients of the
double-reciprocal plots (see Fig. 2, 3, 5, and 6) are
shown (16).

RESULTS
The following series of experiments was con-

ducted to examine the competition between S.
bovis andM. eisdenii for maltose. In preliminary
batch culture experiments (data not shown), the
nutritional requirements of S. bovis were found
to be relatively simple (salts, ammonia, vitamins,
and carbon dioxide). However, rapid growth
with M. elsdenii could be obtained only if Tryp-
ticase (BBL Microbiology Systems), yeast ex-
tract, and acetate were included in the medium.
Since M. elsdenii is able to use peptides as well
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as carbohydrate as an energy source (13), we
decided to provide Trypticase and yeast extract
at levels that would not limit the growth of
either M. elsdenii or S. bovis. Preliminary batch
culture incubations (data not shown) were per-
formed to ascertain the levels of Trypticase and
yeast extract that would not be limiting. When
maltose was provided at 0.5 g/liter, increasing
yeast extract and Trypticase from 0.3 and 0.6 g/
liter to 0.5 and 1.0 g/liter, respectively, caused
only small increases in optical density, and it
was assumed that the levels of 0.5 and 1.0 g/liter
would be unlimiting in chemostat cultures.
These levels were used in all subsequent incu-
bations.
When S. bovis and M. elsdenii were cocul-

tured with maltose as the limiting substrate, the
ratio of the two species varied greatly when
either the dilution rate or the pH was changed
(Fig. 1). In general, higher dilution rates were
correlated with higher ratios of S. bovis to M.
eisdenii. This was particularly evident at the
0.36-h-' dilution rate and pH greater than 6.5.
At all dilution rates, lowering the pH below 5.4
caused the ratio of S. bovis to M. elsdenii to
increase greatly. Since both dilution rate and pH
seemed to be involved in the relative competi-
tion between S. bovis and M. elsdenii for mal-
tose, we then tried to ascertain the physiological
characteristics of each species that were respon-
sible.
When maltose affinities were estimated from

Lineweaver-Burk plots of residual maltose con-
centrations and dilution rates, S. bovis (Fig. 2)
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FIG. 1. Relative numbers of S. bovis and M. els-
denii in cocultured incubations with maltose as the
limiting substrate. The dilution rates with these in-
cubations were (A) 0.36 ± 0.010, (0) 0.22 ± 0.005, and
(U) 0.12 ± 0.009 h-.
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always exhibited a higher affinity than M. els-
denii (Fig. 3). Lowering the pH from 6.6 to 5.7
increased the affinity of both species, but the
relative difference in maltose affinity between
the two species was similar at pH 6.6 and 5.7. It
therefore seemed that the higher numbers of S.
bovis could at least partially be explained by
relative maltose affinity.

Lactate production by S. bovis is dependent
on both pH and dilution rate. At high pH and
high dilution rates (>0.23 h-1), lactate is the
primary fermentation product, whereas acetate
and ethanol are produced if the dilution rate is
low (13). When the pH is low, lactate is the
primary fernentation product regardless of the
dilution rate (15). Only traces of L-lactate could
be detected in the coculture samples until the
pH was less than 5.2, but it was likely that L-
lactate was produced by S. bovis and was sub-
sequently converted to acetate and propionate
by M. elsdenii (1). Such production and utiliza-
tion would have provided an additional energy
source besides maltose for M. elsdenii.
To ascertain whether L-lactate was influenc-

ing the relative numbers of S. bovis and M.
elsdenii in coculture (Fig. 1), S. bovis was grown
in pure culture at dilution rates of 0.36, 0.21, and
0.12 h-' and the pH was decreased. At dilution
rates of 0.21 and 0.12 h-1, L-lactate production
was insignificant until the pH was less than 5.1
(Fig. 4). At the 0.36-h-1 dilution rate, L-lactate
production was also low until pH 6.1, but as the
pH was decreased further, L-lactate became an
important product (Fig. 4). Thus, it appeared
that L-lactate would have been available to M.
elsdenii only at a pH greater than 5.1 if the
dilution rate was greater than 0.22 h-1.
At slow growth rates, maintenance energy can

make up a significant portion of total energy
utilization in bacteria (11), and one might expect
bacteria with low maintenances to be better
suited to slow growth rate conditions. To see
whether differences in maintenance energy ex-
penditures may have contributed to the varia-
tion in the ratio S. bovis to M. elsdenii (Fig. 1),
maintenance energies for each species were de-
termined at pH 6.6 and 5.7.
When maintenance energy expenditures were

compared (Fig. 5 and 6), S. bovis had a slightly
lower maintenance thanM. elsdenii whether the
pH was 6.6 or 5.7. Since M. elsdenii, the orga-
nism with the higher maintenance requirement,
had higher relative numbers at slower dilution
rates, it seemed that maintenance was unlikely
to have a significant effect on the competition
between these species over this range of dilution
rates.

In coculture incubation of S. bovis and M.
elsdenii with starch as the limiting substrate

APPL. ENVIRON. MICROBIOL.

S. BOVIS

-9 -6 -3 0 3 6 9
1 / MALTOSE (I /g)

FIG. 2. Lineweaver-Burk plot for the growth of S.
bovis on maltose atpH 6.6 (0) and 5.7 (A). The pH
6.6 plot had an intercept to ordinate of (1/K,,,c) of
0.40, a slope (Ks/Kmax) of 0.09, an intercept to the
abscissa (-1/K.) of4.44, and a correlation coefficient
of 0.97. ThepH 5.7plot had a slope (K,/Kzz) of 0.05,
an intercept to the ordinate (1/Kmax) of 0.42, an inter-
cept to the abscissa (-1/Ks) of9.26, and a correlation
coefficient of 0.99.

M. ELSDENII

-4 -2 0 2 4 6
1/MALTOSE (I/g)

FIG. 3. Lineweaver-Burk plot for the growth ofM.
elsdenii on maltose atpH 6.6 (0) and 5.7 (A). ThepH
6.6plot had a slope (K,/K,,.) of 0.29, an intercept to
the ordinate (I/K,,,) of 0.68, an intercept to the
abscissa (-1/Ks) of2.34, and a correlation coefficient
of 0.98. ThepH 5.7plot had a slope (K,/K,,ma) of 0.29,
an intercept to the ordinate (1/Kmax) of 1.54, an inter-
cept to the abscissa (-1/Ks) of4.48, and a correlation
coefficient of 0.98.

(Fig. 7), the relative numbers of S. bovis and M.
elsdenii were similar to those observed in the
maltose coculture (Fig. 1). It seems probable
that amylase activity was not limiting and that
the kinetics of starch and maltose utilization by
the two organisms were also similar.

DISCUSSION
The relationship of S. bovis and M. elsdenii is

very complex. Since both species are able to use
maltose as an energy source, there is competition
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FIG. 4. Ratio of lactate production to maltose uti-
lization by S. bovis at dilution rates of 0.36 ± 0.007
(0), 0.21 ± 0.002 (A), and 0.12 ± 0.002 (U) h-'.
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FIG. 5. Maintenance energy plot for the growth of

S. bovis on maltose atpH 6.6 (0) and 5.7 (A). ThepH
6.6 plot had a slope of 0.18, an intercept to the ordi-
nate of2.62, and a correlation coefficient of 0.91. The
pH 5.7 plot had a slope of 0.19, an intercept to the
ordinate of 2.42, and a correlation coefficient of 0.94.

between them for this substrate. When starch is
the carbon source, however, the relationship is
both competitive and commensal because M.
elsdenii is unable to hydrolyze starch to maltose.
In this case, M. elsdenii is ultimately dependent
on the amylolytic capacity of S. bovis to provide
maltose. Under certain growth conditions, S.
bovis produces large amounts of L-lactic acid
(13, 15), and the L-lactic acid can in turn be used
as an energy source by M. elsdenii. If metabolic
end products such as lactate are maintained at
low levels in the growth medium, their excretion
may provide an electrochemical gradient capa-
ble of generating some adenosine triphosphate
(10). In this regard, the production and subse-
quent utilization of L-lactate by S. bovis and M.
elsdenii could be mutualistic rather than com-

0 2 4 6 8 10

1/ DILUTION RATE (h)
FIG. 6. Maintenance energy plot for the growth of

M. elsdenii on maltose atpH 6.6 (0) and 5.7 (A). The
pH 6.6 plot had a slope of 0.30, an intercept to the
ordinate of2.05, and a correlation coefficient of 0.95.
The pH 5.7 plot had a slope of 0.26, an intercept to
the ordinate of 2.44, and a correlation coefficient of
0.96.
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FIG. 7. Relative numbers of S. bovis and M. els-

denii in coculture incubations with soluble starch as
the limiting substrates. The dilution rates in these
incubations were (A) 0.35 ± 0.006, (0) 0.21 ± 0.005,
and (U) 0.11 ± 0.16 h-1.

mensalistic. If L-lactate production by S. bovis
exceeds the utilization rate by organisms such as
M. elsdenii, the rumen pH can decrease (6).
Because M. elsdenii is more sensitive to low pH
than S. bovis (15), an amensal situation can
evolve.
When S. bovis and M. elsdenii were cocul-

tured on maltose (Fig. 1), there were always
more S. bovis than M. elsdenii cells. Examina-
tion of maintenance energy expenditures (Fig. 5
and 6) and affinities for maltose (Fig. 2 and 3)
likewise showed that S. bovis was always a more

VOL. 41, 1981
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%.F
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DILUTION RATE (h')

FIG. 8. Amount ofmaltose left in the cuture vessel
by M. elsdenii at pH 6.6 (0) and 5.7 (A) and the
amount of maltose left by S. bovis atpH 6.6 (0) and
5.7 (A). The values were calculated from the Michae-
lis constant (Fig. 2 and 3).

rapid and efficient utilizer of maltose than M.
elsdenii. When relative numbers at pH 6.6 were
compared, higher dilution rates selected more
heavily for S. bovis than for M. elsdenii. In Fig.
8 we have used the Michaelis constants from
Fig. 2 and 3 to predict the amount of maltose
that would be left by each species at various
dilution rates. As the dilution rate increased,
both S. bovis and M. elsdenii left more maltose
in the culture vessel, but these differences were
more pronounced at higher dilution rates.
Table 1 shows the relative numbers of S. bovis

and M. elsdenii and the residual levels of mal-
tose left by each species. At a dilution rate of
0.12 h-', 0.032 g more maltose per liter was left
by M. elsdenii than by S. bovis. When the
dilution rate was increased to 0.22 h-1, the dif-
ference in residual maltose increased to 0.080 g/
liter; at a dilution rate of 0.36 h-', the difference
became 0.223 g/liter. Assuming that the amount
of maltose left is an indication of the total affin-
ity of each species for maltose, and assuming
that the difference in residual maltose represents
the relative increase in maltose that would be
available to S. bovis, we can see that the increase
in the difference of residual maltose closely par-
alleled the relative increase in S. bovis numbers.
It thus seems that relative maltose affinity can
largely explain the ratios of the two species at
pH 6.6 (Fig. 1).
At pH 6.6, L-lactate production by S. bovis

was minimal at all three dilution rates (Fig. 4),
and it seems unlikely that these levels of L-
lactate would have influenced the ratios of S.
bovis to M. elsdenii. Likewise, at pH 5.7, little
or no lactate was produced by S. bovis at dilution
rates of 0.12 h and 0.22 h-' (Fig. 4), and the

APPL. ENVIRON. MICROBIOL.

ratios of the two species were similar at pH 6.6
and 5.7 of the coculture incubation (Fig. 1).
However, atpH 5.7, significant levels ofL-lactate
were produced by S. bovis during the incubation
at a dilution rate of 0.36 h-1 (Fig. 4). The lower
ratio of S. bovis to M. elsdenii at pH 5.7 than at
pH 6.6 during the incubation with a dilution rate
of 0.36 h-' (Fig. 1) may be explained by L-lactate
utilization by M. elsdenii.
The effects of maintenance on the relative

success of S. bovis and M. elsdenii in coculture
are probably less pronounced than the effects of
substrate affinity and L-lactate cross-feeding.
When maintenance energy expenditures (mal-
tose) were compared at pH 6.6 and 5.7 (Fig. 5
and 6), those of S. bovis were similar, but M.
elsdenii exhibited a somewhat lower mainte-
nance at 5.7. Since maintenance exerts its max-
imal effect at low growth rates (11), one would
expect to see higher numbers of M. elsdenii at
pH 5.7 than 6.6 at low dilution rates. The curves
in Fig. 1 indicated that the ratios of S. bovis and
M. elsdenii were similar at dilution rates of 0.12
and 0.22 h-1 whether pH was 5.7 or 6.6.

Previous experiments indicated that M. els-
denii was more sensitive to low pH than S. bovis
(15), and this effect is clearly evident in the
coculture incubation of Fig. 1. Whenever the pH
was lowered below 5.4, the ratio of S. bovis to
M. elsdenii increased until no M. elsdenii cells
were seen. This relationship may have practical
application to the onset ofrumen acidosis, which
clearly represents an imbalance between lactate-
producing and lactate-utilizing bacteria in the
rumen.

In previous experiments comparing substrate
affinities among rumen bacteria, Lineweaver-
Burk plots sometimes predicted maximal growth
rates (K.) that were higher than those ob-
served (14). In these experiments, Lineweaver-
Burk plots for S. bovis (Fig. 2) gave realistic
estimates of Km; however, similar plots for M.
elsdenii predicted K. values that were sub-
stantially higher than observed rates (Fig. 3). At
this time the reason for these inflated K,. val-
ues is not completely clear. When maltose affin-
ities were measured with M. elsdenii (Fig. 3),
the overprediction of K. was considerably
more at pH 6.6 than at pH 5.7. Comparison of
maintenance energy expenditures at pH 6.6 and
5.7 likewise indicated that maintenance was
greater at pH 6.6 than pH 5.7 (Fig. 6). It thus
seemed possible that maintenance energy may
have been responsible for the inflation of K..
on the Lineweaver-Burk plots (Fig. 3).
Examination of the M. elsdenii plots (Fig. 3)

also revealed that the slopes of the two plots
(K8/K,) were the same. This may indicate that
the variation in K8 was caused by a variation in
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TABLE 1. Ratios ofS. bovis and M. elsdenii and their relative capacities to use maltose atpH 6.6

DliRbIncrease in Residual maltose (g/liter) Difference of re- Relative in-
Dilution rate Ratio, S. bovisl relative no. of sidual nmts crease in dif-

(h- ) M. elsdenii S. bovis M. elsdenii S. bovis levels (g/liter) sidual maltose
0.12 3.5 1 0.043 0.011 0.032 1
0.22 7 2 0.100 0.020 0.080 2.5
0.36 23 6.6 0.261 0.037 0.223 7.0

theoretical K, rather than an actual change in
the affinities of the cells for maltose. Since in-
flated Km values are sometimes predicted from
Lineweaver-Burk plots, it seems that KS/K..
may be a more valid indicator of relative sub-
strate affinity than K8 alone. In these experi-
ments S. bovis had an observed K. that was
nearly four times greater than that of M. els-
denii. A comparison of KB/KI. in such a case
provides a more valid indication of the amount
of substrate that will be left at a particular
dilution rate than K. alone.

Collectively, the data from these experiments
indicate that physiological parameters such as
substrate affinity and resistance to low pH can
be used to predict relative bacterial numbers in
a mixed culture system. Further elaboration of
the physiological characteristics of rumen bac-
teria may allow for a more quantitative estima-
tion of rumen fermentation when diet is
changed.
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