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Five rumen bacteria, Selenomonas ruminantium, Bacteroides ruminicola,
Megasphaera elsdenii, Streptococcus bovis, and Butyrivibrio fibrisolvens were
grown in continuous culture. Estimates of substrate affinities were derived from
Lineweaver-Burk plots of dilution rate versus substrate concentration. Each
bacterium was grown on at least four of the six substrates: glucose, maltose,
sucrose, cellobiose, xylose, and lactate. Wide variations in substrate affinities were
seen among the substrates utilized by a species and among species for the same
substrate. These wide differences indicate that substrate affinity may be a
significant determinant of bacterial competition in the rumen where soluble
substrate concentrations are often low. Growth of these bacteria in continuous
culture did not always follow typical Michaelis-Menten kinetics. Inflated theoret-
ical maximum growth rates and non-linear Lineweaver-Burk plots were some-
times seen. Maintenance energy expenditures and limitation of growth rate by
factors other than substrate concentration (i.e., protein synthesis) are discussed

as possible determinants of these deviations.

In the 1940’s Monod observed that bacterial
growth rate was dependent on substrate concen-
tration and that the two were related according
to saturation kinetics typical of enzyme systems
(8). Since this time it has been generally ac-
cepted that bacterial growth rate and substrate
concentration follow Michaelis kinetics. How-
ever, kinetic differences do exist between en-
zymes and bacteria. Pirt (11), in describing main-
tenance energy, corrected the Michaelis deriva-
tion of bacterial growth in continuous culture
proposed by Herbert et al. (3) by adding a main-
tenance term. Because affinity is usually meas-
ured at high growth rates when substrate is easy
to measure and maintenance as a percentage of
total energy consumption is low, this mainte-
nance term is generally neglected. Another im-
portant difference between bacterial growth rate
and enzyme velocity lies in the fact that growth
rate is limited by factors other than substrate
concentration (13). This difference has been ne-
glected.

Since substrate concentrations in natural en-
vironments are usually too low to permit maxi-
mum growth rate (5), it is reasonable to assume
that relative substrate affinities can be a signif-
icant determinant of bacterial competitions in
nature (10). Indeed, several mixed culture ex-

1 Present address: Department of Animal Science, Univer-
sity of Illinois, Urbana, IL 61801.

periments in chemostats have shown that at a
low dilution rate a bacterium with a low maxi-
mum growth rate can dominate a bacterium
with a higher maximum growth rate (2, 7, 15,
16).

In the rumen there are often several species
present that are capable of fermenting the same
substrate. Because soluble substrate concentra-
tions are usually low in the rumen (4), competi-
tion must exist among rumen bacteria for avail-
able substrates. It was hypothesized that if affin-
ities differed significantly among rumen bacte-
ria, relative substrate affinity could be a major
determinant of bacterial growth and competition
in the rumen. The experiments reported herein
were undertaken to test this hypothesis.

MATERIALS AND METHODS

Media. The media used were similar to the medium
described by Caldwell and Bryant (1), except that
resazurin was not used, the type of reducing agent was
changed, and concentrations of energy sources, yeast
extract, and Trypticase were modified. Yeast extract
and Trypticase were added at 0.5 and 1.0 g/liter,
respectively. Cysteine-hydrochloride (0.06%) was used
as the reducing agent instead of cysteine-sulfide. Each
energy source was added at a level that would yield a
maximum optical density (OD) of approximately 0.4.
Preliminary experiments indicated that a linear plot
of log OD versus time could be obtained by using this
level of energy source with each of the five bacteria.
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Salt solution A, salt solution B, Na,CO; (8%, wt/vol,
in water), yeast extract (3.25%, wt/vol, in water), Tryp-
ticase (4.33%, wt/vol, in water), and volatile fatty acid
mixture (adjusted to pH 9.4 with 10% NaOH) were
prepared as separate solutions in round-bottom flasks.
Each solution was brought to a boil under O;-free CO,
wired shut with a rubber stopper, and autoclaved for
30 min at 121°C. Glucose, maltose, sucrose, xylose
(each 20%) cellobiose (15%), and L-lactate (10%, neu-
tralized with 10% NaOH) were similarly prepared,
except that they were brought to a boil under O.-free
N.. Eleven liters of cysteine-hydrochloride and water
were autoclaved for 2 h at 121°C and then immediately
bubbled with O,-free CO; and cooled to room temper-
ature, and the other seven solutions were then added
anaerobically. The medium reservoir was bubbled
with O,-free CO. throughout the incubation.

Organisms. Megasphaera elsdenii B159, Butyri-
vibrio fibrisolvens A38, Selenomonas ruminantium
HD4, Bacteroides ruminicola GA33, and a recently
isolated Streptococcus bovis were used (12).

Cell growth. Each bacterium was grown in a New
Brunswick model C30 chemostat that was modified to
exclude oxygen. The actual culture vessel was bubbled
with O,-free CO; to create a positive pressure. The
culture vessel volume was 350 ml for M. elsdenii, B.
fibrisolvens, S. ruminantium, and B. ruminicola, and
a 170-ml vessel was used for S. bovis. All incubations
were performed at 39°C.

Sampling and substrate analysis. An approxi-
mate dilution rate was set with a flow meter, but
dilution rates were calculated from the total volume
accumulated per unit time. At least a 98% turnover
was allowed before a sample was taken at a new
dilution rate. This 98% turnover time was calculated
by dividing the natural logarithm of 0.02 by the dilu-
tion rate. Dilution rates were performed in decreasing
order. Substrate samples were removed from the cul-
ture through a 6-inch (152.4 mm) 16-gauge needle and
were immediately passed through a 0.45-um mem-
brane filter (Millipore Corp.). Separation of cells from
the medium was always accomplished in less than 30
s. This substrate sample was stored at —15°C until
time of analysis. Substrates were analyzed by methods
described previously (13). OD was monitored at 600
nm using a Gilford spectrophotometer model 240. pH
was also monitored and remained between 6.6 and 6.8
in all incubations. Actual plots used to estimate affin-
ity were computed by using linear regression (14).

RESULTS

Approach. Bacterial substrate affinities can
be so high that substrates are sometimes diffi-
cult, if not impossible, to detect in samples from
the continuous culture vessel by using colori-
metric or enzymatic methods. It was found that
substrates could only be assayed when dilution
rates were high enough to cause a decrease in
OD and an increase in substrate concentration.
The affinity constants listed in Tables 1-5 were
derived over dilution rates that were high
enough to allow measurable substrate concen-
trations. When affinity was low and Ks was high,
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the ranges of these dilution rates (range of
regression line) were wide. When affinities were
high, however, affinities could only be deter-
mined at very high dilution rates. In interpreting
data obtained in the latter situation, the as-
sumption was made that substrate affinities es-
timated at high dilution rates are similar to those
expressed at low dilution rates where substrate
measurements could not be performed. This as-
sumption is supported by the fact that when
affinities were determined over wide ranges of
dilution rate (Ks high), Lineweaver-Burk plots
were linear indicating constancy of Ks.

Problems of wall growth in continuous culture
were discussed by Munson (9). The walls of
culture vessels were examined during and after
each incubation, and it was found that M. els-
denii and S. bovis cultures sometimes adhered
to the walls. T'o minimize effects of wall growth,
the highest dilution rates were performed first.
By achieving these steady states first, the ratio
of bacteria attached to the wall to bacteria sus-
pended in solution was kept low. Linearity of
the Lineweaver-Burk plot can also be used as an
indicator of wall growth. When wall growth was
a problem, nonlinear Lineweaver-Burk plots
were seen.

B. fibrisolvens. Lineweaver-Burk plots were
constructed for each B. fibrisolvens incubation,
and the results are summarized in Table 1. The
K values were determined by taking the nega-
tive reciprocal of the intercept of the abscissa,
while the theoretical maximum growth rate was
derived from the reciprocal of the intercept of
the ordinate. A typical plot showing growth on
glucose is shown in Fig. 1. Comparison of Ks
values show that B. fibrisolvens has a very high
affinity (low Ks) for glucose, maltose, less so
cellobiose and considerably lower affinities for
sucrose and <xylose. Maximum theoretical
growth rates from each plot are also given in
Table 1. The values approximate closely the
probable “washout rate” of each culture. At the
upper limit of the regression line (Table 1), ODs

TABLE 1. Affinity of B. fibrisolvens for different

substrates
K. Theoreti- Correla- Range of
Substrate ( ml\sd) cal Kno:  tion coef-  dilution®
(h™) ficient  rates (h™')
Glucose 0009 050 099 (4)° 0.27-047
Maltose 0.006 0.50 0.86 (4) 0.35-0.49
Sucrose 0.262 0.83 095 (7) 0.42-0.66
Cellobiose 0.010 0.62 0.98 (4) 0.55-0.63
Xylose 0.367 0.71 0.94 (5) 0.49-0.60

?The range of where substrates were measured.
Lactate is not utilized.
® Number of points in regression line.
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F1G6. 1. Lineweaver-Burk plot for the growth of B.
fibrisolvens on glucose. The affinity constant, Ks, is

0.009 mM. The correlation coefficient of this plot is
0.99.

were significantly reduced from maximum, and
in each case it appeared that relatively small
increases in dilution rate would wash out the
culture.

B. ruminicola. The data for B. ruminicola
are shown in Table 2. Comparisons of the Ks
values among the substrates indicate that affin-
ities for maltose, sucrose, and cellobiose are very
low and are significantly lower than the affinity
for glucose. The theoretical K., for glucose
appeared to correlate well with the probable
“washout rate” of the culture, but the theoretical
K,n.x values for maltose, sucrose, and cellobiose
appeared to be very high. Because the upper
limit of each regression line was near “washout”
(OD was very low), it is unlikely that growth
rates as high as these theoretical values could
ever be achieved. A high degree of linearity in
each of these plots is evidenced by the high
correlation coefficients. The sucrose plot is
shown in Fig. 2.

When B. ruminicola was grown on either
sucrose or maltose, hexose was seen to accumu-
late in incubation media. The accumulation of
hexose from sucrose was related to dilution rate
(Table 6). Hexose accumulation from maltose
was also higher at higher dilution rates, but
showed greater variability in this regard (Table
7). Therefore, calculation of each affinity con-
stant was based on total carbohydrate concen-
tration in the medium rather than just disaccha-
ride concentration. Hexose accumulation was
not seen with cellobiose.

S. ruminantium. Glucose, maltose, sucrose,
and xylose affinities were high in S. ruminan-
tium (Table 3), and the theoretical K... values
appeared to approximate the probable washout
rate of each culture. The lactate plot is shown in
Fig. 3. Previous work (12) indicated that maxi-
mum growth rate on lactate was much lower
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than that for the other four substrates. Because
maximum growth rate was so low, only low
dilution rates could be used in the determination
of Ks. At a dilution rate of 0.315 h™, OD was
reduced to 0.021. This lactate plot shows a non-
linear relationship between 1/substrate concen-
tration and 1/dilution rate that becomes nearly
vertical at a low dilution rate. Wall growth was
not observed during or at the end of the incu-
bation, and it was concluded that maintenance
energy expenditure was the probable cause of
the deviation from linearity. Because the plot is
nonlinear, it is impossible to give a precise esti-

TABLE 2. Affinity of B. ruminicola for different

substrates
K. Theoreti- Correla- Range of
Substrate ( ml\sd) cal Kn... tion coef- dilution®
(h7t) ficient  rates (h7!)
Glucose 0.168  0.59 0.99 (4)® 0.49-0.54
Maltose 0.975 2.10 0.98 (7) 0.09-0.53
Sucrose 2.94 5.00 099 (7) 0.23-0.75
Cellobiose 11.76 4.00 0.97 (4) 0.18-0.49

?The range where substrates were measured. Xy-
lose and lactate do not support growth.
® Number of points in regression line.

[
—

UDILUTION RATE (hours)
N
[N

34
8

-10 0 10
l/GllAMS SUCROSE PER LITER
F16. 2. Lineweaver-Burk plot for the growth of B.
ruminicola on sucrose. The affinity constant, Ks, is

2.94 mM. The correlation coefficient of this plot is
0.99.
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TABLE 3. Affinity of S. ruminatium for different

substrates
Theoreti- . Range of
Sub Ke@mM) cal Kpoe Comi®HOn - gitygion®
(h™) rates (h™")
Glucose 0.046 0.95 1.00 (3)> 0.79-0.93
Maltose 0.058 0.83 0.95 (6) 0.26-0.74
Sucrose 0.004 1.25 0.98 (4) 0.83-1.19
Xylose 0.070 1.11 0.95 (8) 0.50-0.92

Lactate  See text

2 The range where substrates were measured. Cel-
lobiose does not support growth (13).
® Number of points in regression line.
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F1G. 3. The Lineweaver-Burk plot for the growth
of S. ruminantium on lactate.

mate of Ks. Ks must be high (affinity low) be-
cause substrate levels never became low even at
low dilution rates (Fig. 3).

M. elsdenii. Incubations with M. elsdenii in-
dicated that affinity was lower for lactate than
for glucose and that affinity was very low for
maltose (Table 4). The theoretical K., value
for glucose appeared to be realistic, but the
values for maltose and lactate appeared to be
inflated because growth rates this high were not
seen in batch cultures with very high substrate
concentrations (12). Wall growth was not a prob-
lem in these incubations. Previous work (12)
showed that maltose, glucose, and lactate gave
much higher maximum growth rates than su-
crose. The plot shown in Fig. 4 shows a non-
linear relationship similar to that described for
lactate in S. ruminantium. Maintenance energy
expenditures were again thought to be the cause
of this non-linearity. Affinity for sucrose, al-
though it cannot be predicted from the plot in
Fig. 4, must be low because sucrose levels were
high even at low dilution rates.

S. bovis. The data presented in Table 5 indi-
cate that S. bovis has a high affinity for sucrose.
A somewhat lower affinity was seen for maltose,
and low affinities were found for cellobiose and
glucose. Theoretical K., values are realistic for
the high affinity substrates, sucrose and maltose,
but deviated from reality as the affinity became
lower (glucose and cellobiose). The 3-min dou-
bling time predicted for glucose clearly seems
impossible. Wall growth was a particular prob-
lem with this bacterium (especially with growth
on maltose and sucrose), but the bright orange
color of this strain made identification of wall
growth easy. By taking the high dilution rates
first, linear Linewea\ er-Burk plots could be ob-
tained, but the speed at which wall growth be-
came visually apparent limited the number of

a points that could be collected.
Nhen carbohydrate concentration in the su-
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crose incubation of S. bovis was high due to high
dilution rates, some hexose was measured. This
level of hexose was rather constant and only
made up a significant portion of total carbohy-
drate at high dilution rates (Table 8). Traces of
hexose (<0.006 g/liter) were seen when maltose
was used as a substrate, and no hexose could be
detected in cellobiose incubations. The sucrose
affinity constant, Ks, was based on total removal
of carbohydrate, not just hydrolysis of sucrose.

DISCUSSION

The theoretical basis for estimation of Ks and
Kmax in a chemostat is that dilution rate (D) and

TABLE 4. Affinity of M. elsdenii for different

substrates

) Theoreti- . Range of
Sub Ks@mM)  cal Kne Correlation  gilution®
(h™) rates (h™?)
Glucose 0.111 0.53 0.90 (5)* 0.15-0.41
Maltose 1.34 1.66 0.97 (7)  0.11-0.39
Lactate 0.370 1.00 1.00 (56) 0.20-0.58

Sucrose  See text

“The range where substrates were measured. Xy-
lose and cellobiose are not utilized.
® Number of points in regression line.

84 q

(hours )

.“.‘
<
a
3 /
- 7/
3 27 -
a
~
o T 2 v T v -
-1 o] 1 2 3 4

1/GRAMS SUCROSE PER LITER

Fi16. 4. Lineweaver-Burk plot for the growth of M.
elsdenii on sucrose.

TABLE 5. Affinity of S. bovis for different substrates

K. Theoreti- Correla- Range of
Substrate ( mlf{) cal Kna. tion coef- regression®
(h™) ficient  line (h™")

Glucose 5.56 20.0 0.99 (5)° 1.94-2.72
Sucrose 0.058 350 0.92(4) 2.78-3.45
Maltose 0.155 294 096 (3) 2.25-2.63
Cellobiose 1.27 588 0.96 (4) 2.46-2.99

? The range where substrates were measured. Lac-
tate and xylose are not utilized.

® Number of points in regression line.
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hence growth rate (K) are related to substrate
concentration (S) according to a Michaelis-Men-
ten type function (18): D = K = K., S/Ks + S.
In the preceding equation, growth rate, K, ap-
proaches K. when K is infinitely small com-
pared to substrate concentration (S). If K were
limited by factors other than substrate concen-
tration (i.e., protein synthesis), and Ks is not
very small compared to S, maximum observed
growth rate would be less than the theoretical
maximum growth rate, Kn... Magnitude of dif-
ference between theoretical and observed
growth rates are thus related to the value of the
affinity term, Ks. Large values of Ks (low affin-
ity) lead to larger differences than do smaller
values of Ks (high affinity).

The limitation of growth rate by factors other
than substrate concentration is illustrated in Fig.
5. Kmex is approached as substrate concentration
becomes large, and the observed maximum
growth rate Kpa..o is less than Ki.... Increasing
substrate levels above S’ results in no further
increase in growth rate because of the limitation.
The deviation of Knaxo from K. is reflected in
the ratio of Ks to S’, namely, Knax.0 approaches
K nox as Ks becomes small compared to S'.

Probable factors limiting maximum growth
rate in bacteria have been discussed by Smith
(13). His conclusion was that at maximum
growth rate “. .. the cell is already so congested
that there is no room for further reactants, or
rather that the addition of further reactants
would slow down the reaction.” If Smith’s con-
clusion is plausible, and it does seem so, addition
of further substrate could not result in higher
growth rates as would be predicted by a Mi-
chaelis-Menten function.

Deviations of theoretical maximum growth
rates predicted by the Lineweaver-Burk plots
from observed maximum growth rates were ob-

Kmax
Kmax -0 —
I
w |
S |Yakmax |
X I |
1V |
o : .
|k s
i/ 1)

SUBSTRATE CONCENTRATION

FiG. 5. Relationship of substrate concentration
and growth rate.
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served several times in this study, and each time
the affinity constant, Ks, was high. The most
notable example was the 3-min doubling time
predicted for S. bovis on glucose. Other devia-
tions were seen with S. bovis on cellobiose, B.
ruminicola on cellobiose, sucrose, and maltose,
and M. elsdenii on maltose.

The deviations from hnearity of the Line-
weaver-Burk plots shown in Fig. 3 and 4 can
most easily be explained by maintenance energy
expenditures. Maintenance energy expenditures
make up a greater proportion of total substrate
utilizations as growth rate decreases (11), and in
each case (Fig. 3 and 4) the plot became nearly
vertical at low growth rates. Such a plot indi-
cates that as dilution rates become low, sub-
strate levels become disproportionately larger.
Because the ability to decrease substrate is
based on growth rate and since maintenance
energy has the effect of decreasing growth rate,
a high maintenance energy expenditure could be
expected to cause such a deviation. No obvious
deviations from linearity were seen with B. rum-
inicola on sucrose and M. elsdenii on maltose
even though the plots extended to as low as
dilution rates, and it is suggested that mainte-
nance energy expenditures may be abnormally
high for the growth of S. ruminantium on lactate
and M. elsdenii on sucrose. '

The appearance of relatively large amounts of
hexose in the sucrose incubation of S. bovis
(Table 8) and the sucrose and maltose incuba-
tions of B. ruminicola (Tables 6 and 7) could be
explained by either an extracellular (periplasmic
space) hydrolysis of disaccharide or leakage from

TABLE 6. B. ruminicola incubated in sucrose

Dilution rate Sucrose concn Hexose concn
(™) (g/liter) (g/liter)
0.228 0.023 0.014
0.373 0.038 0.026
0.463 0.051 0.025
0.516 0.056 0.025
0.583 0.062 0.030
0.713 0.085 0.042
0.754 0.105 0.041

TABLE 7. B. ruminicola incubated in maltose

Dilution rate Maltose concn Hexose concn
(™) (g/liter) (g/liter)
0.090 0.015 0.001
0.119 0.024 0.000
0.135 0.032 0.000
0.213 0.042 0.004
0.316 0.040 0.016
0.418 0.066 0.006
0.533 0.095 0.010
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TABLE 8. S. bovis incubated in sucrose
Dilution rate Sucrose concn Hexose concn
(1] (g/liter) (g/liter)
2.78 0.069 0.027
3.12 0.308 0.058
3.40 0.559 0.032
3.45 0.605 0.028

cells of intracellular hexose. In S. bovis grown
on sucrose, neither hexose nor sucrose could be
detected at dilution rates below 2.78 h™! (Table
8), but in B. ruminicola hexose and disaccharide
could be detected at low dilution rates. Because
sucrose affinity was high (Table 5) and because
growth rate was very high (Table 8), a leakage
of hexose seems possible. Intracellular hexose
could accumulate under such a condition if rate
of transport were to exceed rate of utilization for
biosynthesis. Leakage of hexose from relatively
starved cells (low dilution rate) does not seem
likely. Because hexose accumulation occurred at
low dilution rates (Tables 5 and 6), extracellular
hydrolysis seems a more likely explanation than
leakage of intracellular hexose. Extracellular hy-
drolysis and subsequent transport of hexose is
consistent with the observation that glucose af-
finity is higher than maltose and sucrose affini-
ties (Table 5). Further work is necessary to
ascertain the exact origin of this hexose.

The Ks values listed in Tables 1-5 show a
great deal of variation within a species for dif-
ferent substrates and among species for the same
substrate. These wide variations in Ks seem to
indicate a great deal of specialization among
these bacteria for this group of substrates. B.
fibrisolvens had approximately a 500-fold
greater affinity for glucose than did S. bouis, but
sucrose affinity was approximately fivefold
higher for S. bovis than B. fibrisolvens. Maltose
and glucose affinities were both higher for B.
fibrisolvens than for S. ruminantium, but the
situation was reversed for xylose and sucrose. M.
elsdenii had low affinities for maltose and su-
crose, but relatively high affinities for lactate
and glucose. Affinity for glucose was much
higher in B. ruminicola than affinities for mal-
tose, sucrose, and cellobiose, while sucrose and
maltose affinities were substantially higher than
glucose and cellobiose affinities in S. bovis.

The wide differences discussed above suggest
that substrate affinity could be a significant de-
terminant of bacterial competitions in the rumen
where soluble substrates are often low. Other
factors such as pH, maintenance energy expend-
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itures, maximum growth rate, and substrate
preference also play an obvious role in these
competitions. Both substrate preferences and
effects of pH on maximum growth rates have
been described for the five bacteria six substrate
test system used in this study (12; J. B. Russell,
W. M. Sharp, and R. L. Baldwin, J. Anim. Sci.,
in press). Maintenance energy expenditures are
currently being studied. It is hoped this test
system will provide the basis of a more quanti-
tative understanding of bacterial competition
and feed utilization in the rumen.
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