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ABSTRACT

JOYNER, A. E., Jr. (University of California, Davis), AND R. L. BALDWIN. Enzy-
matic studies of pure cultures of rumen microorganisms. J. Bacteriol. 92:1321-1330.
1966.—The activities of enzymes representing the major pathways of carbohydrate
metabolism and anaerobic electron transport in cell-free extracts of whole rumen
contents have been reported. The effects of diet upon the activities of several enzymes
suggested that enzymatic measurements might prove useful for the study of rumen
metabolism. In the present study, the distribution and characteristics of aldolase, suc-
cinate dehydrogenase, glutamate dehydrogenase, lactyl-coenzyme A dehydrase, lac-
tate dehydrogenase, and other enzymes were measured in cell-free extracts of pure
cultures of Ruminococcus flavefaciens, R. albus, Bacteroides succinogenes, B. rumini-
cola, B. amylophilus, Butyrivibrio fibrisolvens, Peptostreptococcus elsdenii, Strepto-
coccus bovis, and Selenomonas ruminantium. Some enzymes were widely distributed
-(aldolase, glutamate dehydrogenase), whereas others were observed in one or two
species (lactyl-coenzyme A dehydrase). The cofactor requirements and Kinetic
characteristics of enzymes varied considerably with species. Enzymes that vary
with species might be employed as indices for estimating the activities of various

groups of microorganisms in whole rumen contents.

Studies of pure cultures of rumen micro-
organisms have been largely restricted to charac-
terization of nutritional requirements and end
products (10, 23), and the investigation of un-
usual metabolic pathways (1, 2, 27). These studies
have usually been carried out with whole cells,
and enzymes involved in various metabolic path-
ways have not been characterized. Only in a few
cases have the actual enzymes, and their asso-
ciated cofactors and electron carriers, been
studied (5, 6, 16). Palmquist and Baldwin (31)
attempted to characterize shifts in the rumen
microbial population by using enzymatic meas-
urements of cell-free extracts of the mixed
microbial population. The lack of information on
the metabolic pathways and their associated
enzyme systems in individual species made it diffi-
cult to interpret their results with regard to the
contribution of the individual species to the end
products formed on different diets.

1 Based on material from a dissertation submitted
by A. E. Joyner, Jr., in partial fulfillment of the re-
quirements for the Ph.D. degree, University of Cali-
fornia, Davis. Presented in part at the 50th Annual
Meeting of the Federated American Societies for Ex-
perimental Biology, Atlantic City, N.J., April, 1966.

The application of enzymatic measurements in
conjunction with other techniques may prove
useful in the study of rumen metabolism. How-
ever, to utilize this technique effectively, the
various species must be studied individually. In
the present study, some enzymes representing the
major pathways of carbohydrate fermentation
and anaerobic electron transport in individual
species of rumen microorganisms were deter-
mined. The characteristics of several enzymes
suggest that enzymatic measurements may prove
useful for the estimation of the activities of
various groups of microorganisms in whole
rumen contents.

MATERIALS AND METHODS

Microorganisms and culture procedures. Rumino-
coccus flavefaciens C94, Bacteroides succinogenes S85,
Ruminococcus albus strain 7, Bacteroides ruminicola
strain 23, Bacteroides amylophilus strain 78, Seleno-
monas ruminantium HD4, Peptostreptococcus elsdenii
B159, Streptococcus bovis 2281, and Butyrivibrio fibri-
solvens 8/4-46 were kindly provided by M. P. Bryant,
K. A. Pittman, and R. E. Hungate. Stock cultures of
R. flavefaciens, R. albus, and B. succinogenes were
maintained on the rumen fluid-glucose-cellobiose
medium of Bryant and Burkey (11). B. ruminicola was
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maintained on the rumen fluid medium of Pittman
and Bryant (33). B. amylophilus was grown on the
same medium, except that maltose was substituted for
glucose. S. ruminantium and P. elsdenii were kept on
glucose-yeast extract media (20, 26). S. bovis was
maintained on the rumen fluid-glucose medium of
Hungate (22). B. fibrisolvens was grown on hay ex-
tract medium. This medium contained 409, of an
aqueous extract prepared by heating 4 g of ground
alfalfa hay in 100 ml water at 100 C for 5 min, 0.19,
yeast extract, 0.5%, glucose, 0.0001%, (w/v) resazurin,
7.5%, of each of the inorganic salt solutions of Bryant
and Burkey (11), 0.49%, Na,CO;, and 0.05%, cysteine-
HCI. Stock cultures were grown in culture tubes (16
by 150 mm) fitted with semisolid rubber stoppers and
were transferred by the technique of Smith and
Hungate (37). Batch cultures were grown in 5-liter
glass-stoppered bottles. The media used are listed in
Table 1. All cultures were transferred at least three
times on the growth media before they were grown in
large batches. The cells were collected 12 to 24 hr
after inoculation (in a Servall RC-2 centrifuge
equipped with a Szent-Gyorgy and Blum continuous-
flow system), washed twice, and resuspended in 0.05 M
KHPO, buffer (pH 7.5). S. ruminantium was washed
only once because additional washing caused erratic
results. The washed cells were disrupted by sonic
oscillation in a Raytheon 10-kc sonic oscillator for
15 min. The suspensions were centrifuged at 30,000 X
g for 30 min, and the cell-free extracts were used
immediately for enzymatic measurements.

Chemicals. All chemicals and biological materials
were purchased from commercial sources. Coenzyme
A (CoA) esters of propionate, butyrate, crotonate, and
acrylate were synthesized according to the method of
Stadtman (39). Protein was measured by the method
of Lowry et al. (28).

Enzymatic. The assays employed for estimation of
the activities of the enzymes studied are presented in
Table 2. Ketolase activity may be either transketolase
or phosphoketolase, since the assay did not differenti-
ate these enzymes. Malate dehydrogenase and malic
enzyme were defined on the basis of pyridine nucleo-
tide specificity and not identification of end products.
Assays in which the rate of absorbancy change was
measured were carried out in either a Bausch & Lomb
Spectronic-20 colorimeter or a Beckman monochro-
mator fitted with a Gilford model 2000 automatic
recording system. Acetyl phosphate was determined
by the hydroxamate method of Lipmann and Tuttle,
as presented by Rose (34). Conditions for each assay
were selected wherein the enzyme activities were de-
termined under close to optimal conditions, and all
assays were linear with respect to enzyme concentra-
tions. The pH optimum for each enzyme in each or-
ganism was determined before the measurements
reported were carried out, and the pH of the reaction
mixtures was determined at the end of each assay.
Initial rates were used in all cases. Wherever possible,
or appropriate, estimates were corrected for endoge-
nous rates measured in the absence of substrates. No
corrections for the effect of pyridine oxidase activity
upon estimates involving measurement of rates of
pyridine nucleotide reduction were applied to the
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TABLE 1. Growth media

Reference
Microorganisms Energy substrate grf::;th
um
Ruminococcus flavefaciens.| Cellobiose 1
R.albus.................. Glucose, 1
cellobiose
Bacteroides succinogenes . .| Glucose 13
B. ruminicola . . ........... Glucose 33
B. amylophilus. . . ......... Maltose 33
Peptostreptococcus elsdenii| Lactate 27
Streptococcus bovis. . ... ... Glucose 42
Selenomonas ruminantium .| Glucose 20
Butyrivibrio fibrisolvens. . ..| Glucose —a

e See Materials and Methods.

data. The activities of acetokinase were expressed as
micromoles of acetyl-phosphate produced per minute
per milligram of protein. All other enzyme activities
were expressed as micromoles of substrate utilized
per minute per milligram of protein at 30 C. The milli-
molar extinction coefficients used were: reduced pyri-
dine nucleotides, Ex = 6.2 X 103%; 2,6-dichloro-
phenolindophenol (DCP), Eswn = 21.0 X 103; 3-(P-
nitrophenyl)-2-(p-iodophenyl) tetrazolium chloride
(INT), Esxw = 204 X 10%; safranine, Ew = 15.5 X
10%; and acetyl-CoA, Eu2 = 4.5 X 108

RESULTS AND DISCUSSION

The microorganisms employed in this study
have been maintained in pure culture for a num-
ber of years and were grown on laboratory media.
Hence, it should be recognized that the activities
of the various enzymes may not reflect the ac-
tivities in the various species as they would exist
in the rumen. The present study was undertaken,
primarily, to establish the presence or absence of
enzymes in the various species and to describe
briefly the general characteristics of several im-
portant enzymes. A number of the enzymes
studied were present in all of the micro-
organisms tested, but wide differences in specific
activities between the various species were ob-
served.

The specific activities of the enzymes studied
are presented in Table 3. These enzymes were
selected because of their relationships to various
metabolic functions. Isotopic and enzymatic
studies have indicated that the major pathway
of hexose metabolism in the rumen is the Embden-
Meyerhof pathway and that the major pathway of
pentose utilization involves hexose synthesis (2,
5, 32, 41). In the present study, aldolase activity
was selected as an index of the Embden-Meyerhof
pathway. Aldolase was present in all species but
its activity was quite variable among species and
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no apparent correlation of aldolase activity with
growth rate within species was observed. In view
of the fact that most of the pentoses appear to be
metabolized via hexose, transketolase might be
expected to be the major ketolase measured, but
the data must be interpreted as indicating the
general capacity for pentose utilization via either
the hexose-synthesizing pathway involving trans-
ketolase or by direct cleavage as by phospho-
ketolase. Some of the species studied donot utilize
pentoses (10), but ketolase activity was observed
in all cases.

Microbial species that produce lactate as well
as species capable of utilizing lactate have been
isolated from the rumen and studied in pure cul-
ture (10, 23). At least two types of lactate dehy-
drogenase are known, one being nicotinamide
adenine dinucleotide (NAD)-linked (35) and the
other(s) containing cytochrome or flavins (30).
Both types were measured to characterize the
systems of electron transport inthevarious species.
The NAD-linked lactate dehydrogenase was ob-
served in all species except P. elsdenii and R. albus.

P. elsdenii contained a cytochrome-like lactate
dehydrogenase. No lactate dehydrogenase was
detected in R. albus. Most NAD-linked lactate
dehydrogenase-containing species, with the ex-
ception of R. flavefaciens and B. amylophilus, also
exhibited low levels of cytochrome-like lactate
dehydrogenase activity. This cytochrome-like ac-
tivity may be due to a diaphorase-type reaction,
with lactate reducing endogenous NAD, which
then reduces the dye. On the basis of kinetic data,
the NAD-linked lactate dehydrogenase reaction
favors reduction of pyruvate (35), whereas the
reaction catalyzed by the cytochrome-containing
enzyme has an equilibrium which favors lactate
oxidation (30). These observations suggest that
lactate utilizers, such as P. elsdenii and S. rumi-
nantium, might profitably have an enzyme similar
to the enzyme containing cytochrome. This is
apparently true for P. elsdenii and appears to hold
also for S. ruminantium. NAD-linked lactate
dehydrogenase activity was also observed in S.
ruminantium. This strain has been shown to pro-
duce no lactate on a glucose medium (9).

Presumably, the phosphoroclastic reactions are
the major reactions involved in acetate synthesis.
Two types of phosphoroclasticreaction are known:
the coli-type which yields acetyl-phosphate and
formate from pyruvate, and the clostridial type
which yields acetyl-phosphate, CO,, and hydrogen
(29). The two types can be differentiated by
measuring the rates of exchange of labeled carbon
dioxide and formate into pyruvate. Based on the
exchange reaction, P. elsdenii had the clostridial
type phosphoroclastic system, as reported pre-
viously by Ladd (26). All the other microorgan-
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isms appeared to have coli-type phosphoroclastic
systems. Phosphotransacetylase and acetokinase,
two auxiliary enzymes involved in acetate
synthesis, were measured also. The activities of
these two enzymes, which were observed in almost
all species, were not correlated with one another,
nor did they appear to be correlated with the
amounts of acetate produced by intact cells (14,
15, 19).

The enzymes involved in butyrate formation
may have been present in low levels in some of the
species even though no data arereported. Deacyl-
ase activity was observed in most of the micro-
organisms, and the dye (DCP) employed in the
butyryl-CoA dehydrogenase assay is reduced by
reduced sulfhydryl groups. Thus, it was not possible
to establish firmly the presence or absence of acyl-
CoA dehydrogenase when the activities were low.
The presence of acyl-CoA dehydrogenase activity
in P. elsdenii, S. ruminantium, and B. fibrisolvens
was confirmed by the use of an alternate assay
procedure which employed INT as the electron
acceptor. This assay was not as sensitive as the
DCP assay. Crotonase-3-hydroxybutyryl-CoA
dehydrogenase activity was observed in B. rumini-
cola, S. ruminantium, P. elsdenii, B. fibrisolvens,
and S. bovis.

The activity of isocitrate dehydrogenase was
quite variable and was not detected in B. rumini-
cola, S. bovis, or S. ruminantium. The activity of
this enzyme was high in R. flavefaciens, B. fibri-
solvens, and R. albus, and at least 10-fold lower in
B. succinogenes, B. amylophilus, and P. elsdenii.
In assaying this enzyme in P. elsdenii, it was ob-
served that Mgtt and Mn*+ were inhibitory.

Diaphorase activity was present in all species
studied. The level of activity was especially high
in B. amylophilus and S. bovis.

Lactyl-CoA dehydrase, an enzyme of the direct
reductive pathway of propionate synthesis, was
observed in three species. Of these species, only
P. elsdenii has been shown to utilize this pathway
(6, 27). The observation of this activity in B.
ruminicola and B. amylophilus was unexpected,
since both produce large amounts of succinate.
B. ruminicola was recently reported to produce
propionate under certain conditons (17), where-
as B. amylophilus apparently does not produce
propionate (21). Lactyl-CoA dehydrase activity
in B. ruminicola was higher than in P. elsdenii.
These observations indicate that caution should
be used when interpreting the results of enzymatic
measurements of rumen fluid extracts, such as
those reported by Palmquist and Baldwin (31).
The low lactyl-CoA dehydrase activity observed in
rumen fluid extracts by these workers may have
been due either to microorganisms such as P.
elsdenii, which possess the acrylate pathway, or to
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microorganisms such as B. ruminicola and B.
amylophilus, which may or may not produce
propionate, or both. The latter two possibilities
would overemphasize the role of the acrylate
pathway and P. elsdenii.

Succinate dehydrogenase and fumarate re-
ductase were observed in all species except R.
albus and P. elsdenii. The activities of these
enzymes indicated wide interspecies differences.
The ratios of succinate oxidation to fumarate
reduction have been used to distinguish between
types of succinate dehydrogenases isolated from
various organisms. Singer (36) reported that the
ratios of the rates of succinate oxidation to
fumarate reduction in beef heart, Micrococcus
lactilyticus, and Proteus vulgaris were 9.0, 0.03,
and 0.11, respectively. Beef heart succinate de-
hydrogenase was considered representative of the
aerobic type, the M. lactilyticus enzyme, of the
anaerobic, fumarate reductase type, and the P.
vulgaris enzyme, an intermediate type. The ratios
of the specific activities of succinatedehydrogenase

TABLE 4. Succinic dehydrogenase-fumaric
reductase ratios®

Microorganism Ratio

Ruminococcus flavefaciens. ... ......
Bacteroides succinogenes. . .........
B. ruminicola . . ....................
B. amylophilus. ....................
Selenomonas ruminantium. . . ....... .
Butyrivibrio fibrisolvens. ............ 0.304

Soooo
88228
N

e Specific activity of succinate dehydrogenase/
specific activity of fumaric reductase.
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to fumarate reductase are shown in Table 4. In all
species, the activity of fumarate reductase was
greater than that of succinate dehydrogenase.
Several species appear to have the anaerobic type
of succinate dehydrogenase similar to the enzyme
found in M. lactilyticus. B. ruminicola and B.
fibrisolvens apparently have the intermediate type
of enzyme. Palmquist and Baldwin (31) reported
that the intermediate type of succinate dehydro-
genase was prominent in the rumen.

The species studied make up about 409, of
the rumen microbial population (12). Using the
proportions given in Table 5 for each species, we
calculated a weighted estimate of the combined
activity of succinate dehydrogenase and fumarate
reductase in this portion of the rumen population
(Table 5). The ratio of succinic dehydrogenase
(SDH) to fumaric reductase (FR) calculated with
these weighted activities (Table 6) indicates that,
on the basis of the species studied to date, an
anaerobic-type SDH would be predicted to pre-
dominate in the rumen. Palmquist and Baldwin
(31) observed anintermediate type. If the propor-
tions of the various speciesin Table 5 are correct, it
must be assumed that either the 609, of the rumen
population not studied contains species with high
SDH-FR ratios, thus yielding the ratios reported
by Palmquist and Baldwin, that the 409, of the
rumen population studied represented consider-
ably less than 409, of the SDH present in rumen
extracts, or that the SDH-FR ratios of the or-
ganisms studied are different in the rumen than
in pure culture. SRR

NAD or NAD phosphate (NADP) reduction
in the presence of malate was observed in all

TABLE 5. Comparison of calculated and observed activities of succinate dehydrogenase
(SDH), fumaric reductase (FR), and glutamate dehydrogenase®

Percentage of Glutamate dehydrogenase
Microorganism total popula- SDH FR
tion NAD NADP
Bacteroides ruminicola . ................. 12 0.00048 0.00033 — 0.0022
Butyrivibrio fibrisolvens. ................. 9 0.00369 0.01200 — 0.0259
Ruminococcus flavefaciens. .. ............ 3 0.00005 0.00240 —_ 0.01773
R.albus................................ 3 —b — 0.0056 —
Bacteroides succinogenes. . .. ............ 5 0.0025 0.2450 — 0.00735
Streptococcus bovis. . .................... 1 0.00002 — — 0.00351
Selenomonas ruminantium. .. ............ 1 0.00002 0.0036 — 0.00004
B. amylophilus. . ........................ 1 0.00002 0.0057 — 0.00418
Peptostreptococcus elsdenii. . . ... ..... ... 1 — — 0.00187 —
Total............................... 0.00674 0.269 0.00748 0.0607
Rumen fluid extractse................... 0.00589 0.0289 0.110 0.0159

@ Units per milligram of protein times percentage of total population.

b No activity detected.
¢ Palmquist and Baldwin (31).
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species except S. bovis. Present knowledge of the
pyridine nucleotide specificity of enzymes oxidiz-
ing malate suggests that malate dehydrogenase
was present in some species and malic enzyme in
the others (25). This interpretation is not consist-
ent with the absence of malate dehydrogenase in
microorganisms which produce -propionate via
the dicarboxylic acid pathway. Flavin- or NADP-
linked malate dehydrogenases may be present in
these microorganisms. A malate-vitamin K
reductase which contains flavin adenine dinucleo-
tide (FAD) as a cofactor has been isolated from
Acetobacter xylinium (7).

Many rumen microorganisms can utilize am-
monia as their sole source of nitrogen when
grown in pure culture (23). The activities and
pyridine nucleotide specificities of glutamate de-
hydrogenases were investigated as a potential
index of capacity for ammonia assimilation. An
NADP-linked glutamate dehydrogenase had pre-
viously been reported in S. bovis (16). Several of
the other species, in addition to S. bovis, contained
the NADP-linked enzyme. In the present study,
the NAD-linked glutamate dehydrogenase was
observed only in R. albus and P. elsdenii. Enzyme
activity within species was not correlated with the
nitrogen source in the medium. Both B. rumini-
cola and B. amylophilus were grown in media with
NH;" as the nitrogen source. The glutamate de-
hydrogenase activity of B. amylophilus was one of
the highest observed, and that of B. ruminicola was
one of the lowest. Both NAD- and NADP-linked
glutamate dehydrogenase were observed in rumen
fluid by Palmquist and Baldwin (31). The ac-
tivities of NAD-linked glutamate dehydrogenase
were much higher than that of the NADP-linked
enzyme on all diets studied, although the ratio of
these activities decreased as the amount of con-
centrate in the diet increased. The weighted ac-
tivities of the NAD- and NADP-linked glutamate
dehydrogenases and the ratios of these weighted
activities have been calculated (Tables 5 and 6).
They are much different than those reported for
rumen fluid extracts by Palmquist and Baldwin
(31), also presented in Tables 5 and 6. The ac-
tivities of enzymes in various species probably do
not accurately reflect those which occur in the
rumen. The rumen environment might be ex-
pected to modify enzyme activities and, hence,
partially nullify the comparative value of the
weighted estimates used in the calculation of the
ratio of NAD- to NADP-linked glutamate de-
hydrogenases. However, it seems reasonable to
suggest that such effects could not entirely ac-
count for the gross differences between the
calculated and observed ratios of NAD-linked to
NADP-linked glutamic dehydrogenase, and that
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TaBLE 6. Comparison of calculated and
observed ratios

Rati SDH/FR® | d 1? lgmte
aHe ‘NAD/NADP
Calculated®. ............ 0.0251 0.123
Rumen fluid extracts....| 0.204 6.92

o SDH, succinate dehydrogenase; FR, fumaric
reductase.

b Ratios of total calculated activities given in
Table 5.

a number of the species not studied must contain
active NAD-linked glutamate dehydrogenases.

The pyridine nucleotide specificities of several
enzymes are presented in Table 7. The pyridine
nucleotide preferences were highly specific; ac-
tivity with the alternate pyridine nucleotide was
nil in each case. The pyridine nucleotide-
linked lactate dehydrogenases were reduced NAD
(NADH,) specific in all species. R. albus and P.
elsdenii contained NAD-specific glutamate dehy-
drogenases. The glutamate dehydrogenases of the
other species were NADP-specific. In view of the
fact that, under the assay conditions employed,
malic enzyme activity could not be distinguished
from NADP-linked malate dehydrogenase, and
malate dehydrogenase activity could not be dis-
tinguished from NAD-linked malic enzyme ac-
tivity, the distinctions made in Table 7 must be
considered arbitrary. The cellulolytic species and
S. ruminantium had malic enzyme-like activity,
whereas P. elsdenii, B. ruminicola, and B. amyloph-
ilus had malate dehydrogenase-like activity. S.
bovis contained neither type of activity, whereas
B. fibrisolvens appeared to contain both. Isocitrate
dehydrogenase activity was not observed in all
species. P. elsdenii contained an NAD-specific
isocitrate dehydrogenase.

The apparent pH optima for most of the
enzymes are shown in Table 8. Comparisons
among species indicated that the pH optima for
most of the enzymes varied. The pH optima for
the assay of glutamic oxaloacetic transaminase
and phosphotransacetylase varied the most
among species. The highest optimal pH (8.0) for
glutamic oxaloacetic transaminase was in R. albus,
and the lowest (pH 6.8) was in B. amylophilus.
The lowest pH optimum (6.0) for phosphotrans-
acetylase was in P. elsdenii, and the highest
(pH 8.0) was in S. bovis and B. fibrisolvens.

In the present work, only one strain per species
was studied. Since strain differences in both nutri-
tional requirements and end products have been
observed, differences in specific activities of
various enzymes might be expected. The in vitro
activities of the species used in the present study
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TABLE 7. Pyridine nucleotide specificity of several enzymes
Enzymes
Microorganism deh};actate d eg;utamte fgﬁ;tf M :,'Ec dehmt;:nt:se
ase | S

NAD | NADP| NAD | NADP| NAD NAD | NADP
Ruminococcus flavefaciens. ..................... + - - + - + - +
Rioalbus. . .................ooiiiiiiiiiil - - + - — + — +
Bacteroides succinogenes. ...................... + - - + _ + —_ +
‘B. ruminicola. ................................. + - - + + - - -
B.amylophilus. . ............................... + — - + + - - +
Peptostreptococcus elsdenii. . ................... - - + - + — + _
Streptococcus bovis............................. + - - + - — — -
Selenomonas ruminantium . ..................... + - - + — + - -
Butyrivibrio fibrisolvens. ........................ + - - + + + - +

s See text for discussion of malate dehydrogenase and malic enzyme.

TABLE 8. Optimal pH values of several enzymes determined at the conclusion of enzymatic assay

Microorganism
Assa; i -
Y R‘my R. albus m mﬁ’in- a,f;zo- 5;%-_ Scﬁ':ﬁf:o' f"% 'm

flave- . succi- icola hilus | coceus | popid | rumin- ri-

faciens nogenes » elsdenii antium | solvens
Aldolase....................... 6.8 7.0 6.8 7.0 7.0 6.4 7.0 6.8 6.8
Ketolase....................... 6.4 7.0 6.4 6.8 7.0 6.4 6.8 6.8 6.4
Phosphotransacetylase.......... 7.0 7.6 7.2 6.8 6.0 8.0 8.0
Lactate dehydrogenase®. ....... 7.0 7.2 6.8 7.0 6.8 7.0 6.8
Lactate dehydrogenaseb..... .. . 7.2 7.2 7.2 7.2 7.2
Propionyl-CoA dehydrogenase. . 7.6 7.2
Butyryl-CoA dehydrogenase. . .. 7.6 7.2 7.0
Crotonase-g-hydroxybutyryl-

CoA dehydrogenase.......... 7.0 7.0 7.6 7.6 7.0
Glutamate dehydrogenase. ..... 7.2 8.0 7.6 7.2 7.6 8.0 7.2 7.6 7.0
Glutamic-oxaloacetic transami-

NASE. . .ovveenieenananiinnnnnns 7.0 8.0 7.0 6.8 7.6 7.2 7.0
Succinate dehydrogenase. . . .| 7.0 7.6 7.2 7.2 7.6 7.2 7.2
Lactyl-CoA dehydrase.......... 7.6 8.0
Diaphorase. . .............. . | 7.2 7.2 7.0 7.0 7.2 7.0 7.6 6.8 6.8

o Pyridine-linked.

b Not pyridine-linkedb.

probably do not reflect their activities in vivo, but
species differences in several enzymatic parameters
suggest that enzymatic measurements on cell-free
extracts of the mixed rumen microbial population
might be used to estimate contributions of various
microbial species to the end products found in the
rumen. Differences in pyridine nucleotide require-
ments and rates of forward and reverse reactions,
and enzymes unique to only a few species, appear
to offer the greatest opportunity for estimating
contributions of different species. Utilization of
enzymatic techniques in conjunction with other
types of measurements used previously in studying
rumen metabolism should permit attainment of a

better understanding of the roles of the various
microbial species in the rumen.
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