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The effect of Monensin (Rumensin, Eli Lilly & Co.) in incubations with mixed
rumen microorganisms metabolizing carbohydrate or protein substrates was
investigated. Monensin partly inhibited methanogenesis and increased propio-
nate production, although the effect was not always statistically significant.
Incubations with substrates specific for methane bacteria suggest that inhibition
of methanogenesis by Monensin was not due to a specific toxic action on the
methanogenic flora, but rather to an inhibition of hydrogen production from
formate. Total and net microbial growth were considerably decreased by addi-
tion of Monensin, although the amount of substrate fermented was not altered,
resulting in lowered values of microbial growth efficiency. In incubations with
casein, Monensin lowered protein degradation in line with a lowered ammonia
production, whereas a slight accumulation of a-amino nitrogen was observed.
The results suggest that besides an influence of Monensin on the rumen carbo-
hydrate fermentation pattern, another reason for the beneficial effects observed
in vivo might be decreased food protein degradation in the rumen, altering the
final site of protein digestion in the animal. Also, the possibility of a decrease in
rumen microbial growth efficiency has to be considered when using Monensin as
a food additive.

During the last two years, numerous papers
in the literature have dealt with the effect of
Monensin (Rumensin, Eli Lilly & Co.) on the
performance of beef cattle fed different rations
(e.g., 4, 17-19, 21). Monensin-treated animals
show an improved feed efficiency, whereas in
the rumen a shift in the molar proportions of
volatile fatty acids towards propionic acid is
observed (7, 17, 22). Methane production is de-
pressed and rumen ammonia levels tend to be
lower, indicating a decreased proteolysis and al-
tered site of protein digestion (7; J. Thornton et
al., J. Anim. Sci. 43:336, 1976). All these results
suggest that the favorable effect of feeding Mo-
nensin may be related, at least partly, to its
action on rumen fermentation. Other possible
reasons, due to interactions with animal me-
tabolism other than rumen metabolism, were
reviewed earlier (21, 22). The in vitro experi-
ments described here were conducted to study
in more detail and in a quantitative manner
the effects of Monensin on the metabolism of
carbohydrate and protein substrates by mixed
rumen microorganisms, including the aspect of
microbial growth yield (protein synthesis).
Since nothing is known about the possible
mechanisms by which Monensin acts on rumen
metabolism in general, and on methane pro-
duction in particular, incubations with sub-
strates specific for methane bacteria were done.

Metabolic hydrogen recovery was calculated
from fermentation balances, based on stoichio-
metric relationships between end products
formed. Such balances not only provide a con-
trol on the accuracy of the experimental data,
but often provide evidence for explaining the
mechanism of action of additives influencing
the fermentation pattern in the rumen (6, 14,
26-28).

MATERIALS AND METHODS
Animals. Rumen contents were obtained from a

wether provided with a rumen fistula and kept in-
doors in a cage. The animal received 400 g ofhay and
200 g of commercial concentrates (crude protein,
14%) twice daily. Samples were withdrawn from the
rumen with the apparatus described by Hungate (9)
after a fasting period of at least 24 h, so that effects
of endogenous substrates would be minimal.

Incubation procedure. Rumen contents were fil-
tered through four layers of surgical gauze, and 40-
ml samples were transferred anaerobically to incu-
bation flasks, provided with a rubber septum to
permit gas sampling. Carbohydrate substrate (250
;&mol each of cellobiose and maltose, reagent grade;
Merck, Darmstadt) and 5 mg of nitrogen as
NH4HCO3 (Merck, Darmstadt) were added, dis-
solved in 10 ml of Burroughs artificial saliva (3).
Besides the experiments with pure carbohydrates as
energy substrate, a series of incubations using
ground concentrates as substrates (1.5 g/flask) was
carried out. Samples (40 ml) of washed cell suspen-
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sions of mixed rumen bacteria, prepared as de-
scribed elsewhere (5), were incubated in a similar
manner, but Hungate's buffer (10) was used instead
of Burroughs saliva.

Incubations with substrates specific for methane
bacteria were done with 2.5 mmol of sodium for-
mate (Merck, Darmstadt) or a C02-H2 (50%-50%)
gas mixture (L'Air Liquide, Ghent). The gas volume
of an incubation flask is about 110 ml. Unless stated
otherwise, the incubation time was 2 h, and CO2
(99.995% pure, L'Air Liquide) was used as incuba-
tion gas. Fermentation was stopped by injecting 1
ml of H2SO4 (10 N) at the end of incubation or before
incubation (blank values). For incubations with pro-
tein, 250 mg of isoelectric casein (Difco, Detroit,
Mich.), dissolved in 10 ml of Burroughs saliva, was
used as the sole substrate, and incubation was for 3
h under CO2. Here blank values were obtained by
incubation of rumen fluid without any substrate.
Crystalline Monensin (potency, 877 mg/g) was a gift
from Eli Lilly Benelux, Brussels, and was added in
ether solution in concentrations ranging from 0.5 to
25 ,ug/ml, comparable to that done in other recent
work (22). Ether was removed from the incubation
flask by evaporation before adding rumen fluid.

Analysis. Fermentation end products, methane,
hydrogen, volatile fatty acids, lactic acid, and am-
monia-nitrogen, were determined as described ear-
lier (5, 25, 28). "Total" and "net" microbial growth
was determined by measuring the incorporation of
32P-labeled phosphate in microbial material and the
decrease of ammonia-nitrogen in the ammonia pool,
respectively (25).

Results are expressed in terms of nitrogen incor-
porated (Nin,) in microbial material per 100 ,umol of
hexose fermented (growth yield). From phosphorus
incorporation (Pin2), N1nc was calculated as Pi,nc x
8.37 = N,nC, based on the average N/P ratio in rumen
microbial dry matter (25). In incubations with ca-
sein, protein degradation was determined by the
biuret method (8) on the supernatant after centrifu-
gation (20,000 x g, 15 min, 0°C) of a sample of
incubation fluid. Therefore, in these incubations,
fermentation was not stopped by injecting H2SO4,
but during preparatory procedures incubation flasks
were kept in an ice bath. a-Amino nitrogen was
determined after deproteinization of 1 ml of incuba-
tion fluid with HClO4 (0.6 N) on the supernatant,
using the ninhydrin reagent described by Oddy (15)
after elimination of NH3 by evaporation to dryness
in strong alkaline conditions.

Calculation of metabolic hydrogen recovery and
fermentation balances. Hydrogen recoveries were
calculated as described by Demeyer and Van Nevel
(6). Distribution of metabolic hydrogen (2H) over
reduced fermentation end products was calculated
as follows: (i) for total hydrogen used in end prod-
ucts, 2 H, = 2P + 2B + 4M + H2; (ii) for percentage
of2H used in P = (2P/2Hu x 100, in B = (2B/2Hu) x
100, in M = (4M/2Hu) x 100, and in H2 = (H2/HU) x
100, where P, B, M, and H2 are net production
(micromoles) of propionate, butyrate, methane, and
hydrogen gas, respectively. The amount of hexose
fermented during incubation was calculated as C,6 =
(A/2) + (P/2) + B.

For casein incubations it was assumed that amino
acids are degraded by deamination, followed by de-
carboxylation of the keto acids formed (R. A. Prins,
in R. T. J. Clarke and T. Bauchop [ed.], The Normal
Flora ofthe Gut, in press). A stoichiometric relation-
ship between volatile fatty acids and ammonia pro-
duction can be derived: fermentation of 1 mol of
amino acids (AA) yields 1 mol of ammonia (NH3)
and 1 mol of acetic (A), propionic (P), isovaleric (IV),
and valeric (V) acids and 0.5 mol of butyric acid (B).
Per mole of valeric acid formed, a second mole of
ammonia is formed by deamination of 8-aminoval-
eric acid. The relation can be written as: NH3 = AA
= A + P + IV + 2V + (B/2) (D. I. Demeyer, Aggre-
gaatsthesis, State University of Ghent, Ghent, Bel-
gium, 1976).

Statistical analysis. Results were statistically an-
alyzed by a t test on paired observations (24).

RESULTS
Effect of monensin on production of meth-

ane and volatile fatty acids. In Tables 1 and 2,
the effect of Monensin on the fermentation pat-
tern in incubations with rumen fluid, using
concentrates or a mixture of cellobiose-maltose
and ammonium bicarbonate as substrate, is il-
lustrated. The overall effect is comparable to in
vitro and in vivo results described earlier in the
literature, although the increase in propionate
formation was not always statistically signifi-
cant (4, 7, 17, 21, 22). Although calculation of
mean values indicates a lowered methane pro-
duction after Monensin treatment (in 17 out of
a total of 25 individual incubations), this effect
was not statistically significant in most cases.
Table 3 shows the distribution of metabolic hy-
drogen over the reduced fermentation end prod-
ucts and a shift to propionic acid was noted, but
this was only significant at the lower Monensin
concentrations. In the same table we present
the hydrogen recoveries, calculated as de-
scribed earlier (6). Hydrogen recovery tended to
be lower in Monensin-treated incubations, al-
though not statistically significant. Production
of negligible amounts of lactic acid (<4 umol/
flask) or hydrogen gas (<2 amol/flask) was
observed in this series ofincubations. This indi-
cated that a normal type ofrumen fermentation
occurred.

Microbial growth yield. In the incubations
with sugars (Table 2), total growth and net
growth were determined, and values were ex-
pressed as growth efficiencies (milligrams of
nitrogen incorporated per 100 ,umol of hexose
fermented). In the absence of Monensin, the
range of values obtained was equivalent to 51.1
to 80.6 and 13.0 to 17.2 g of Ninc per kg oforganic
matter fermented for total and net growth, re-
spectively, in reasonable agreement with other
data obtained in vitro as well as in vivo (25).
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Efficiency for both total and net growth was
significantly depressed by Monensin, and it
seems that net growth was somewhat more
inhibited than total growth (Table 4).
Mechanism of methane inhibition. To find

out if a direct toxic action of the antibiotic on
methane bacteria was responsible for the fre-
quently observed inhibition of methane produc-
tion, we carried out incubations with formate or
a gas mixture of C02 and H2, both substrates
being specific for methane bacteria (16, 23) (Ta-
ble 5). This assumes that methane production is
a representative parameter for the indication of
a toxic effect of a compound on methanogens.
Methane production from C02-H2 was not af-
fected by Monensin, but with formate as sub-
strate considerable inhibition was noted. Hy-
drogen gas accumulated but in amounts consid-
erably below those expected from inhibited
methane production (70 versus 1,600 ,umol).
This enables us to conclude that the methane-
depressing property of Monensin is not due to a
direct toxic effect on the methanogenic flora in
the rumen, but rather to an inhibition of orga-
nisms decomposing formate to C02 and H2,
these gases being, quantitatively, by far the
most important substrates for methane bac-
teria (12). Additional support for this theory is
found in the fact that in incubations where
methane production was depressed, we always
found a lower hydrogen recovery compared
with the blank (Table 6), indicating accumula-
tion of a reduced end product other than meth-
ane, gaseous hydrogen, propionate, and butyr-
ate, since these are involved in the calculation
of a hydrogen balance. This unknown accumu-
lated product may be formic acid.

Effect of Monensin on protein incubations.
In these incubations, casein was added as the
sole substrate to enable calculation of fermen-
tation balances based on the stoichiometry of
protein fermentation (see Materials and Meth-
ods). The results are summarized in Table 7.
Monensin lowered protein disappearance and
resulted in a slightly higher accumulation of a-
amino nitrogen and a considerable depression
in ammonia production. Calculated nitrogen

0 0 recoveries were somewhat low, especially in
v V the blank incubations, perhaps due to accumu-

1;<<,,lation of peptide nitrogen (13) not recovered by
the a-amino nitrogen determination. Addition

, a of carbohydrates (cellobiose and maltose) as the
'< < energy source in these incubations did not in-

i fluence the effect ofMonensin on protein break-
;m" down. In Table 8, the effect of Monensin on the

fermentation pattern of casein is illustrated. A
strong inhibition of methane and volatile fatty
acid production is apparent. Actual ammonia
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TABLE 2. Effect ofMonensin on methane and volatile fatty acid production in incubations ofrumen fluid with
cellobiose-maltose-NH4HCO3 as substratea

Fermentation end products
Monensin Acetic acid Propionic acid Butyric acid Methane C, fermented"

Mean t calculated Mean t calculated Mean t calculated Mean t calculated Mean t calculated
O (2)C 90d 33d 39d 64d 561

4.5 (NS)e 4.0 (NS) 5.0 (NS) 8.0' 6.1 (NS)
0.5 81 37 41 48 767
0 (8) 104 55 22 48 535

0.3 (NS) 2.6' 0.2 (NS) 2.4' 0.9 (NS)
1.0 103 60 22 41 561
0 (10) 107 60 17 40 526

1.0 (NS) 2.1f 0.9 (NS) 1.2 (NS) 0.3 (NS)
5.0 104 64 16 36 511
0 (6) 104 63 17 39 526

0.2 (NS) 1.6 (NS) 0.7 (NS) 0.8 (NS) 0.7 (NS)
25.0 103 67 15 34 486

a Incubation circumstances as described in the text.
b Micromoles of hexose fermented: (A/2) + (P/2) + B.
c Number in parentheses is number of incubations.
d Micromoles per 100 /mol of C6 fermented.
e NS, Not significant.
' Significant at P < 0.05.

TABLE 3. Effect ofMonensin on distribution of metabolic hydrogen (2H) over reduced fermentation end
products and hydrogen recovery in in vitro incubationsa

2H in reduced end products (%)
Monensin Methane Propionic acid Butyric acid 2H recovery (%)

Mean t calculated Mean t calculated Mean t calculated Mean t calculated
0 64 15 20 108.5

181b 31c 44c 4.33 (NS)d
0.5 55 21 24 95.5
0 54 33 13 100.5

2.8c 2.5c 1.43 (NS) 1.36 (NS)
1.0 48 38 14 96.4
0 50 39 11 97.8

2.1 (NS) 1.8 (NS) 2.10 (NS) 0.95 (NS)
5.0 44 45 11 90.8
0 49 41 10 93.0

1.6 (NS) 1.4 (NS) 3.08c 0.24 (NS)
25.0 40 48 12 91.0
a Calculated as described in the text and by Demeyer and Van Nevel (6) from results in Table 2.
b p < 0.01.
cp < 0.05.
d NS, Not significant.

production (522 ,umol) was in reasonable agree-
ment with the production calculated from vola-
tile fatty acid production (483 ,umol) (see Mate-
rials and Methods) for blank incubations, but
considerable discrepancies were noted in the
presence of Monensin. In the latter case, how-
ever, values for volatile fatty acid production
showed abnormally high variation (Table 8).
As with carbohydrate as substrate, significant

amounts of lactate and hydrogen gas were
never detected.

DISCUSSION
Although it might be expected that the bene-

ficial effect of Monensin on beef cattle perform-
ance is at least partly due to its action on ru-
men metabolism, only a few papers in the liter-
ature have dealt with this subject thus far (7,

APPL. ENVIRON. MICROBIOL.
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TABLE 4. Influence ofMonensin on rumen microbial
growth yields in vitroa

Total growthb Net growthc
Monensin
(~ggml) Mean t calcu- Mean tcluaevalue lated value calculated

0 1.306 0.211
10.32d 8.25d

0.5 0.620 0.046
0 0.947 0.262

3.54e 1.55 (NS) f
1.0 0.654 0.185
0 0.828 0.279

2.45d 5.18e
5.0 0.583 0.134
0 0.828 0.279

3.91e 8.39e
25.0 0.583 0.052
a Determined in the incubations as presented in

Table 2. Results are given in milligrams of nitrogen
incorporated in microbial material per 100 jumol of
hexose fermented [(A/2) + (P/2) + B].

b Nitrogen incorporation calculated from 32PO43-
incorporation.

c Nitrogen incorporation calculated from NH3 in-
corporation.

d p < 0.05.
ep <0.01.

f NS, Not significant.

22). In the work described here, we tried to
quantitate the effect of the antibiotic on rumen
metabolism, using incubations in vitro to ena-

ble an exact determination of end products
formed, as well as of microbial growth yields.
The overall effect of the drug on the rumen

fermentation pattern in vitro is comparable to
results reported earlier and obtained in vivo (7,
17, 21). In our experiments, however, the inhib-
itory effect on methane production and the
stimulation of propionic acid production were
not always statistically significant.
Our results indicate that Monensin has no

direct toxic effect on the methanogenic flora,
since no effect on methane formation was ob-
tained with gaseous carbon dioxide and hydro-
gen as the substrate. With formate as the sub-
strate, inhibition of methanogenesis was ob-
tained, whereas gaseous hydrogen was only
found in amounts far below the amounts calcu-
lated from inhibited methane production: e.g.,

70 versus 1,600 gtmol at the 100-,tg/ml level in
the washed cell suspension experiment. This
indicates that Monensin specifically inhibits
formate decomposition, whether added as sub-
strate or formed in the pyruvate lyase reactions
during carbohydrate fernentation. A similar

TABLE 5. Effect of Monensin on methane production from COr-H2 or formatea

No. of in- Incubated Monensin added (gg/ml)
Substrate cubations medium 0 1 5 25 100

C02-H2 (50%-50%) 4 SRF 100b (609)C 103 ± 8b 96 ± 5 108 ± 12 101 ± 8
2 WCS 100 (311) 98 4 98 2 96 2 91 5

Formate 2 SRF 100 (719) 98 2 82 11 85d 74± 12
2 WCS 100 (648) 97 4 93 0.2 77 5 38 3

aA 40-ml amount of strained rumen fluid (SRF) or washed cell suspension (WCS) was incubated for 2 h
with 10 ml of Burroughs solution (SRF) of phosphate buffer (WCS) and Monensin under C02-H2 (50%-50%).
For incubations with formate, 2.5 mmol of sodium formate was incubated under CO2 (100%).

b Relative amount ofmethane produced: mean value ± standard error (value without Monensin = 100).
c Number in parentheses is absolute amount of methane formed in micromoles per flask.
d One incubation only.

TABLz 6. Effect ofMonensin on hydrogen recovery (percentage) in incubations in which
methanogenesis was inhibited a

Monensin (Lg/ml)

0 0.5 1.0 5.0 25.0

112 (100)b 96 (73) 101 (75)
105 (100) 95 (77) 104 (85)
115 (100) 109 (91) 94 (72) 100 (81)
122 (100) 105 (78) 98 (73) _c
90 (100) 81 (59) 76 (52) 73 (34)
88 (100) 85 (75) 74 (50) 73 (39)

a Incubations with cellobiose-maltose and NH4HCO3 as substrate (see Table 2), but here only incubations
in which methane was inhibited are shown. Hydrogen recovery was calculated as described in the text.

b Number in parentheses gives methane production as a percentage of the blank value (without Monen-
sin).

c Sample lost.

VOL. 34, 1977
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TABLE 7. Effect of Monensin on casein fermentation in vitroa

N fractions

Monensin added NH3-N formed (10)b a-NH2-N formed (6)b Protein N degraded (4)b N recovery (%)

Mean value t calculated Mean value t calculated Mean value t calculated
0 8.868c 3.643 15.975 78.3d

9.88e 4.43e 4.73f
5 3.834 5.948 10.825 90.4
0 8.868 3.643 15.975 78.3

12.43e 4.19e 3.63f
25 3.335 5.898 9.575 96.4

a A 40-ml amount ofrumen fluid was incubated with 250 mg of casein as described in detail in the text.
b Number in parentheses is number of incubations.
c Milligrams of nitrogen per incubation flask (net values).
d Calculated as (NH3-N + a-NH2-N)100/protein nitrogen degraded.
e p < 0.01.
fP < 0.05.

TABLE 8. Effect ofMonensin on methane and
volatile fatty acid production in incubations with

casein a

Atmol/incubation flask with Monensin
End product added (/Lg/ml) at:

formed
0 5 25

Methane 80 8b 9 3 6 4
Acetic acid 181 + 29 45 ± 49 -71 ± 51
Propionic acid 178 ± 14 41 ± 24 -12 ± 14
Butyric acid 66 ± 9 31 ± 11 15 ± 12
Isovaleric acidc 63 ± 7 12 ± 5 6 ± 5
Valeric acid 14 ± 6 1 ± 0.6 0

a Same incubations as presented in Table 7.
b Mean value ± standard error (net values).
c Includes both isovaleric and 2-methylbutyric

acids.

mechanism for the effect on methane produc-
tion of chlortetracycline was suggested earlier
(11). Hungate et al. (12) estimated that about
18% ofrumen methane is derived from formate.
This rather small contribution offormate to the
hydrogen formed as precursor for methano-
genesis may explain the less pronounced in-
hibition of methane production found with
carbohydrates as the substrate when compared
with formate as the substrate. An increase in
propionate production accompanying inhibition
of methanogenesis reflects a shift from the flow
of electrons from formate and methane to succi-
nate or propionate as alternate electron sink
products in the mixed microbial population (6,
29).
A thus far unknown but important property

of Monensin is the inhibitory effect on micro-
bial growth yield observed in our incubations,
using two different methods measuring total
and net microbial growth, respectively (25). As
growth inhibition was not accompanied by a
decrease in fermentation activity in terms of

fermentation products formed, part of the en-
ergy (adenosine 5'-triphosphate) generated
during fermentation and normally used for
maintenance and growth of the microbes must
be used for other purposes when Monensin is
added. It is tempting to suggest that Monensin
uncouples growth from fermentation. The
mechanism of this action could be related to an
altered cell membrane permeability, since Mo-
nensin is known to be an ionophore (20). An-
other very interesting effect of Monensin is the
considerable decrease in protein degradation in
incubations with casein. This effect is in line
with the lowered rumen ammonia level found
in vivo (7) and in our in vitro incubations with
concentrates (Table 1). Accumulation of a-
amino nitrogen as an intermediate indicates a
faster rate of proteolysis than the rate of amino
acid metabolism, a well-known phenomenon
(1). The overall effect on casein fermentation
suggests that deaminase activity is more in-
hibited than proteolysis, although it is possible
that Monensin has an inhibitory effect on pep-
tide transport into microbial cells, as it is
known that some bacteria can only use NH3 or
peptides as nitrogen source (2). This is impor-
tant in view of very recent work indicating that
feeding a specific deaminase inhibitor 4,4'-di-
methyldiphenyl iodonium chloride had a favor-
able effect on growth rate and feed efficiency of
beef cattle fed a roughage diet with 11% crude
protein (W. Chalupa et al., J. Anim. Sci. 43:316,
1976). All available information strongly sug-
gests that besides the influence of Monensin on
the fermentation pattern in the rumen, another
reason for the beneficial effect of the drug may
be inhibition of feed protein degradation in the
rumen, thus altering the final site of protein
digestion in the animal. This is, however, cou-
pled to a decreased efficiency of rumen micro-

APPL. ENVIRON. MICROBIOL.
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bial protein synthesis, which could be a disad-
vantage depending on the nature of the diet
and the amount of protein escaping rumen deg-
radation. For application of Monensin in rumi-
nant feeding, the relative importance of both
effects, i.e., the protein-sparing effect through
lowered protein degradation in the rumen ver-
sus inhibition of microbial protein synthesis,
should be investigated under in vivo conditions.
It should be mentioned here that Dinius et al.
(7) could not find any effect of Monensin on the
number of rumen protozoa and total and cellu-
lolytic bacteria. Finally, the possible depression
of microbial growth efficiency becomes very im-
portant when feeding diets where non-protein
nitrogen partly replaces protein, but Davis and
Erhart (4) showed that Monensin still has a
beneficial effect when feeding a finishing steer
ration (11.9% crude protein) where 2% of the
crude protein was replaced by urea.
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