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The objective of this study was to systematically evaluate and compare the effects of select antimethanogen
compounds on methane production, feed digestion and fermentation, and populations of ruminal bacteria and
methanogens using in vifro cultures. Seven compounds, including 2-bromoethanesulphonate (BES), propynoic
acid (PA), nitroethane (NE), ethyl trans-2-butenoate (ETB), 2-nitroethanol (2NEOH), sodium nitrate (SN),
and ethyl-2-butynote (EB), were tested at a final concentration of 12 mM. Ground alfalfa hay was included as
the only substrate to simulate daily forage intake. Compared to no-inhibitor controls, PA, 2NEOH, and SN
greatly reduced the production of methane (70 to 99%), volatile fatty acids (VFAs; 46 to 66%), acetate (30 to
60%), and propionate (79 to 82%), with 2NEOH reducing the most. EB reduced methane production by 23%
without a significant effect on total VFAs, acetate, or propionate. BES significantly reduced the propionate
concentration but not the production of methane, total VFAs, or acetate. ETB or NE had no significant effect
on any of the above-mentioned measurements. Specific quantitative-PCR (qPCR) assays showed that none of
the inhibitors significantly affected total bacterial populations but that they did reduce the Fibrobacter succi-
nogenes population. SN reduced the Ruminococcus albus population, while PA and 2NEOH increased the
populations of both R. albus and Ruminococcus flavefaciens. Archaeon-specific PCR-denaturing gradient gel
electrophoresis (DGGE) showed that all the inhibitors affected the methanogen population structure, while
archaeon-specific qPCR revealed a significant decrease in methanogen population in all treatments. These
results showed that EB, ETB, NE, and BES can effectively reduce the total population of methanogens but that
they reduce methane production to a lesser extent. The results may guide future in vivo studies to develop

effective mitigation of methane emission from ruminants.

Methane (CH,) emissions from ruminants can result in a
significant loss of feed efficiency: up to a 12% loss of gross
energy intake for forage-fed cattle and 4% for concentrate-fed
cattle (14). Because methane is 25 times more potent than
carbon dioxide as a greenhouse gas (11), methane emitted
from ruminants amounted to 141 teragrams of CO, equiva-
lents (Tg CO, eq), accounting for 25% of total methane emis-
sions from anthropogenic activities in the United States in
2008 (26). To mitigate the negative impact on climate change
and to improve feed efficiency, numerous strategies for reduc-
ing methane emission from ruminant livestock have been
tested. Plant extracts (7, 9), vaccines (28), ionophores (27), and
dietary strategies (21) have been evaluated for their efficacy in
reducing ruminal methane emission. However, only monensin
has been used in animal-feeding operations, and it typically
achieves only transient reductions in methane production (12).
More importantly, the monensin-driven reduction in methane
reduction is largely attributable to decreased feed digestibility
(4, 19).

Recent studies showed that some nitrocompounds (2, 3, 5),
lauric acid and monolaurin (Lauricidin) (5), and 2-bromochloro-
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methane (8) can be more potent than the aforementioned
substances in reducing methane production in in vitro cultures.
These studies also documented changes in fermentation and
profiles of volatile fatty acids (VFAs). Conceivably, these an-
timethanogen compounds can affect both ruminal bacteria and
archaea, but such potential effects have not been reported. In
this study, we systematically evaluated and compared the po-
tencies of seven inhibitors in reducing methane production,
which include 2-bromoethanesulphonate (BES), propynoic
acid (PA), nitroethane (NE), ethyl frans-2-butenoate (ETB),
2-nitroethanol (2NEOH), sodium nitrate (SN), and ethyl-2-
butynote (EB), using in vitro ruminal cultures. Their impact on
the major cultured cellulolytic bacteria (i.e., Fibrobacter succi-
nogenes, Ruminococcus albus, and Ruminococcus flavefaciens)
and methanogens was also examined.

MATERIALS AND METHODS

In vitro ruminal cultures. Ruminal fluid was collected from a cannulated
Jersey bull fed rye grass before its morning feeding. The fluid was filtered
through four layers of sterilized cheesecloth and clarified by centrifugation at 4°C
and 10,000 X g for 20 min. The medium consisted of the clarified rumen fluid and
artificial saliva in a 1:2 ratio (17). Each culture tube received 9 ml medium and
1 ml fresh ruminal fluid (obtained from the same bull) as an inoculum. Finely
ground alfalfa hay, which is one of the most common forages for dairy cattle, was
added (0.2 g dry mass [DM] per culture tube) as the only forage substrate (2, 3,
5). Each of the following inhibitors was added to a final concentration of 12 mM:
2-bromoethanesulfonate (BES), propynoic acid (PA; as free acid), sodium ni-
troethane (NE), ethyl trans-2-butenoate (ETB), 2-nitroethanol (2NEOH), so-
dium nitrate (SN), and ethyl-2-butynoate (EB). The control cultures were set up
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TABLE 1. PCR primers, targeted hypervariable regions, annealing temperatures, and amplicon length
. Amplicon
Primer Target taxon Sequence (5'—3") Tgrget Annealcmg lexl:gth Reference
region(s)  temp (°C) (bp)
GC-A357f" Bacteria CCC TAC GGG GCG CAG CAG V3 56 194 32
519r GWA TTA CCG CGG CKG CTG
GC-RC344f" Archaea ACG GGG YGC AGC AGG CGC GA V3 56 201 30
519r GWA TTA CCG CGG CKG CTG
Eub358f TCC TAC GGG AGG CAG CAG T V3-V4 60 467
Eub806r GGA CTA CCA GGG TAT CTA ATC CTG TT 22
TagMan probe  Bacteria 6-FAM-5'-CGT ATT ACC GCG GCT GCT GGC 70
AC-3'-TAMRA®
ARCT787F Archaea ATT AGA TAC CCS BGT AGT CC V3-V4 60 272 29
ARCI059R GCC ATG CACCWCCTCT
Rf154f-K Ruminococcus flavefaciens TCT GGA AAC GGA TGG TA V3-V4 55 295 16
Rf425r-K CCT TTA AGA CAG GAG TTT ACA A
Fs-f Fibrobacter succinogenes GGT ATG GGA TGA GCT TGC V3-V4 63 446 16
Fs-r GCC TGC CCC TGA ACT ATC
Ral281f Ruminococcus albus CCC TAA AAG CAG TCT TAG TTC G V3-V4 55 175 16
Ral439r CCT CCT TGC GGT TAG AAC A

“ A primer with a 40-bp GC clamp (CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G) attached to the 5" end was used in PCR-DGGE.

? FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

in the same way as the treatments but received no inhibitor. Each treatment and
control culture was prepared in triplicate. All the cultures were prepared in an
anaerobic chamber containing N, (85%), H, (10%), and CO, (15%). Each
culture tube was fitted with a butyl rubber stopper that was fastened with an
aluminum crimp. All the cultures were incubated at 39°C for 48 h without
agitation.

Biogas and VFA analyses. After 48 h of incubation, the gas volume produced
in each tube was determined by volume displacement using a system consisting
of a needle, tubing, and another 20-ml culture tube. Composition of the biogas
collected from the headspace and concentrations of VFAs in the cultures were
determined using gas chromatography as described previously (20).

PCR, DGGE, and quantitative PCR (qPCR). Metagenomic DNA was ex-
tracted using the repeated bead beating and column purification method (33),
which results in efficient recovery of PCR-quality DNA from microbiome
samples. The quality of the DNA was assessed using agarose gel (1.0%)
electrophoresis, and DNA concentrations were determined using a Quant-iT
kit (Invitrogen, Carlsbad, CA). The primers and their corresponding anneal-
ing temperatures used in this study are listed in Table 1. PCR-denaturing gra-
dient gel electrophoresis (DGGE) for bacteria and archaea was done using a 40
to 60% denaturant gradient essentially as described previously (30, 32). To
eliminate the potential impact of different amounts of DNA template on DGGE
profiles, 100 ng metagenomic DNA was used in each PCR mixture, and the same
volumes of PCR products were resolved on DGGE gels for all the cultures. A
30-min final elongation step was added to the PCR to eliminate artifactual
double DGGE bands (13). After normalization of the gels against ladders, only
those bands with a peak intensity exceeding 2.0% of the strongest band in each
lane were included in further analyses.

The population sizes of total bacteria, total archaea, and Fibrobacter succino-
genes, Ruminococcus albus, and R. flavefaciens cultures were quantified using
qPCR assays with respective specific primers and probes (Table 1). The gPCR
standard for F. succinogenes was prepared by PCR using its specific primers and
genomic DNA from F. succinogenes S85. One sample-derived qPCR standard
each was prepared for the other species, total bacteria, and total archaea using
respective specific PCR primers and a composite DNA sample that was pooled
from equal amounts of metagenomic DNAs extracted from all the cultures as
described previously (6, 31). For each of the standards, copy number concentra-
tion was calculated based on the length of the PCR product and the mass
concentration. Tenfold serial dilutions were made in Tris-EDTA (TE) buffer
prior to qPCR assays.

The conditions of the qPCR assays were the same as reported previously (6,
31) except for the primer annealing temperature (Table 1). All the qPCR assays
were performed using an Mx3000p qPCR system (Stratagene, La Jolla, CA).
Fluorescence resulting from possible primer dimers was excluded by using the
fluorescence signal that was acquired at 86°C, at which temperature primer
dimers were completely denatured, as verified by melting curve analysis (31).
Following qPCR, the amplicon products were confirmed by agarose gel (1.2%)
electrophoresis. To minimize variations, the qPCR assay for each species or

group was done in triplicate for both the standards and the metagenomic DNA
samples using the same master mix and the same PCR plate.

Statistical analysis. The data were analyzed using the General Line Model
Procedure of SAS 8.1 (SAS Institute, Cary, NC). Means separation was con-
ducted using the Student-Newman-Keuls test of SAS, with significance declared
at a P of =0.05. The population size of each microbial species or group was
expressed as the number of 16S rRNA gene copies per ml of culture.

RESULTS

Effects of inhibitors on total biogas and methane produc-
tion. After 48 h of incubation of the in vitro ruminal cultures,
biogas production was significantly inhibited in the PA,
2NEOH, and SN treatments, with 2NEOH inhibiting the most;
other inhibitors did not significantly reduce biogas production
(Fig. 1A). The inhibition of methane production followed the
same pattern as the inhibition of biogas, except with EB, which
also reduced methane production, though the magnitude was
much smaller than with PA, 2NEOH, and SN (Fig. 1B). Spe-
cifically, relative to the methane produced in the no-inhibitor
control, methane production was reduced by treatment with
PA by 75.7%, with EB by 23.3%, with 2NEOH by 99.3%, and
with SN by 70.1%. The remaining inhibitors tested did not
significantly affect methane production in the in vitro cultures.

Effects of inhibitors on VFA production. Analysis of VFAs at
the end of the 48 h of incubation revealed significantly reduced
production of total VFAs in the PA, 2NEOH, and SN cultures
but not in the EB, ETB, BES, or NE cultures, compared to that
of the no-inhibitor control (Table 2). The production of major
individual VFAs was affected as well; PA, 2NEOH, and SN
reduced the production of all the individual VFAs analyzed;
EB reduced only valerate, isobutyrate, and isovalerate; NE
reduced valerate only; BES reduced propionate and valerate;
and ETB did not reduce any of the VFAs analyzed. Compared
to the no-inhibitor control, the PA, 2NEOH, BES, and SN
treatments significantly elevated the acetate/propionate ratio
but to different magnitudes, with SN increasing it the most and
BES the least. No significant difference in acetate/propionate
ratios was seen among the no-inhibitor control and the EB,
ETB, and NE treatments.
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FIG. 1. Amounts of biogas (A) and methane (B) produced per ml of in vitro culture after 48 h of incubation. PA, propynoic acid; BES,
2-bromoethanesulphonate; NE, nitroethane; ETB, ethyl trans-2-butenoate; 2NEOH, 2-nitroethanol; SN, sodium nitrate; EB, ethyl 2-butynote; C,
control containing no inhibitor. Error bars indicate standard deviations (n = 3), with different letters designating significant differences (P < 0.05).

Effects of inhibitors on bacteria and methanogens. In agree-
ment with the total biogas production, DGGE profiling re-
vealed similar microbial communities among the NE, EB,
BES, and no-inhibitor control cultures. However, the PA, SN,
2NEOH, and ETB treatments exhibited profiles that differed
from those of the no-inhibitor control and the NE, EB, and
BES treatments (Fig. 2), suggesting significant effects on the
bacterial population structure. In the ETB, 2NEOH, and PA
treatments, several DGGE bands were absent in the low-gra-
dient part of the gel. Intense DGGE bands were observed in
the SN and PA treatments in the high-gradient part of the
DGGE gel.

Overall, all the inhibitors except PA produced similar ar-
chaeal DGGE profiles, which were different from that of the
control culture (Fig. 3). The addition of PA resulted in a
DGGE profile that differed from those of other inhibitors and
the no-inhibitor control, especially in the presence of intense
doublet bands near the left margin of the DGGE gel. These
doublet bands were also present in the rumen fluid inoculum.
The no-inhibitor control culture also exhibited a DGGE pro-
file different than that of the rumen fluid inoculum, suggesting
temporal successions in methanogens during the in vitro culti-
vation.

The abundances of total bacteria and of the three major
cellulolytic species of bacteria in all the in vitro cultures were
determined. Except for PA, which reduced the total bacterial
population by nearly 24%, none of the inhibitors at the tested
dose significantly affected the abundances of total bacteria in

the in vitro cultures (Table 3). All the inhibitors significantly
reduced the population of F. succinogenes but to different
magnitudes, with SN and ETB reducing this species the great-
est, by more than 2 orders of magnitude, and NE the least (by
less than 1 log). With respect to R. flavefaciens, 2NEOH and
PA significantly increased its population, by 217% and 725%,
respectively, whereas the other inhibitors significantly reduced
the population of this species by various magnitudes. The pop-
ulation of R. albus was significantly increased in the 2NEOH
treatment (by 6-fold) but substantially decreased in the SN
treatment. The other inhibitors did not appear to affect the
population of R. albus significantly. All the tested compounds
considerably reduced the abundance of methanogens, with PA
reducing total methanogens by 77.2%, SN by nearly 2 logs, and
the other compounds by 93% to 97%.

DISCUSSION

Methane production can be affected by the availability of
methanogenesis substrates in the rumen (primarily hydrogen
and carbon dioxide), inhibition of the methanogenesis path-
way, or toxicity to methanogens. In this study, we compared
several categories of compounds with respect to their effects on
methane production, fermentation, and several key species/
groups of rumen microbes: terminal electron acceptors that
can compete with carbon dioxide for hydrogen (i.e., nitroeth-
ane, 2-nitroethanol, nitrate, ethyl frans-2-butenoate), a coen-
zyme M analogue that directly inhibits the methanogenesis

TABLE 2. Effects of antimethanogenic compounds on VFA concentrations in the ruminal cultures

Mean concen (pmol ml~") with®:

VFA(s) SEM P value
PA EB ETB 2NEOH NE BES SN C

Acetate 41.58 ¢ 72.85ab 68.41ab 26.50d 65.44 b 78.18 a 46.74 c 66.75ab  2.87  <0.0001
Propionate 5.67c 27.44 a 2720 a 493 ¢ 26.18 a 17.69 b 549¢ 26.94 a 0.94  <0.0001
Butyrate 3.20b 7.26 a 8.84a 2.69b 7.39a 844 a 2.94b 733 a 0.40  <0.0001
Valerate 0.24 b,c 0.33b,c 0.38 a,b 0.20 ¢ 0.28 b,c 0.24 b,c 0.20 ¢ 047 a 0.03 0.0003
Isobutyrate 033¢ 0.45b,c 0.64 a,b,c 027¢ 0.80a,b 0.65 a,b,c 027¢ 0.87a 0.11 0.0008
Isovalerate 0.26 b 0.33b 0.45a,b 0.21b 0.80a 0.68 a,b 0.19b 0.81a 0.11 0.0017
Total VFAs 51.28b 108.66 a 105.92 a 3480c  100.89a 105.88 a 55.84b 103.17 a 396  <0.0001
Acetate/propionate 7.32b 2.66¢ 2.52e 5.37c¢ 2.51e 4.43d 8.57a 248 ¢ 0.14  <0.0001

“ PA, propynoic acid; EB, ethyl-2-butynote; ETB, ethyl trans-2-butenoate; 2NEOH, 2-nitroethanol; NE, nitroethane; BES, 2-bromoethanesulphonate; SN, sodium
nitrate (SN); C, control containing no inhibitor. Means within rows with different letters differ significantly (P < 0.05).
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FIG. 2. DGGE profiles of total bacteria in the in vitro cultures with a denaturant gradient from 40 to 60% (left to right of the gel). See the

legend of Fig. 1 for lane labeling.

pathway (2-bromoethanesulfonate), and compounds toxic to
methanogens (i.e., propynoic acid and ethyl-2-butynote [24]).
Of the seven inhibitors tested, only propynoic acid, ethyl-2-
butynote, 2-nitroethanol, and sodium nitrate reduced methane
production by a large margin, and 2-nitroethanol appeared to
be the most potent. Except in the ethyl-2-butynote treatment,
reduced methane production was accompanied by a reduced
production of total VFAs, acetate, and propionate. These re-
sults suggest that reduced fermentation activities are among
the possible reasons for the reduced methane production in
the rumen cultures, a finding that corroborates previous stud-
ies using different inhibitors (4, 10, 25). It should be noted that
the effect of antimethanogenic compounds on total and indi-
vidual VFAs may be affected by other factors, such as the
rumen fluid used and substrates added. For example, nitrocom-
pounds were shown not to significantly reduce VFA concentra-
tions in ruminal in vitro cultures when the medium consisted
entirely of rumen fluid and contained formate or hydrogen only
as added substrates (1, 3). In the latter studies, there might be
little fermentation or VFA production due to the lack of fer-
mentable sugars, and the VFAs detected might be those pres-
ent in the original rumen fluid. Therefore, effects of anti-
methanogenic compounds on digestion and fermentation by
ruminal cultures should be interpreted by taking into account
the substrates available in the cultures.

Sodium nitroethane and nitroethanol were shown to re-
duce methane production to similar magnitudes (>97%) in
in vitro ruminal cultures after a 24-h incubation (3, 5). In this
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FIG. 3. DGGE profiles of methanogens in the in vitro cultures with
a denaturant gradient from 40 to 60% (left to right of the gel). RF,
rumen fluid inoculum. See the legend of Fig. 1 for lane labeling.

study, however, sodium nitroethane did not significantly re-
duce methane production. It is not certain if the longer
incubation period (48 h versus 24 h) is a factor. Ethyl-2-butyno-
ate [CH;C=CC(O)OCH,CHj;] and ethyl trans-2-butenoate
(CH;CH=CHCOOC,H5) can serve as terminal electron ac-
ceptors and thus can potentially inhibit methanogenesis. Al-
though shown to reduce methane production significantly by
methanogen species in pure cultures (24), ethyl-2-butynoate
reduced methane production only by less than 25% in the in
vitro ruminal cultures, while ethyl frans-2-butenoate had no
inhibition. The lack of inhibitor or limited inhibition by these
two compounds are consistent with those observed for fuma-
rate (HO,CCH=CHCO,H) (23).

2-Bromoethanesulfonate decreased propionate production,
but it did not significantly reduce total VFA or methane pro-
duction. Although single cultures of ruminal methanogens are
sensitive to low concentrations of BES (24), methanogens
present in complex microbiomes are much more tolerant to
BES (34). Indeed, BES did not decrease methane production
in continuous ruminal cultures at 250 pM (15) and decreased
methane production only by about 70% in batch in vitro rumi-
nal cultures at a 30 mM concentration (18). As seen in Table
3, however, BES reduced total methanogens by nearly 1 log.
The discord between the dynamics of methanogen population
and the production of methane might be partially attributable
to the insensitivity of some ruminal methanogens to BES and
the high rate of the methanogenesis pathway.

The bacterial DGGE profiles in the SN, ETB, 2NEOH, and
PA treatments were altered, while the DGGE profiles in the
NE, EB, and BES treatments remained similar to that of the
no-inhibitor control. It is interesting to note that the SN,
2NEOH, and PA treatments, but not the ETB treatment, also
significantly reduced VFAs and methane production. These
results suggest that these three inhibitors can affect certain
bacterial populations in the ruminal cultures. This conclusion
was confirmed by the qPCR analysis of R. albus, R. flavefaciens,
and F. succinogenes: all of the tested inhibitors dramatically
reduced the population of F. succinogenes but not of R. albus
(except nitrate) or R. flavefaciens. Interestingly, propynoic acid
and 2-nitroethanol increased the populations of both rumino-
cocci. These three cellulolytic species have been regarded as
major cultured cellulolytic bacteria in the rumen, but because
of the presence of other cryptic cellulolytic species and our lack
of knowledge of their in situ cellulolytic activities, the de-
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