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Five essential oils (EOs), namely, clove oil (CLO), eucalyptus oil (EUO), garlic oil (GAO), origanum oil (ORO), and peppermint
oil (PEO), were tested in vitro at 3 different doses (0.25, 0.50, and 1.0 g/liter) for their effect on methane production, fermenta-
tion, and select groups of ruminal microbes, including total bacteria, cellulolytic bacteria, archaea, and protozoa. All the EOs
significantly reduced methane production with increasing doses, with reductions by 34.4%, 17.6%, 42.3%, 87%, and 25.7% for
CLO, EUO, GAO, ORO, and PEO, respectively, at 1.0 g/liter compared with the control. However, apparent degradability of dry
matter and neutral detergent fiber also decreased linearly with increasing doses by all EOs except GAO. The concentrations of
total volatile fatty acids were not affected by GAO, EUO, or PEO but altered linearly and quadratically by CLO and ORO, respec-
tively. All the EOs also differed in altering the molar proportions of acetate, propionate, and butyrate. As determined by quanti-
tative real-time PCR, all the EOs decreased the abundance of archaea, protozoa, and major cellulolytic bacteria (i.e., Fibrobacter
succinogenes, Ruminococcus flavefaciens, and R. albus) linearly with increasing EO doses. On the basis of denaturing gradient gel
electrophoresis analysis, different EOs changed the composition of both archaeal and bacterial communities to different extents.
The Shannon-Wiener diversity index (H=) was reduced for archaea by all EOs in a dose-dependent manner but increased for bac-
teria at low and medium doses (0.25 and 0.50 g/liter) for all EOs except ORO. Due to the adverse effects on feed digestion and
fermentation at high doses, a single EO may not effectively and practically mitigate methane emission from ruminants unless
used at low doses in combinations with other antimethanogenic compounds.

Livestock contributes about 18% to the global anthropogenic
greenhouse gas (GHG) emissions, accounting for about 37%

of the total anthropogenic methane and 65% of global anthropo-
genic nitrous oxide (22). Of the total anthropogenic methane
(5.9 � 109 metric tons CO2 equivalent), approximately 30% is
contributed by enteric methane emission, mostly from fermenta-
tion of feeds in the rumen (22). Besides, methane production in
the rumen represents a significant feed energy loss (2 to 12%),
depending upon types of diets (26). Concerns over the substantial
contribution to global warming, climate change, and feed energy
loss have stimulated a plethora of scientific studies aimed at low-
ering enteric methane production by ruminants using different
mitigation options (21, 39).

In recent studies, a variety of compounds and substances have
been evaluated for their ability to reduce methane production in
the rumen (4, 9, 39), including nitrate and organic nitro com-
pounds (3, 58). However, most of them have inconsistent efficacy
or are toxic to host animals at concentrations that are effective in
mitigating methane production (4, 9, 30, 39). Additionally, con-
cerns also arose over potential toxicity to the final products.
Therefore, feed additives of plant origin are desired. In recent
years, essential oils (EOs) have been widely evaluated as feed ad-
ditives in improving microbial metabolism in the rumen, such as
moderation of starch and protein degradation, increasing effi-
ciency of fermentation, and inhibition of methanogenesis (12, 32,
40). Supplementation of EOs to dairy cows has also resulted in
increased milk yield and feed efficiency (23, 27, 49). Although EOs
have shown some promise in inhibiting the methanogenic archaea
and methane production in the rumen (12, 37), adverse effects on
fiber digestion and fermentation have also been reported, with the
magnitude of these adverse effects varying depending upon the
types and doses of EOs and diet composition (12, 28). However,

no systematic comparative studies on EOs have been reported. In
addition, the effects of EOs on the rumen microbiome and impor-
tant microbial populations have not been comparatively evalu-
ated. This study investigated the effects of five types of EOs on
methane production; fermentation characteristics; abundance of
total bacteria, archaea, protozoa, and cellulolytic bacteria; and di-
versity of bacteria and archaea using an in vitro model.

MATERIALS AND METHODS
Essential oils. Five different types of EOs, i.e., clove oil (CLO; from Euge-
nia spp.), eucalyptus oil (EUO; from Eucalyptus globulus), garlic oil (GAO;
from Allium sativum L.), origanum oil (ORO; from Thymus capitatus L.
Hoffmanns & Link), and peppermint oil (PEO; from Mentha piperita L.),
were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO) and
used in this study. Each of the EOs was used at 3 doses: low at 0.10 g/liter,
medium at 0.25 g/liter, and high at 1.0 g/liter of in vitro fermentation
medium. A control without EOs was included in parallel.

Ruminal inoculum and in vitro incubations. The ruminal inoculum
for the in vitro incubations was collected from two fistulated lactating
Jersey cows at 9 h after the morning feeding. The total mixed ration
(TMR) of the cows was composed (percent dry matter [DM]) of corn
silage (33%), a mixture of alfalfa and grass hay (8.5%), and a concentrate
mixture (58.5%). The cows were fed the TMR (17.5 kg) twice a day at 6
a.m. and 6 p.m. From each of the two cows, about 500 ml of rumen sample
was collected into a 500-ml bottle, leaving no headspace in the sample
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bottles. The samples were brought to the laboratory within 10 min (about
3 km away) and then placed into an anaerobic chamber containing N2

(95%), H2 (3%), and CO2 (2%). The rumen fluid was obtained after
squeezing the rumen content through 4 layers of cheesecloth. Equal vol-
umes of the rumen fluid collected from each of the cows were combined as
the inoculum.

The in vitro incubation was carried out in 120-ml serum bottles in
triplicate for each dose of each EO and the control. Ground alfalfa hay and
a dairy concentrate mixture (consisting mainly of ground corn [33.2%],
soybean meal [14.2%]), AminoPlus (Ag Processing Inc., USA) [15.5%],
distillers’ grains [19.8%], wheat middlings [11.3%]), in a ratio of 50:50
were used as the substrate. The in vitro buffered medium was prepared
anaerobically (33). Inside the anaerobic chamber, 30 ml of this anaerobic
medium and 10 ml of the rumen fluid inoculum were dispensed to each of
the serum bottles containing 400 mg of the ground substrate. After they
were sealed with butyl rubbers plus crimped aluminum seals, the serum
bottles were incubated at 39°C for 24 h in a water bath with occasional
manual shaking.

Sampling and analyses of biogas and VFAs. At the end of the 24 h of
incubation, gas pressure in the culture bottles was measured using a ma-
nometer (Traceable; Fisher Scientific) to determine total gas production.
Then, 10 ml of headspace gas was collected into a tube filled with distilled
water by displacement. The liquid samples (1 ml) were individually col-
lected into microcentrifuge tubes and preserved at �20°C for microbial
analysis. The pH values of the in vitro cultures were recorded using a pH
meter. The remaining culture volume was filtered through filter bags
(Ankom Technology) to determine the degradability of the added sub-
strate. The filtrates were sampled in microcentrifuge tubes for volatile
fatty acid (VFA) and ammonia analyses. If not analyzed immediately, all
the samples were stored at �20°C until further processing.

The concentrations of methane in the gas samples were determined
using a gas chromatograph (HP 5890 series; Agilent Technologies)
equipped with a thermal conductivity detector and an HP-PLOT Q cap-
illary column as described previously (58). The VFA concentrations in the
cultures were also analyzed by a gas chromatograph (GC; HP 5890 series;
Agilent Technologies) fitted with a flame ionization detector and a Chro-
mosorb W AW packed-glass column (Supelco) (58). The concentrations
of ammonia in the fermentation cultures were measured by a calorimetric
method (16). The apparent DM degradability of the substrate was deter-
mined after drying the residues collected in the fiber bags and the initial
substrate at 105°C in a hot air oven for 24 h (24). The residues in the fiber
bags and the initial substrate were also analyzed for neutral detergent fiber
(NDF) content (51), and true and NDF degradability were then calculated
(7).

DNA extraction. Metagenomic DNA was extracted from 0.5 ml of
each homogenized sample using the repeated bead beating (on a bead-
beater; BioSpec Products, Bartlesville, OK) and column purification (us-
ing a QIAamp DNA stool minikit; Qiagen, Valencia, CA) method (56).
The DNA quality was evaluated using agarose gel (1%) electrophoresis,
and DNA yield was quantified using a Quant-iT double-stranded DNA
(dsDNA) broad-range assay kit (Invitrogen, Carlsbad, CA) and a Strat-
agene Mx3000p machine (La Jolla, CA). The DNA samples were stored at
�20°C until analysis.

qPCR analyses. The population sizes of total bacteria were quantified
using a TaqMan assay, while those of archaea and major cultured cellulo-
lytic bacterial species (i.e., Fibrobacter succinogenes, Ruminococcus albus,
and R. flavefaciens) were quantified using SYBR-based quantitative real-
time PCR (qPCR), respective specific primers, and a Stratagene Mx3000p
machine (La Jolla, CA) as reported previously (47, 58). The protozoan
populations were quantified using protozoan-specific primers as de-
scribed previously (48). To minimize potential bias, instead of a single
strain, sample-derived qPCR standards were prepared using the respec-
tive specific PCR primer set and a composite metagenomic DNA sample
that were prepared by pooling equal amounts of all the metagenomic
DNA samples (55). The standards were purified using a PCR purification

kit (Qiagen) and quantified using a Quant-iT dsDNA broad-range assay
kit (Invitrogen). For each of the standards, 16S rRNA (rrs) gene copy
number concentrations were calculated on the basis of the length of
the PCR products and the mass concentrations. Tenfold serial dilutions
were prepared in Tris-EDTA (TE) buffer prior to qPCR assays. To elimi-
nate the effect from potential primer dimers in the SYBR-based qPCR
assays, the fluorescence signal was acquired at 86°C, at which primer
dimers were completely denatured and thus not detected, and used in
quantifying populations of the microbial groups or species (55). The
qPCR assay for each species or group was performed in triplicate for both
the standards and the metagenomic DNA samples using the same master
mix and the same qPCR plate. The absolute abundances were expressed as
number of rrs gene copies/ml of culture samples.

DGGE. The microbiome in each of the cultures was examined using
denaturing gradient gel electrophoresis (DGGE) as described previously
(54, 56). Briefly, the V3 region of the 16S rRNA gene of bacteria and
archaea was amplified using bacterium- and archaeon-specific primers
with a 40-bp GC clamp attached to the 5= end of the forward primers. To
eliminate artifactual double DGGE bands, a final elongation step at 72°C
for 30 min was included at the end of the PCR (25). The PCR products
were confirmed using agarose (1.2%) gels and resolved using polyacryl-
amide gels (8%) with a denaturant gradient of between 40% and 60% (54,
57). Following staining with SYBR green I (Invitrogen), the images were
captured using a FlourChem imaging system (Alpha Innotech, San
Leandro, CA) and analyzed with BioNumerics software (Applied Maths,
Inc., TX). A principal component analysis (PCA) based on the intensity
and migration of the bands was performed using the PC-ORD program
(31) as described previously (19). Biodiversity indices were calculated for
each of the cultures as follows (57): (i) the Shannon-Wiener index, H= �
��(ni/N) ln(ni/N) (43), (ii) the Simpson dominance index, � � �(ni/
N)2 (44), and (iii) the evenness index, e � H=/lnS (41), where S is the total
number of bands, ni is the intensity of ith band, and N is the sum of the
intensity of all bands of each sample.

Statistical analysis. The data on rumen fermentation characteristics,
sizes of the populations quantified, and microbial diversity indices were
analyzed using the mixed model procedure of SAS (44) in a 5 (EOs)-by-4
(doses) factorial design. Because dose � EO interactions were significant
for most of the parameters, data were then analyzed among doses of each
EO to test the dose effects. Orthogonal polynomial contrasts were used to
examine the linear, quadratic, and cubic effects of the increasing doses of
EOs. The IML procedure of the SAS program (42) was used to correct the
contrast coefficients of orthogonal polynomial because of unequal inter-
vals of EO doses.

RESULTS
Total gas and methane production, degradability, pH, and am-
monia concentrations. Total gas and methane production by the
ruminal cultures decreased linearly with increasing doses of all
EOs (Table 1). The most pronounced inhibition on methane pro-
duction was noted for ORO, with the inhibition magnitude de-
creasing in the following order at the high dose (1.0 g/liter):
ORO � GAO � CLO � PEO � EUO. Methane production in
terms of ml/g digestible DM was also decreased by all EOs, but the
dose-responses differed, with CLO, EUO, and PEO exhibiting a
linear effect and GAO and ORO exhibiting linear and quadratic
effects (Fig. 1). Similarly, apparent substrate DM degradability
was decreased linearly with increasing EO doses (Table 1).
However, true DM and NDF degradabilities were not (P �
0.10) affected by EOs, except for linear decreases in NDF de-
gradability by ORO. Inclusion of CLO or ORO in the cultures
decreased ammonia concentrations, whereas other EOs did not
affect ammonia concentrations in the cultures (Table 1). The
pH of the cultures was, in general, increased linearly when each
of the EOs was added (Table 1).
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Volatile fatty acid concentrations. The EO supplementations
showed mixed effects on the concentrations of total VFAs in the
ruminal cultures (Table 2). The VFA concentrations were de-
creased by CLO and ORO but were not affected by GAO or PEO.
Total VFA concentrations tended to increase (P � 0.10) linearly
with increasing doses of EUO. The molar proportion of acetate
was not affected by CLO but was decreased by EUO and GAO. In
contrast, the molar proportion of acetate was increased by ORO
and PEO. Supplementation with GAO increased the molar pro-
portion of propionate in the cultures, while the other EOs de-
creased that measurement. The acetate-to-propionate (A/P) ratio
was increased by CLO, ORO, and PEO, but to different extents.
However, GAO and EUO decreased the A/P ratio. The molar pro-
portion of butyrate increased with increased doses for all EOs
except ORO, which showed mixed effects (Table 2). The dose-
response of the molar proportion of isovalerate differed among
the EOs (Table 2): a linear increase for EUO and PEO, a linear
decrease for ORO, quadratic and cubic effects for CLO, and no
effect for GAO. The molar percentage of valerate was lowered by

FIG 1 Effects of different doses of essential oils on in vitro methane production
(ml/g digested DM). CLO, clove oil; EUO, eucalyptus oil; GAO, garlic oil; ORO,
origanum oil; PEO, peppermint oil. Significant (***, P � 0.01; **, P � 0.05; *, P �
0.10) linear (L) and quadratic (Q) effects of essential oils are shown.

TABLE 1 Effects of different doses of essential oils on gas and methane production, degradability of feeds, pH, and ammonia concentration in vitroa

Essential oil and dose
(g/liter)

Vol (ml) Degradability (%)

Ammonia concn
(mM) pHTotal gas Methane

Apparent
DM NDF True DM

Control, 0 59.8 26.1 68.7 33.9 72.2 28.4 5.47

CLO
0.25 54.4 23.2 66.2 30.8 71.0 31.3 5.49
0.50 57.0 21.5 66.3 31.9 71.4 23.3 5.52
1.00 49.3 17.1 63.7 27.0 69.6 20.0 5.56

SEM 1.25 0.88 0.44 1.46 0.91 1.84 0.006
Contrast L,*** C** L*** L,*** C* NS NS L,*** C** L***

EUO
0.25 59.8 25.4 69.8 36.7 73.3 27.9 5.46
0.50 57.5 24.0 68.2 32.8 71.8 27.1 5.48
1.00 53.6 21.5 66.4 27.2 69.6 27.8 5.52

SEM 0.75 0.74 0.46 2.13 0.81 2.27 0.005
Contrast L*** L*** L,*** Q,* C* NS NS NS L,*** Q,** C**

GAO
0.25 56.8 20.1 69.8 37.0 73.4 26.2 5.49
0.50 57.1 18.7 69.1 36.9 73.4 27.7 5.51
1.00 53.5 14.9 68.0 33.0 71.9 27.7 5.54

SEM 0.72 0.91 0.41 1.32 0.51 2.19 0.005
Contrast L,*** C* L*** NS NS NS NS L***

ORO
0.25 53.0 22.8 65.5 27.4 69.7 24.7 5.51
0.50 45.8 16.0 63.9 25.1 68.8 18.6 5.58
1.00 12.3 3.4 62.1 25.2 68.8 10.8 6.04

SEM 1.54 1.04 0.27 1.68 0.65 3.14 0.012
Contrast L,*** Q*** L*** L,*** Q*** L,*** Q** L,*** Q** L** L,*** Q***

PEO
0.25 57.0 23.9 68.4 32.3 71.6 27.5 5.49
0.50 54.5 20.8 67.0 29.6 70.5 23.8 5.53
1.00 53.0 19.4 65.9 32.1 71.5 23.7 5.58

SEM 1.04 0.64 0.22 1.55 0.61 2.30 0.005
Contrast L*** L,*** Q** L,*** C** NS NS NS L***

a Data were analyzed using dose levels of 0, 0.25, 0.50, and 1.0 g/liter for each essential oil. CLO, clove oil; EUO, eucalyptus oil; GAO, garlic oil; ORO, origanum oil; PEO,
peppermint oil; NS, not significant. Only significant (***, P � 0.01; **, P � 0.05; *, P � 0.10) linear (L), quadratic (Q), and cubic (C) effects are shown.
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EUO and GAO but not affected by CLO, while ORO and PEO had
nonlinear effects.

Population dynamics of bacteria, methanogens, and proto-
zoa. In accordance with methane production, archaeal popula-
tions were significantly decreased by all the EOs, but to different
extents; i.e., ORO showed the greatest reduction, followed by
PEO, GAO, CLO, and EUO in decreasing order of magnitude
(Table 3). Total bacterial populations were linearly decreased with
increasing doses of CLO, ORO, and PEO but were not influenced
by GAO or EUO. However, all the EOs exhibited adverse effect on
all the three rumen cellulolytic bacterial populations analyzed.
The populations of F. succinogenes, R. flavefaciens, and R. albus
were significantly reduced by all EOs, but to different magnitudes,
depending on the doses and species. The F. succinogenes popula-
tion suffered from more inhibition than the populations of R.
flavefaciens and R. albus for all EOs at any of EO doses. The greatest
inhibition to F. succinogenes was noted for ORO and PEO (by
about 4 log units), followed by CLO and EUO (by about 3 log
units), and GAO (by 2 log units). The inhibition to R. flavefaciens

was the greatest for CLO (by nearly 3 log units), followed by PEO
and ORO (by �2 log units), GAO (more than 1 log unit), and
EUO (by �1 log unit). The abundance of the R. albus population
was reduced in the following order: ORO � CLO � GAO � PEO �
EUO. All EOs also exhibited antiprotozoal activity, though to dif-
ferent magnitudes, with ORO and PEO decreasing protozoa the
greatest (by nearly 3 log units), followed by CLO (by 2 log units)
and EUO and GAO (by �1 log unit).

Bacteria and archaeal biodiversity revealed by DGGE pro-
files. The DGGE banding patterns obtained for bacteria showed
many bands (Fig. 2). A few intense bacterial bands were observed
in the cultures receiving ORO and PEO at medium and high doses.
The PCA of the DGGE profiles indicated that inclusion of EOs in
the ruminal cultures resulted in apparently different microbial
communities (Fig. 2). The first principal component (PC1),
which explained 41.6% of the variability, showed that ORO and
PEO changed the bacterial communities differently than the rest
of the EOs and the control. The doses of ORO and PEO also
separated the bacterial communities along PC1. The second prin-

TABLE 2 Effects of different doses of essential oils on in vitro VFA production from fermentation of feeds incubated with rumen fluid from cattlea

Essential oil and dose
(g/liter) Total VFA (mM)

Molar proportion of VFA (mol/100 mol)

A/PAcetate Propionate Isobutyrate Butyrate Isovalerate Valerate

Control, 0 99.5 55.5 25.0 1.60 13.2 2.43 2.29 2.22

CLO
0.25 97.3 55.6 24.9 1.40 13.6 2.31 2.28 2.24
0.50 101.0 54.9 24.1 1.66 14.3 2.83 2.16 2.28
1.00 91.9 55.7 22.5 1.45 15.8 2.13 2.36 2.47

SEM 1.60 0.35 0.28 0.12 0.34 0.13 0.11 0.026
Contrast L,*** Q,* C* NS L*** NS L*** Q,** C** NS L,*** Q**

EUO
0.25 105.3 54.0 24.7 1.68 14.8 2.53 2.29 2.19
0.50 107.6 52.4 24.1 1.87 16.6 2.89 2.11 2.18
1.00 106.8 50.3 23.5 1.74 19.4 2.92 2.07 2.14

SEM 2.68 0.47 0.18 0.13 0.31 0.14 0.049 0.024
Contrast L* L*** L*** NS L*** L** L*** L**

GAO
0.25 106.3 52.8 25.3 1.88 14.6 3.06 2.34 2.09
0.50 100.8 53.0 25.3 1.76 14.6 2.89 2.38 2.10
1.00 101.3 50.7 26.0 1.68 16.7 2.89 2.07 1.96

SEM 2.40 0.61 0.20 0.13 0.33 0.20 0.088 0.035
Contrast NS L*** L*** NS L*** NS L* L***

ORO
0.25 98.3 54.3 24.5 1.62 14.8 2.74 2.07 2.22
0.50 90.0 58.1 18.3 1.49 17.3 2.09 2.79 3.19
1.00 61.0 59.3 20.8 2.17 14.2 1.71 1.85 2.85

SEM 2.75 0.57 0.30 0.17 0.32 0.23 0.13 0.068
Contrast L,*** Q*** L,*** C*** L,*** Q,*** C*** L** L,** Q,*** C*** L** L,* Q,*** C*** L,*** Q,*** C***

PEO
0.25 103.4 53.1 25.5 1.66 15.0 2.82 1.95 2.09
0.50 105.7 53.9 24.5 1.46 14.5 3.07 2.50 2.22
1.00 103.3 56.0 21.5 1.91 15.0 3.11 2.42 2.60

SEM 3.04 0.71 0.41 0.14 0.40 0.16 0.17 0.062
Contrast NS Q** L,*** Q*** NS L** L*** C* L** Q**

a Data were analyzed using dose levels of 0, 0.25, 0.50, and 1.0 g/liter for each essential oil. CLO, clove oil; EUO, eucalyptus oil; GAO, garlic oil; ORO, origanum oil; PEO,
peppermint oil; A/P, acetate to propionate ratio; NS, not significant. Only significant (***, P � 0.01; **, P � 0.05; *, P � 0.10) linear (L), quadratic (Q), and cubic (C) effects are
shown.
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cipal component (PC2), which explained 15.2% of the variations,
indicated that the bacterial community of the ORO culture at the
high dose differed from that of the other EO cultures. The third
principal component (PC3) (7.1% variations) separated CLO
(medium and high doses) from GAO and ORO (medium dose).

The archaeal community appeared to have only a small num-
ber of dominant groups (Fig. 3). Several DGGE bands weakened
or disappeared in the cultures receiving ORO (medium and high
doses), CLO (high dose), PEO (medium and high doses), and
GAO (all doses). Accounting for 45.7% of the total variations, the
PC1 showed that the archaeal communities in the ORO, PEO, and
GAO (high-dose) cultures were distinctly different from those in
the other EO cultures or the control. The PC2 explained 16.0% of
the total variations and demonstrated that GAO (high dose) and
ORO (low dose) changed the archaeal communities compared to
the control. The PC3 (11.5% of total variations) separated ar-
chaeal communities of EUO (all doses) and GAO (low doses)
from the control.

The Shannon-Wiener diversity index (H=) of bacteria was
changed quadratically by CLO, EUO, and GAO or linearly de-

creased by ORO, whereas PEO did not alter this diversity index
(Table 4). It was observed that the H= of bacteria was greater at low
and medium doses than at the control and the high doses for CLO,
EUO, and GAO. The effects of EOs on the evenness of bacteria
were mixed: quadratic responses for CLO, ORO, and PEO, a linear
decrease for GAO, and a cubic one for EUO. The dominance index
of bacteria was not affected by CLO or PEO but was changed
quadratically by GAO and EUO and increased linearly by ORO
with increasing doses. The H= of the archaeal communities was
significantly affected by CLO and ORO (linearly), EUO (quadrat-
ically), and GAO and PEO (linearly and quadratically). The high-
est H= was noted for EUO at the medium dose, while the lowest H=
was noted for ORO at the high dose. The evenness scores were
decreased linearly by GAO and ORO, changed quadratically by
EUO, and tended (P � 0.10) to change by EUO and PEO. In
contrast, all EOs increased the dominance index of archaeal com-
munities, with the exception of a decreased dominance index for
EUO at low and medium doses. This index was generally increased
linearly (CLO and GAO) or quadratically (PEO and ORO) with
increased EO doses.

TABLE 3 Effects of different doses of essential oils on abundance of rumen archaea, cellulolytic bacteria, and protozoa quantified by real-time PCRa

Essential oil and dose
(g/liter)

Abundance (log10 no. of copies of rrs gene/ml)

Archaea Total bacteria F. succinogenes R. flavefaciens R. albus Protozoa

Control, 0 7.31 11.46 7.41 7.62 6.09 8.27

CLO
0.25 6.82 11.41 5.95 7.41 6.14 8.45
0.50 7.08 11.39 4.37 5.81 4.79 7.77
1.00 6.41 10.94 4.14 4.80 4.29 6.03

SEM 0.094 0.080 0.283 0.158 0.079 0.053
Contrast L,*** C*** L*** L,*** Q*** L,*** C** L,*** C*** L,*** Q,*** C***

EUO
0.25 7.22 11.41 7.05 7.65 6.19 8.42
0.50 7.28 11.63 6.20 7.61 6.01 8.08
1.00 6.84 11.66 4.47 7.08 5.72 7.63

SEM 0.059 0.067 0.110 0.070 0.085 0.124
Contrast L,*** Q** NS L,*** Q** L,*** Q** L*** L***

GAO
0.25 6.67 11.52 6.50 6.88 5.91 8.25
0.50 6.25 11.24 6.10 6.85 6.04 8.56
1.00 6.10 11.24 5.37 5.91 5.21 7.62

SEM 0.079 0.116 0.055 0.080 0.124 0.114
Contrast L,*** Q** NS L,*** Q,*** C** L,*** C*** L,*** Q* L,*** Q***

ORO
0.25 6.18 11.18 4.95 5.91 5.29 7.34
0.50 5.81 10.67 3.92 5.10 4.23 5.60
1.00 4.50 9.78 3.59 5.03 4.02 5.36

SEM 0.046 0.126 0.221 0.134 0.207 0.173
Contrast L,*** Q,*** C*** L*** L,*** Q*** L,*** Q*** L,*** Q** L,*** Q,*** C**

PEO
0.25 6.21 11.51 6.02 6.83 5.86 8.13
0.50 5.83 11.03 4.13 5.46 4.69 7.30
1.00 5.78 10.96 3.63 5.32 4.51 5.53

SEM 0.061 0.085 0.078 0.068 0.110 0.097
Contrast L,*** Q,*** C*** L,*** C** L,*** Q,*** C*** L,*** Q,*** C*** L,*** Q,*** C*** L,*** Q,*** C*

a Data were analyzed using dose levels of 0, 0.25, 0.50, and 1.0 g/liter for each essential oil. CLO, clove oil; EUO, eucalyptus oil; GAO, garlic oil; ORO, origanum oil; PEO,
peppermint oil; NS, not significant. Only significant (***, P � 0.01; **, P � 0.05; *, P � 0.10) linear (L), quadratic (Q), and cubic (C) effects are shown.

Essential Oils on Ruminal Microbes and Fermentation

June 2012 Volume 78 Number 12 aem.asm.org 4275

http://aem.asm.org


DISCUSSION

Supplementation of ruminant diets with EOs can alter microbial
populations, digestion and fermentation of diets, proteolysis, and
methanogenesis in the rumen (12). Essential oils produced by
different plant species can vary in chemical structures and stereo-
chemistry as well as bioactive activities (10). In this study, five EOs
with different chemical structures and stereochemistries were
evaluated for their efficacy to mitigate methane production by in
vitro ruminal cultures. The CLO contains eugenol (phenylpro-
panoid), EUO contains cineole (bicyclic monoterpinoid), GAO
contains alliin and allicin (organosulfur compounds), ORO con-
tains thymol (monoterpinoid monocyclic phenol), and PEO con-
tains menthol (monoterpinoid monocyclic nonphenol). This
study demonstrated that different EOs vary in their potencies in
modulating rumen microbial populations and fermentation.

Several studies have documented reduction in methane pro-
duction by EOs (1, 17, 28, 52). However, the in vivo study of
Beauchemin and McGinn (5) did not reveal any effect on methano-
genesis. In the present study, ORO was the most potent in lower-
ing methane production, but it also had the greatest inhibition of
feed digestion. The phenolic nature of ORO might explain its high
potency in inhibiting both bacteria involved in feed digestion and
methanogens. As the second most antimethanogenic EO, GAO
did not adversely affect feed digestibility even at the highest dose

tested, corroborating findings in other studies (36, 45). All the
other EOs appeared to reduce feed digestibility differently. These
results corroborate several previous studies (5, 38, 53). Thus, op-
timal doses of EOs for practical application should be determined.

Previous in vivo studies reported mixed effects of EOs on fer-
mentation by the rumen microbiome, as demonstrated by an in-
crease (14, 18, 52), no change (17, 29, 36), or a significant decrease
in total VFA production (28). As reflected by total VFA concen-
trations and VFA profiles, the present study also showed that the
effects of EOs on fermentation depend on the types and doses of
EOs. It is also clear that EOs can affect individual VFAs differently.
In the present study, all the EOs increased the molar proportion of
butyrate, supporting the findings of several previous studies (11,
15). The Gram-positive bacterium Butyrivibrio fibrisolvens is a
major cultured butyrate-producing bacterium ubiquitous in the
rumen (46). However, this bacterial species is very sensitive to EOs
(32). Some cryptic butyrate-producing bacteria might be less sen-
sitive to EOs and contribute to the increased molar proportion of
butyrate in the rumen cultures. Alternatively, predominant bu-
tyrate-utilizing bacteria might have been inhibited by EOs or
other fermentation products, such as hydrogen gas. Indeed, the
concentrations of hydrogen gas increased (calculated by deduct-
ing nitrogen, methane, and carbon dioxide from total gas) in the
headspace of the ruminal cultures when methane production was

FIG 2 DGGE profile of total bacteria (top) and PCA plots of the DGGE profiles (bottom). The first three letters stand for the EO: CLO, clove oil; EUO, eucalyptus
oil; GAO, garlic oil; ORO, origanum oil; PEO, peppermint oil. The fourth letter represents the dose of EO: H, high (1.0 g/liter); M, medium (0.5 g/liter); and L,
low (0.25 g/liter). All the essential oils and the control (C) were used in triplicate. Lanes M, molecular size marker.
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inhibited by EO (data not shown), and butyrate utilization and
growth of butyrate-utilizing bacteria can be inhibited when hy-
drogen gas accumulates (2).

The results of this study showed that different EOs affected
aminogenesis to different extents. Decreased ammonia concen-
trations in the cultures of CLO and ORO probably resulted from
inhibition of deamination of amino acids, a premise substantiated
by the reduced proportion of branched-chain VFAs (isobutyrate
and isovalerate). Borchers (8) reported that in vitro incubation of
casein in rumen fluid supplemented with thymol (1.0 g/liter) re-
sulted in accumulation of amino acids and reduction in ammonia
concentration, corroborating that deamination was inhibited.
Clostridium sticklandii, Peptostreptococcus anaerobius, and C.
aminophilum are known hyper-ammonia-producing bacteria
(HAB), with the former two species being very sensitive to EO
inhibition (32). The inability of EUO and GAO to reduce ammo-
nia concentrations in the cultures suggests that different EOs have
different potencies to inhibit proteolysis and aminogenesis. In fu-
ture studies, populations of HAB need to be quantified to help
understand how EOs affect aminogenesis by ruminal microbes.

Several mechanisms have been proposed to explain the antimi-
crobial properties of EOs, with chemical structures and physical
properties being thought to be important to determine their anti-
microbial potency (10, 20). The presence and relative position of a
hydroxyl group in the phenolic structures of EOs (e.g., thymol and
eugenol) were proposed to influence the antimicrobial potency of
EOs (20, 50). The greater potency of ORO (containing a phenol)

than PEO (containing a cyclohexane) shown in this study corrob-
orates the importance of the phenolic ring to the antimicrobial
activities of EOs (50).

Gram-positive bacteria are thought to be more susceptible to
EOs than Gram-negative bacteria due to the lack of a protecting
outer membrane surrounding the cell wall (10, 20). However, the
present study did not show a reduction in the population of F.
succinogenes, a Gram-negative species, than significantly less than
that of R. flavefaciens or R. albus, both Gram-positive bacteria. It
remains to be elucidated if EOs act on other cellular structures.
The primary mode of action of EOs on archaea is also likely on the
cell membranes. The action of GAO on archaea, however, might
include additional mechanisms because GAO was more inhibi-
tory to archaea than to bacteria in the ruminal cultures. It has been
hypothesized that some of the organosulfur compounds present
in GAO may particularly inhibit SH-containing enzymes essential
to metabolic activities, especially the synthesis of specific iso-
prenoid side chains in archaeal lipid (11, 12).

All the EOs reduced the abundance of protozoa, though to
different extents. Differences in chemical structures and proper-
ties of EOs might be among the reasons explaining these varia-
tions. In the literature, the effects of EOs on ruminal protozoa are
mixed. Newbold et al. (34) and Benchaar et al. (6) reported that
ruminal protozoan counts were not affected in sheep and dairy
cows when fed 110 and 750 mg/day of a mixture of EOs, respec-
tively. Clove EOs, however, decreased total protozoa, small ento-
diniomorphs, and holotrichs, but not large entodiniomorphs

FIG 3 DGGE profile of archaea (top) and PCA plots of the DGGE profile (bottom). The first three letters stand for the EO: CLO, clove oil; EUO, eucalyptus oil;
GAO, garlic oil; ORO, origanum oil; PEO, peppermint oil. The fourth letter represents the dose of EO: H, high (1.0 g/liter); M, medium (0.5 g/liter); and L, low
(0.25 g/liter). All the essential oils and the control (C) were used in triplicate. Lanes M, molecular size marker.
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(36). Cardozo et al. (13) even observed increases in holotrichs in
beef heifers when fed a mixture of cinnamaldehyde (180 mg/day)
and eugnol (90 mg/day). Future studies are needed to elucidate
the relationship between the structure and properties of EOs and
their antiprotozoal potencies.

Although EOs have been evaluated and shown to reduce meth-
ane production by the rumen microbiome, their effects on rumen
bacterial and archaeal diversity were poorly documented. In this
study, all the EOs decreased the H= of bacteria at the high dose but
not at the low dose (except for ORO). The evenness index for
bacteria was generally reduced with increasing dose of EO. These
results implied that EOs can increase bacterial species richness in
the rumen at low doses. In contrast, the H= of archaea was de-
creased by all the EOs at all the doses. The decreased species even-
ness and increased species dominance suggest that some archaeal
species might have dominated while others were diminished
when exposed to EOs. This finding is consistent with a phylo-
genetic study where sheep fed supplemental GAO, juniper

berry oil, or cinnamaldehyde had an increased abundance of
methanogens related to Methanosphaera stadtmanae, Metha-
nobrevibacter smithii, and some uncultured groups but a de-
creased abundance of a Methanobrevibacter ruminantium-re-
lated cluster (35). The PCA analysis showed that the species
composition of both bacteria and archaea was significantly
changed by all the EOs but was changed differently by different
EOs. Comprehensive metagenomic studies can help detail such
changes in species composition.

In summary, this study showed that EOs can significantly de-
crease methane production, ammonia production, and the abun-
dance and diversity of archaea with increasing doses but that they
also, especially, ORO, exert adverse effects on ruminal feed diges-
tion and fermentation. A single EO at a low dose does not likely
depress methane production in the rumen significantly. A combi-
nation of several EOs at low doses or a combination of EOs with
other antimethanogenic agents may be effective in mitigating
methane emission from ruminants. The findings of the present

TABLE 4 Effects of different doses of essential oils on biodiversity indices from DGGE fingerprints of the rumen bacterial and archaeal communities
in vitroa

Essential oil and dose
(g/liter)

Bacteria Archaea

Shannon
index

Evenness
index

Dominance
index Shannon index

Evenness
index

Dominance
index

Control, 0 2.76 0.964 0.069 2.20 0.895 0.130

CLO
0.25 2.87 0.942 0.065 2.16 0.869 0.137
0.50 2.85 0.933 0.066 2.05 0.855 0.160
1.00 2.79 0.952 0.068 1.96 0.879 0.162

SEM 0.041 0.0051 0.0029 0.037 0.010 0.0076
Contrast Q* Q*** NS L*** Q* L***

EUO
0.25 2.86 0.948 0.063 2.30 0.917 0.113
0.50 2.91 0.967 0.058 2.33 0.901 0.113
1.00 2.84 0.960 0.063 2.12 0.844 0.150

SEM 0.039 0.0048 0.0026 0.034 0.007 0.0053
Contrast Q** C* Q** L,* Q*** L,*** Q*** L,*** Q***

GAO
0.25 3.01 0.957 0.054 1.92 0.921 0.162
0.50 2.87 0.943 0.063 1.92 0.872 0.167
1.00 2.72 0.920 0.074 1.92 0.836 0.172

SEM 0.039 0.0041 0.0026 0.029 0.013 0.0057
Contrast L,* Q,*** C*** L*** L,** Q,*** C** L,*** Q,*** C** L,*** C* L,*** Q**

ORO
0.25 2.73 0.928 0.073 2.04 0.850 0.158
0.50 2.75 0.918 0.073 1.79 0.863 0.188
1.00 2.58 0.932 0.085 1.14 0.708 0.398

SEM 0.035 0.0053 0.0025 0.036 0.021 0.013
Contrast L*** L,*** Q*** L*** L,*** Q** L,*** Q* L,*** Q***

PEO
0.25 2.82 0.946 0.066 2.18 0.877 0.138
0.50 2.79 0.943 0.068 1.91 0.871 0.170
1.00 2.84 0.949 0.064 2.00 0.912 0.151

SEM 0.031 0.0038 0.0020 0.032 0.014 0.0067
Contrast NS L,* Q*** NS L,*** Q,*** C*** Q* L,** Q,** C*

a Data were analyzed using dose levels of 0, 0.25, 0.50, and 1.0 g/liter for each essential oil. CLO, clove oil; EUO, eucalyptus oil; GAO, garlic oil; ORO, origanum oil; PEO,
peppermint oil; NS, not significant. Only significant (***, P � 0.01; **, P � 0.05; *, P � 0.10) linear (L), quadratic (Q), and cubic (C) effects are shown.
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study may be used in determining the types and doses of such EO
combinations in future studies.
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