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Abstract

BACKGROUND: Plants from West Africa commonly used in both human and veterinary medicine contain various secondary
metabolites. However, their potential in mitigating ruminal methane production has not been explored. This study examined
the effects of seven essential oils (EOs) from plants acclimated to Benin at four dosages (100, 200, 300 and 400 mg L−1), on in
vitro rumen microbial fermentation and methane production using Andropogon gayanus grass as a substrate.

RESULTS: Compared to control, Laurus nobilis (300–400 mg L−1), Citrus aurantifolia (300–400 mg L−1) and Ocimum gratissimum
(200–400 mg L−1) decreased (P < 0.05) methane production (mL g−1 DM) by 8.1–11.8%, 11.9–17.8% and 7.9–30.6%, respec-
tively. Relative to the control, reductions in methane (mL g−1 DM) of 11.4%, 13.5% and 14.2% were only observed at 400 mg L−1

for Eucalyptus citriodora, Ocimum basilicum and Cymbopogon citratus, respectively. These EOs lowered methane without reduc-
ing concentrations of total volatile fatty acids or causing a shift from acetate to propionate production. All EOs (except M.
piperita) reduced (P < 0.05) apparent dry matter (DM) disappearance of A. gayanus.

CONCLUSIONS: The current study demonstrated that EOs from plants grown in Benin inhibited in vitro methane production
mainly through a reduction in apparent DM digestibility.
© 2014 Society of Chemical Industry
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INTRODUCTION
Ruminant livestock emit methane as an unavoidable by-product
of the rumen microbial fermentation of carbohydrates and
proteins by anaerobic microbes.1,2 Enteric methane is of fun-
damental importance as an electron sink that maintains the
intrinsic oxidation–reduction reactions that are pivotal to rumen
function.2 However, enteric methane losses have a negative
impact on both the host and environment as it lowers the effi-
ciency of feed utilization and is a potent greenhouse gas.2 It is
thus desirable to develop strategies that mitigate enteric methane
production.

Natural plant secondary metabolites such as essential oils (EOs),
tannins and saponins show promise as a means of reducing
enteric methane from ruminants.3 However, the potential of
extracts from West African plants to modify ruminal fermentation
and to reduce enteric methane production has not been explored,
despite a long history of use of these secondary metabolites in
both human and veterinary medicine.4 Therefore, the purpose of
this study was to investigate the potential of EOs from medicinal
plants acclimated to Benin (West Africa) to modify in vitro rumen
microbial fermentation and reduce methane production from
Andropogon gayanus grass.

MATERIALS AND METHODS
Essential oils
Six EOs were prepared by processing various parts (leaves, rhi-
zomes or fruit peel) of six medicinal plants (Table 1) collected by
the departments of Oueme (Porto Novo, Sèmè, Djérègbé), Plateau
(Kétou) and Zou (Setto) in Benin. The plants were botanically
identified by the National Herbarium of the University of Abomey
Calavi (UAC) where voucher specimens are deposited. Appropriate
plant fractions to obtain the desired volume of EO were air dried
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Table 1. List of medicinal plants and plant part from which essential oils were extracted and main volatile components (≥100 g kg−1) in plant extracts
as determined by GC-MS

Scientific name of plant

Registration

number Plant part

Main

component

Concentration

(g kg−1)

Kovats retentiona

index

Citrus aurantifolia AP 2086 Fruit peel p-Cymene 142.3 1027

(Christm). Swing HNB Limonene 513.7 1032

Eucalyptus citriodora Hook AAC 181
HNB

Leaves Citronellal 764.7 1088

Laurus nobilis L. AP 2065 Leaves Myrcene 290.9 991

HNB Eugenol 425.0 1357

Mentha piperita L. AAC177 Leaves Menthone 284.9 1161

HNB Menthol 455.3 1184

Ocimum gratissimum L. AAC 176 Leaves p-Cymene 199.5 1028

HNB 𝛾-Terpinolene 175.2 1061

Thymol 275.6 1295

Zingiber officinalis Rosc. AP 2095 Rhizomes Camphene 107.9 952

HNB ar-Curcumene 116.4 1484

𝛼-Zingiberene 191.6 1498

a Retention time of a volatile component relative to the retention times of adjacently eluting normal alkanes on a capillary column.

for 72 h and subjected to steam distillation for 180–240 min using
a Clevenger-type apparatus.5 The recovered EOs were dried using
a small amount of anhydrous magnesium sulfate and stored at
4 ∘C until use. The EOs were analyzed by gas chromatography (GC)
and GC coupled to mass spectrometry (GC-MS) for chemical com-
position (Fig. 1 and Table 1). A gas chromatograph (DELSI GC 121 G,

Type 300 N∘464, DELSI instruments: 92, Surenes, France) equipped
with a flame ionization detector and a capillary column (CP WAX
52 CB; Chrompack, Middelburg, Netherlands; 25 m× 0.25 mm,
0.25 μm film thickness) was used. The oven was kept at 50 ∘C
for 5 min and programmed to increase to 220 ∘C (2 ∘C min−1).
Nitrogen was used as the carrier gas at a flow of 1 mL min−1 with

Figure 1. Selected medicinal plants from Benin and associated principal essential oils (≥100 g kg−1; volatile components) as identified by GC-MS analysis
and assessed in rumen fluid batch cultures.
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injector and detector temperatures of 240 and 250 ∘C, respec-
tively. GC-MS was performed (model 5970; Hewlett–Packard,
Palo Alto, CA, USA) using a DB-5 non-polar capillary column
(25 m× 0.25 mm) with ionization energy of 70 eV. The column
was kept at 50 ∘C for 5 min and programmed to subsequently
increase to 300 ∘C (5 ∘C min−1). Helium (0.9 mL min−1) was used as
the carrier gas and EO constituents were identified on the basis
of their Kovats retention indices and mass spectral fragmentation,
using standards, literature data6 and an established laboratory
data bank (Laboratory of Pharmacognosy and Essential Oils at the
University of Abomey-Calavi, UAC, Benin).

An additional three EOs, Cymbopogon citratus (DC.) Stapf, Lip-
pia multiflora Moldenke and Ocimum basilicum L. were obtained
from the Laboratory of Pharmacognosy and Essential Oils, UAC,
Benin. The main components in these EOs (Fig. 1) as extracted by
hydrodistillation and analyzed by GC-MS were (in g kg−1): estragole
849.8 for O. basilicum; geranial 71.7, thymol 84.6, eucalyptol 100.9,
and p-cymene 218.9 for L. multiflora; and myrcene 107.8, neral
307.5, and geranial 394.2 for C. citratus.7

In vitro experimental design and treatment
Preliminary in vitro batch culture incubations were conducted in
a single run to screen the effects of all nine EOs at four dosages
(150, 300, 600 and 1200 mg L−1 inoculum) on methane pro-
duction, gas production and dry matter disappearance (DMD)
using A. gayanus grass as a substrate. This dosage range was
chosen as per a previous study,8 which observed that most
EOs inhibited methane production in in vitro incubations at
dosages above 300 mg L−1. The results revealed that most EOs
decreased DMD and gas production at dosages between 300
and 1200 mg L−1. Therefore, all EOs were evaluated in a sec-
ond preliminary screening at lower dosages of 25, 50, 100 and
150 mg L−1 in a single run in an effort to limit their adverse effect
on DMD. From preliminary screenings, most EOs caused a drastic
reduction in DMD and gas production at 600 and 1200 mg L−1

with negligible effects on methane production at 25 to
150 mg L−1.

Based on the results from screening assays, a main study was
carried out through a series of in vitro batch culture to evaluate
EOs at four dosages (100, 200, 300 and 400 mg L−1) where methane
production was most likely to be reduced with no or a limited
decline in DMD. Lippia multiflora and Zingiber officinalis were
excluded from the main study as they exhibited negligible effects
on in vitro methane production at dosages under 1200 mg L−1. The
main study was repeated twice in two runs.

Incubation sets containing only inoculum and substrate served
as controls and those containing only inoculum served as blanks
within screening and main runs. The blanks served to correct
for fermentation residues, gas and methane production resulting
from the inoculum.

Substrate, ruminal inoculum and in vitro batch incubations
A single lot of dried A. gayanus grass was used as the substrate for
all in vitro batch incubations. A. gauanus is the principal low-quality
forage fed to ruminants in West Africa and is representative of
the low-quality tropical grasses which are often associated with
high enteric methane emissions. The aerial part of the forage was
collected by cutting plants 10 cm above the soil surface at the
flowering stage between July and August 2012 at the pilot farm of
the Faculty of Agronomic Science, UAC, Benin (longitudes 1∘ and
30∘ 40′ east). The grass was sun-dried for 3 days followed by oven

drying at 60 ∘C for 48 h. Grass was then ground through a 1 mm
screen with all collected samples combined.

Two ruminally fistulated non-lactating cows fed barley grain
and barley silage in a ratio of 1:3 were used as donors of rumen
fluid for the entire study. Cows were cared for in accordance with
standards set by the Canadian Council on Animal Care (CCAC).9

Rumen fluid was collected 2 h after the morning feeding as previ-
ously described10 and mixed 1:2 with a mineral buffer11 to obtain
inoculum.

In vitro batch incubations were conducted as described by Wang
et al.12 In each run, incubations were performed in 125-mL serum
vials in triplicate for all treatments and for control and blank
samples. Vials pre-loaded with 500 mg of substrate were warmed
to 39 ∘C, and inoculum (40 mL) was dispensed under a stream of
O2-free CO2 and an appropriate amount of each EO was added
using a pipette to obtain the final desired concentration. Vials were
immediately sealed with a foldable rubber stopper and affixed to
a rotary shaking incubator (120 rpm) at 39 ∘C for 48 h.

Sampling and analysis
Gas production from each culture vial was measured at 6, 12, 24
and 48 h of incubation using a water displacement technique.13

Prior to measuring gas production at each time point, 10 mL of
headspace gas was sampled for methane analysis.14,15

After 48 h of incubation, each vial was removed from the incu-
bator and contents were transferred into a pre-weighed 50-mL
centrifuge tube and centrifuged at 500× g (4 ∘C, 10 min) to sep-
arate a liquid and solid fraction which contained residual feed
particles and associated microbial mass.16 The fermentation
residue from each vial was washed with dH2O and centrifuged
(500× g, 4 ∘C, 10 min) two times, dried at 50 ∘C and weighed
to determine apparent dry matter disappearance (DMD).16 The
supernatant was processed for VFA and ammonia analysis.17

The substrate was analyzed for DM and organic matter (OM)
content,18 neutral detergent fiber (NDF) and acid detergent
fiber (ADF) as described by Van Soest.19 Heat-stable 𝛼-amylase
and sodium sulfite were used in NDF procedure and expressed
inclusive of residual ash. Combustion analysis (NA2100; Carlo
Erba Instruments, Rodano, Milan, Italy) was used to determine
nitrogen. The substrate used in this study had nutrient compo-
sition (g kg−1 in DM) of OM 920.3, NDF 678.8, ADF 346.5 and
CP 104.7.

Calculations and statistical analysis
Total VFA and gas production per g DM incubated; cumulative
methane (per g of DM incubated and DMD) as well as ammonia-N
in the incubation fluid were estimated after 48 h of incubation.
Apparent dry matter disappearance (DMD) was calculated as the
difference between incubated weight of the substrate and the dry
weight of the fermentation residue corrected for residue weight in
the blank.16

Net gas production data collected over time was fitted using the
SAS MODEL20 procedure to the equation21 GP= b(1− e−ct) sepa-
rately for each EO treatment, dosage, run and replication, where
GP (in mL g−1 DM incubated) is the cumulative gas production, b
(in mL g−1 DM incubated) is the potential gas production, c (in h−1)
is the gas production rate, and t (in h) is the gas measurement time.
The estimated coefficients (b and c) were output to a file for further
analysis as described below. PROC UNIVARIATE20 was used to test
the residuals for outliers and normality, and obvious outliers were
removed before undertaking further analyses.
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As only one control was used for all treatment combinations,
treatments did not have a factorial structure. Therefore, in order to
compare all treatment combinations with the control, an analysis
was performed using the seven EOs and four dosages combined
with the control to form one treatment variable (EO_DOSAGE) with
29 levels (7× 4+Control). PROC MIXED20 was then used to ana-
lyze the estimated coefficients (b and c) and other dependent vari-
ables measured at the end of the experiments with EO_DOSAGE
in the model as a fixed effect and RUN as a random effect. Dun-
nett’s test was used to compare all treatment levels to the con-
trol. A second analysis was performed, after removing the con-
trol treatment, to test for EO by dosage interactions using PROC
MIXED with EO, dosage and their interaction considered as fixed
effects, and RUN as a random effect in the model. Orthogonal poly-
nomials were fitted to test for linear and quadratic effects of EO
dosage.

RESULTS
Screening assays served to identify the dosage to be used in the
main study, thus the ensuing results were neither reported nor
discussed. In the main study, all interactions between EOs and
DOSAGE were significant (P < 0.05). Cumulative gas production
(GP) exhibited a quadratic response to all EOs (P < 0.05; Table 2).
The rate of gas production was linearly decreased (P < 0.05) by
O. basilicum and responded quadratically (P < 0.05) with O. gratis-
simum. With the exception of M. piperita, all EO either linearly
decreased or quadratically (P < 0.05) impacted methane produc-
tion per g DM. A quadratic effect on methane production per g
DM was apparent for O. basilicum, C. citratus, E. citriodora and O.
gratissimum, whereas a linear response was observed for C. auran-
tifolia and L. nobilis. O. basilicum, E. Citriodora and C. aurantifo-
lia linearly increased (P < 0.05) methane production per g DMD
whereas O. gratissimum and L. nobilis altered it in a quadratic man-
ner (P < 0.05).

Concentrations of total VFA (TVFA) per g of DM incubated was
linearly decreased (P < 0.05) by E. citriodora and O. gratissimum
while it responded quadratically to C. citratus [(P < 0.05); Table 3].
Acetate was quadratically (P < 0.05) affected by C. citratus, E. citri-
odora, O. gratissimum and L. nobilis while it was linearly increased
(P < 0.05) by the remaining EO (P < 0.05). Propionate was quadrat-
ically affected (P < 0.05) by E. citriodora, O. gratissimum and C.
aurantifolia. The acetate to propionate ratio (acetate:propionate)
was quadratically (P < 0.05) affected by C. citratus, E. citriodora and
O. gratissimum whereas it was linearly increased (P < 0.05) by other
EO. Of all EOs, C. citratus, O. gratissimum, C. aurantifolia and O.
basilicum affected the molar proportion of butyrate quadratically
(P < 0.05) while it was linearly decreased by L. nobilis (P < 0.05).
Addition of E. citriodora and O. gratissimum linearly decreased
(P < 0.05) ammonia-N concentration while L. nobilis and M. piperita
resulted in a quadratic relationship (P < 0.05; Table 3).With the
exception of M. piperita, all EO linearly decreased or quadratically
impacted DMD (P < 0.05; Table 3). The quadratic effect occurred
with C. citratus, E. citriodora and L. nobilis.

DISCUSSION
Effects of essential oils on methane production
In the current study, all EOs with the exception of M. piperita
inhibited methane production per unit of DM incubated. How-
ever, the observed negligible effects on methane production when
expressed on a DMD basis suggest the decrease in methane

was mainly due to a reduction in digestibility. Furthermore, the
observed decrease in propionate production and increase in
acetate:propionate is contrary to a direct inhibitory effect of EO
on methane production.1 Together, these results indicate a lack of
specificity in the influence of these EOs on methanogenesis. There
were significant interactions between EO and dosage on methane
production suggesting dependence of our findings on EO type
and dosage. This may be due to differences in the biological activ-
ity of EOs against methanogens or hydrogen producing bacteria
owing to differences in the types and amount of phenolics isolated
in extracts.22

The selection of A. gayanus as a substrate for in vitro studies could
have also influenced the efficacy of EOs at reducing methanogene-
sis as previous work has suggested that EO extracts are more effec-
tive at lowering methane production from concentrate as opposed
to forage diets.8 One of the goals of this work was to apply EOs
to feed from the same region from which they were derived. As A.
gayanus is one of the most common native grasses in the tropi-
cal and sub-tropical savannas of Africa, it was a logical choice as a
substrate for the present study.

Of all assayed EOs, O. gratissimum appeared to possess the
most potent anti-methanogen activity. Effects exhibited by O.
gratissimum on methane production (DM incubated basis) are in
agreement with Patra and Yu23 who observed that inclusion of
Thymus capitatus (thymol type) at 250–1000 mg L−1 decreased
methane production (per g DM) and increased acetate:propionate,
but this EO also reduced methane production per g of DMD.
Our results may be explained by the presence of thymol in
O. gratissimum. In a recent review, Benchaar and Greathead8

reported that thymol had the potential to depress methane
production with a minimum active dosage of 300 mg L−1 with
p-cymene (20 mg L−1) reducing methane production by 30%
in vitro.

The potency of limonene and p-cymene (main components
in C. aurantifolia) to inhibit methane production has been
reported in previous studies.3,8,24 Similar to the current exper-
iment, Kamalak et al.25 noted that Citrus sinensis (limonene type),
at 200–1200 mg L−1, reduced methane production (per g DM)
with a concomitant increase in acetate:propionate. Sallam and
Abdelgaleil24 reported that methane production (per g DM) was
depressed by Citrus reticulata (limonene type) at 667–1000𝜇L L−1.

Effects exhibited by L. nobilis on methane production (per g DM)
are similar to those reported for other eugenol type EO such as
Cinnamomum zeylanicum and Eugenia spp.23,25,26 In contrast, Patra
and Yu23 observed that Eugenia spp. decreased methane produc-
tion per g DMD. Consistent with effects of L. nobilis, Benchaar and
Greathead8 reported that eugenol decreased methane production
at 400 and 500 mg L−1.

Jahani-Azizabadi et al.27 observed that O. basilicum (estragole
type) inhibited methane production per g DM, in agreement
with the current study. In contrast, this author also observed
that O. basilicum decreased methane production per g DMD. Our
results with M. piperita contradict Patra and Yu23 who observed
a decrease in methane production (per g DM and per g DMD)
at dosages of 250–1000 mg L−1. Agarwal et al.28 also observed
that, at 0.33–2 mL L−1, M. piperita inhibited methane production
per g DMD, which disagrees with our results at 100–400 mg L−1.
The divergence between our results and these previous studies
may be due to variations in diet type, minor components and/or
concentration of menthol in chemoypes of M. piperita. There is a
dearth of information on the effects of C. citratus and E. citriodora
on methane production.
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Table 2. Effect of essential oils on in vitro gas and methane production from Andropogon gayanus

Gas production kinetics

Additive
Dosage
(mg L−1)

b
(mL g−1 DMI)

c
(h−1)

GP-48 h
(mL g−1 DMI)

Methane
(mL g−1 DMI)

Methane
(mL g−1 DMD)

Control 0 268.1 0.018 152.7 25.8 58.2
SE 10.56 0.001 2.04 0.405 1.352

Ocimum basilicum 100 250.6 0.016 149.0 25.7 60.3
200 245.1 0.018 144.1* 24.7 64.6
300 226.1* 0.019 136.2* 25.6 68.2*

400 203.1* 0.020 127.0* 22.3* 72.0*

Contrast L L Q Q L
Cymbopogon citratus 100 260.1 0.019 153.0 25.7 58.3

200 259.0 0.019 152.6 25.8 57.9
300 260.9 0.017 145.4* 25.5 58.4
400 207.4* 0.020 125.2* 22.2* 59.9

Contrast Q – Q Q –
Eucalyptus citriodora 100 246.1 0.021 153.3 26.0 57.9

200 247.8 0.020 151.1 26.7 59.5
300 220.9* 0.020 138.3* 24.5 59.0
400 196.1* 0.022* 128.5* 22.9* 61.7

Contrast Q – Q Q L
Ocimum gratissimum 100 233.4* 0.021 148.1 25.4 57.9

200 218.8* 0.021 137.4* 23.8* 60.7
300 202.2* 0.019 128.6* 23.3* 62.4
400 151.2* 0.025* 106.3* 17.9* 58.8

Contrast Q Q Q Q Q
Citrus aurantifolia 100 253.2 0.019 150.2 25.6 56.4

200 250.2 0.019 147.5 25.3 53.7
300 232.7* 0.019 136.1* 22.7* 60.9
400 210.6* 0.019 125.8* 21.2* 60.0

Contrast L – Q L L
Laurus nobilis 100 240.9 0.021 150.5 24.9 59.1

200 235.2* 0.021 147.9 24.7 55.3
300 228.0* 0.022* 143.5* 23.7* 59.8
400 201.8* 0.023* 133.2* 22.8* 62.3

Contrast L – Q L Q
Mentha piperita 100 235.2* 0.022* 150.6 25.1 56.6

200 228.7* 0.022* 149.1 25.0 56.6
300 215.7* 0.023* 142.8* 24.2 55.4
400 209.8* 0.023* 138.4* 24.4 58.2

Contrast L – Q – –
Statistics
Degrees of freedom, df

EO×dosage 135 138 136 136 130
SEM EO 10.56 0.001 2.04 0.41 1.35

Dosage 10.10 0.001 2.00 0.41 1.36
P-value EO < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Dosage < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EO×dosage 0.013 0.023 < 0.001 < 0.001 0.005

*Mean value for an additive differs significantly (P< 0.05) from the control within the column.
GP, cumulative gas production; DMI, dry matter incubated; L, linear contrast (P< 0.05); Q, quadratic contrast (P< 0.05).
EO, essential oil.

Effects of essential oils on volatile fatty acid production
Compared to the control, most EO caused no change in TVFA
concentration, suggesting that even the highest dose of EO was
too low to depress VFA production. This is not consistent with
the adverse effects of these EO on DMD and GP and may be due
to a higher sensitivity and/or resistance of some specific types of

cellulolytic bacteria to EO.16 Alternatively, a reduction in methane
could have contributed to reduced GP and biomass feed particle
adherent bacteria may have resulted in an underestimation of
substrate DMD. However, given the inhibitory effects of EO on
microbial populations, this underestimation is likely to be less than
for residue in treatment than control vials.

J Sci Food Agric 2015; 95: 1031–1038 © 2014 Society of Chemical Industry wileyonlinelibrary.com/jsfa



1036

www.soci.org JB Kouazounde et al.

Table 3. Effect of essential oils on in vitro ruminal fermentation of Andropogon gayanus

Volatile fatty acids

Additive

Dosage

(mg L−1)

TVFA

(mmol g−1 DMI) Acetate Propionate Butyrate Valerate BCVFA A:P

DMD

(g kg−1)

Ammonia-N

(mmol L−1)

Control 0 7.1 65.5 22.7 6.8 1.4 3.6 2.9 440.3 19.1

SE 0.819 1.178 0.271 0.449 0.123 0.597 0.090 8.61 3.376

Ocimum basilicum 100 7.1 65.9 22.4 6.7 1.4 3.4 2.9 435.9 17.8

200 6.0 67.5* 20.6* 6.4 1.3* 3.5 3.3* 405.9 18.7

300 6.6 69.6* 19.5* 6.3 1.3* 3.2 3.6* 377.2* 17.2

400 7.0 71.8* 18.0* 6.9 1.3* 2.3* 4.0* 312.4* 16.0

Contrast L L Q L Q L L –

Cymbopogon
citratus

100 8.4 65.8 22.1 7.1 1.4 3.6 3.0 440.5 16.7

200 9.8* 66.6 21.0* 7.4 1.3* 3.5 3.2* 445.9 15.0

300 8.4 68.1* 20.3* 6.8 1.3* 3.4 3.4* 436.6 16.4

400 7.2 72.2* 18.4* 6.1 1.2* 2.5* 3.9* 372.5* 13.9

Contrast Q Q L Q L Q Q Q –

Eucalyptus
citriodora

100 8.7 65.7 21.7 7.6 1.3* 3.5 3.0 449.4 18.0

200 7.7 66.0 21.5 7.5 1.3* 3.6 3.1 448.1 17.5

300 7.9 68.6* 18.9* 7.9* 1.2* 3.4 3.7* 413.9 14.0

400 7.0 70.3* 17.4* 7.9* 1.2* 3.1* 4.1* 371.6* 12.5*

Contrast L Q Q – L L Q Q L

Ocimum
gratissimum

100 8.2 66.3 21.7 7.0 1.3* 3.5 3.1 438.9 16.6

200 7.4 68.8* 20.8* 6.2 1.3* 2.9* 3.3* 393.0* 14.6

300 6.3 70.4* 19.8* 5.9* 1.2* 2.6* 3.6* 372.6* 13.9

400 5.2 74.3* 15.8* 6.5 1.3* 2.0* 4.7* 306.7* 11.9*

Contrast L Q Q Q Q L Q L L

Citrus aurantifolia 100 7.2 66.2 22.4 6.4 1.3* 3.5 3.0 455.1 16.7

200 6.5 67.2* 22.2 5.9* 1.3* 3.5 3.0 419.2 19.4

300 6.3 69.7* 21.2* 5.4* 1.2* 2.5* 3.3* 363.4* 14.1

400 6.2 70.8* 19.7* 5.9* 1.2* 2.2* 3.6* 354.5* 15.5

Contrast – L Q Q L L L L –

Laurus nobilis 100 7.2 65.6 22.5 6.9 1.4 3.6 2.9 422.5 20.0

200 7.2 65.8 22.2 6.9 1.4 3.4 3.0 447.1 16.2

300 6.5 66.5 22.0 6.6 1.4 3.4 3.0 397.3* 14.9

400 6.2 68.3* 20.8* 6.4 1.3* 3.2 3.3* 366.5* 19.2

Contrast – Q L L L L L Q Q

Mentha piperita 100 7.0 65.0 22.8 6.9 1.4 3.8 2.9 443.1 18.3

200 6.9 65.1 22.5 6.9 1.4 3.9 2.9 442.7 15.5

300 6.7 66.1 21.6 6.8 1.4 4.0 3.1 437.2 15.5

400 6.6 66.9* 21.1* 6.6 1.3* 3.6 3.2* 419.4 18.6

Contrast – L L – L Q L – Q

Statistics

Degrees of freedom, df

EO×dosage 137 132 123 137 138 134 133 136 134

SEM EO 0.82 1.18 0.27 0.45 0.12 0.60 0.09 0.86 3.38

Dosage 0.82 1.21 0.27 0.46 0.12 0.60 0.09 0.92 3.43

P-value EO < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.003

Dosage < 0.001 < 0.001 < 0.001 0.005 0.005 < 0.001 < 0.001 < 0.001 < 0.001

EO×dosage 0.108 < 0.001 < 0.001 < 0.001 0.009 < 0.001 < 0.001 < 0.001 0.050

Results for volatile fatty acids (VFAs) are given as mmol L−1 VFA per 100 mmol L−1 total volatile fatty acids.
*Mean value for an additive differs significantly (P< 0.05) from the control within the column.
BCVFA, branched-chain VFA; A:P: acetate: propionate ratio; DMI, dry matter incubated; L, linear contrast (P< 0.05); Q, quadratic contrast (P< 0.05).
EO, essential oil.
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On the whole, assayed EO shifted VFA profiles towards less pro-
pionate and butyrate and more acetate, with significant interac-
tions between EO and dosage effects. In a number of studies,23,29,30

thymol, Thymus zygis (thymol 62.1%, p-cymene 17.03%) and T.
capitatus exerted effects similar to O. gratissimum on VFA pro-
file, but decreased TVFA concentration. Benchar et al.31 reported
that at 200 mg L−1, thymol reduced propionate production with no
change in acetate or TVFA concentration.

Regarding L. nobilis, apart from the trend in butyrate produc-
tion, some similarities were observed between our study and
others30,32,33 when eugenol and eugenol based EO were included
up to 800 mg L−1. Busquet et al.33 noted that up to 300 mg L−1,
Syzygium aromaticum (85% of eugenol) had no impact on TVFA
concentration, supporting our results. However, S. aromaticum has
also been observed to decrease acetate production without alter-
ing propionate.33 Similar to the present study, Patra and Yu23 noted
that Eugenia spp. decreased propionate production without any
change in acetate production. In contrast, TVFA concentration
decreased and butyrate production increased with Eugenia spp.

Effects exhibited by M. piperita on VFA in the current study
agree with Patra and Yu23 who observed no change in TVFA con-
centration with M. piperita (menthol type) at 250–1000 mg L−1,
whereas acetate and acetate:propionate increased and propi-
onate decreased at 1000 mg L−1, but these two studies diverge
regarding the impact on butyrate production. The alteration
in VFA profile with M. piperita (100–400 mg L−1) agrees with
Agarwal et al.28 whom reported that M. piperita had no effect
on VFA at low concentrations but decreased TVFA at high
concentrations.

A number of reports24,25,30 observed that limonene (50–
5000 mg L−1 and 400–800𝜇L L−1), C. reticulata (333–1000𝜇L L−1)
and C. sinensis (100–1200 mg L−1) decreased TVFA concentration,
contradicting results obtained with C. aurantifolia (100–400
mg L−1) in the present study. These differences may arise due
to differences in the concentration of limonene, the princi-
pal EO in this plant. Kamalak et al.25 noted that C. sinensis, at
200–1200 mg L−1, shifted the VFA pattern towards more acetate
and less propionate.

Effects of essential oils on in vitro digestibility
Essential oils have been shown to have the potential to modu-
late rumen microbial fermentation by altering rumen microbial
activity. In the current study, all EOs with the exception of M.
piperita consistently decreased DMD as reflected by a decline in GP,
suggesting that they broadly inhibit rumen microorganisms. This
may be governed by EO type (chemical composition) and assayed
dosages as suggested by the significant interactions between EOs
and dosage effects on DMD.

Of all EOs assayed, O. gratissimum appeared to be the most detri-
mental to rumen microbial activity with clear inhibition at dosages
of 200–400 mg L−1. Consistent with this study, Martinez et al.29

observed a decrease in DMD of an alfalfa hay:barley grain mixture
(30:70) using extracts from T. zygis at 1.35 mL L−1. Inclusion of T.
capitatus at dosages of 250–1000 mg L−1 also decreased DMD and
GP (DM incubated basis) from an alfalfa hay:concentrate mixture
(50:50).23 Our results may be explained by the presence of thy-
mol in O. gratissimum as phenonolic monoterpes have been shown
to have activities against both Gram-positive and Gram-negative
bacteria due to their hydrophobicity, low molecular weight and
hydroxyl functional group.22

Laurus nobilis is rich in eugenol, and consistent with our work,
Patra and Yu23 observed that Eugenia spp. decreased DMD along

with GP (DM incubated basis) from ground alfalfa hay:concentrate
(50:50) at dosages of 250–1000 mg L−1. Cinnamomum zeylanicum
(76% of eugenol) also decreased DMD and GP from barley silage
and dairy concentrate (50:50) at 500 mg L−1 in a Rusitec system.26

Eugenol is a phenolic monoterpene with antimicrobial activ-
ity against a broad spectrum of microorganisms.22,34 A previous
study31 reported a decrease in DMD and GP (DM incubated basis)
from a 51:49 forage:concentrate diet when eugenol was added at
800 mg L−1.

Similar to the current experiment, it was observed that
O. basilicum decreased DMD along with GP (DM incubated basis)
of a 80:20 alfalfa hay:concentrate diet at 1000 mg L−1.27 A previ-
ous report35 indicated that O. basilicum exhibited antimicrobial
activity against a wide range of Gram-positive and Gram-negative
bacteria due its high content of estragole, corroborating the
reduction in digestibility observed in the present experiment.

Information related to effects of C. citratus (citral type) and E.
citriodora (citronellal type) on rumen microbial fermentation in
vitro is scarce. The adverse effect of E. citriodora on DMD may be
due to citronellal as it has been shown to strongly inhibits rumen
microbial activity and exhibit activity against both Gram-positive
and Gram-negative bacteria.34,36

M. piperita is rich in menthol and menthone, and in agreement
with our results, Patra and Yu23 observed negligible effects on
DMD while GP (DM incubated basis) decreased from ground alfalfa
hay:dairy concentrate (50:50) when it was included at 250 mg L−1.
In contrast, DMD of ground alfalfa hay: concentrate at (50:50)
and (80:20) were adversely affected by M. piperita (menthol type)
when it was included at dosages of 500–1000 mg L−1 and 1 mL L−1,
respectively.23,27

Consistent with effects exhibited by C. aurantifolia in the present
study, others reported that Citrus limon (1000 mg L−1), C. reticu-
lata (333–1000𝜇L L−1) and C. sinensis (200–1200 mg L−1) contain
chiefly limonene and decreased DMD and GP (DM incubated basis)
from a range of dietary substrates.24,25,27 In an in vitro study,24

limonene was found to be responsible for the effects of C. reticulata
on rumen microbial activity.

CONCLUSION
In summary, most of the EOs evaluated in this in vitro study modi-
fied rumen microbial fermentation and reduced ruminal produc-
tion of methane from low quality grass forage. However, at the
dosages used, the reduction in methane was achieved mainly
through a reduction in digestibility. Further research is needed
to determine an effective dose rate and whether these EO could
potentially benefit ruminal fermentation and lower methane pro-
duction when used with other feed types.
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