
lable at ScienceDirect

Journal of Cleaner Production 194 (2018) 704e713
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Intermittent feeding of citrus essential oils as a potential strategy to
decrease methane production by reducing microbial adaptation

P. Wu, Z.B. Liu, W.F. He, S.B. Yu, G. Gao, J.K. Wang*

Institute of Dairy Science, College of Animal Sciences, Zhejiang University, Hangzhou, PR China
a r t i c l e i n f o

Article history:
Received 11 September 2017
Received in revised form
24 April 2018
Accepted 21 May 2018
Available online 22 May 2018

Keywords:
Sheep
Citrus essential oils
Adaptation
Methane
Intermittent feeding
Abbreviations: ADF, acid detergent fiber; ADG,
branched-chain volatile fatty acids; BW, body weight;
corn meal; CP, crude protein; DM, dry matter; DMI,
extract; EO, essential oils; IVDMD, in vitro dry matter
(WH: concentrate¼ 2:1); NDF, neutral detergent fibe
volatile fatty acids; WH, Chinese wild rye hay.
* Corresponding author.

E-mail address: jiakunwang@zju.edu.cn (J.K. Wang

https://doi.org/10.1016/j.jclepro.2018.05.167
0959-6526/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

The objective of the present study was to assess the effects of citrus essential oils (CEO) on growth and
rumen fermentation of Hu sheep as well as to evaluate the effects of intermittent feeding of CEO to
decrease methane production by reducing microbial adaptation in an in vitro batch culture system.
Growth and rumen fermentation without CEO supplementation (W0_NE) and with supplementation
with 0.8 mL CEO/L rumen volume from week 1 to week 3 (W1_EO, W2_EO, and W3_EO), as well as 2
additional weeks without CEO (W5_NE), were examined in 5 rumen-fistulated Hu sheep. Rumen
fermentation and gas production of three substrates, corn meal (CM), Chinese wild rye hay (WH), and
mixed feed (MF) of WH þ concentrate (2:1, dry matter basis), and three doses of CEO (0, 0.8 and 1.6 mL/L)
were tested in rumen fluid collected from W0_NE, W1_EO, W3_EO, and W5_NE in vitro. The results
showed the CEO had no significant effects (P> 0.05) on body weight, average daily gain, dry matter
intake and total-tract apparent digestibility. The CEO altered nitrogen metabolism and was characterized
by reductions (P< 0.01) of the concentrations of blood urea nitrogen and rumen ammonia nitrogen. CEO
decreased the concentrations of total and individual volatile fatty acids as well as the acetate to propi-
onate ratio in vivo (P< 0.01). Anti-methanogenic effects of CEO were observed in W1_EO (P< 0.05)
without additional CEO supplementation, but they were only observed in W3_EO and W5_NE with
additional CEO supplementation. These results suggest that CEO introduce selective pressure on rumen
microbes and induce methanogenesis adaptation in microbial communities. Intermittent feeding of CEO
might be a potential strategy to decrease methane production by reducing the ability of microbes to
adapt.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Essential oils (EO) characterized by a strong aroma are gener-
ated by aromatic plants such as lavender, rosemary, rose, pepper-
mint, cypress to defend against herbivorous insects and pathogenic
bacteria and/or to act as signaling molecules. The EO, natural
products with antimicrobial, antifungal and antioxidant properties,
are considered safe and promising alternatives to antibiotics with
the target of improving the efficiency of conversion of feed for
average daily gain; BCVFA,
CEO, citrus essential oils; CM,
dry matter intake; EE, ether
degradability; MF, mixed feed
r; OM, organic matter; VFA,

).
ruminants (Jouany and Morgavi, 2007). The reduction of deami-
nation by EO in the rumen may be regarded as positive for N uti-
lization (McIntosh et al., 2003), and inhibition of methanogenesis is
responsible for reducing the energy loss of diets as methane
(Durmic et al., 2014). Methane emissions from enteric fermentation
account for approximately 18% of global methane sources, and
methanemitigation in livestock production is an important process
to alleviate greenhouse effects and prevent global warming
(Cobellis et al., 2016).

However, the effects of EO could be temporary and equivocal
because of the capacity of rumen microbes to adapt (Benchaar and
Greathead, 2011; Klop et al., 2017). For example, the eugenol pre-
sent in cinnamon oils has been reported to inhibit methanogenesis
and lower the ammonia N concentration in vitro (Durmic et al.,
2014), whereas Benchaar et al. (2015) did not find this effect in
dairy cows in a replicated 4� 4 Latin square (28-d periods) trial.
Furthermore, EO usually contain more than 20 to 60 active com-
pounds containing a variety of volatile molecules such as terpenes
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and terpenoids, phenol-derived aromatic components and
aliphatic components, each of which has a distinguished mode of
action as an antimicrobial (Wu et al., 2017). It is difficult for EO to
inhibit microbial populations of interest, and EO result in general
inhibition of rumen fermentation (Macheboeuf et al., 2008). The
challenge is to establish an effective dietary EO dosage that favor-
ably manipulates rumen function.

Citrus essential oils (CEO), which are derived from the second-
ary metabolism of citrus fruits, are blends of volatile compounds
that consist of monoterpenes, sesquiterpenes and sesquiterpenoids
at different concentrations (Wu et al., 2017). CEO are abundant due
to the wide distribution of citrus fruits and high percentage of CEO
in peels. CEO make up the largest sector of the world production of
EO, are commercially used for food flavorings, toiletry products,
cosmetics, and perfumes (Sawamura, 2010). To date, Kamalak et al.
(2011) and Sallam and Abdelgaleil (2010) have demonstrated that
the addition of CEO reduce up to 39.87% of methane production
in vitro, while there is still a lack of information related to the effects
of CEO in vivo. To practically reduce methane production with CEO,
the effects of CEO on growth and rumen fermentation of Hu sheep
as well as the effects of intermittent feeding of CEO to decrease
methane production by reducing microbial adaptation was inves-
tigated in a stepwise approach using an in vitro gas production
technique.
2. Materials and methods

2.1. In vivo experiment

2.1.1. Animals, diets, and experimental design
The use of animals was approved by the Animal Care Commit-

tee, Zhejiang University (Hangzhou, China), and the experimental
procedures were conducted according to the guidelines for animal
research. Six male Hu sheep (initial body weight,
BW¼ 40.24± 8.31 kg; mean± SD) fitted with rumen cannula were
housed in individual cages (1.5 by 2m) and fed twice daily at 0900
and 1700 h with free access to water. Animals received diets con-
sisting of concentrate (45% ground corn grain, 20% cottonseed cake,
15% soybean meal, 15% bran, 2% salt, 1% baking soda and 2%
phosphor-calcium powder) and Chinese wild rye hay (WH) as
forage.

Experiments were performed over an 8-week period, and the
first 2 weeks served as a preliminary feeding period. Concentrates
were supplied to each sheep at 10 g/kg BW and were eaten every
day throughout the experiment. During the period of formal
feeding, the amount of forage offered for each sheep was recorded
daily and adjusted to allow for 5e15% orts. The digestion trial was
carried out using a full excrement analysis method, and the total-
tract apparent digestibility was determined. Five of 6 sheep (EO
sheep) were assigned to be fed the basal diet with no CEO sup-
plementation as a control on week 3 and were denoted W0_NE.
CEO were inserted into the rumen through the cannula at a dose of
0.8 mL/L rumen volume (rumen volume¼ BW0.57, Owens and
Goetsch, 1988) just before morning feeding (time 0) from weeks
4e6 (each supplementation week was defined as W1_EO, W2_EO,
and W3_EO individually). Afterwards, sheep were raised for 2
additional weeks without CEO to examine whether the effect was
lasting or not (W5_NE period) and detect the change pattern of
microbial fermentation during the clearance of CEO. Notably, one of
the 6 sheep (RD sheep) with no CEO addition throughout the
experiment was assigned as a reference donor of rumen fluid for
whole-term in vitro batch cultures, which was done to avoid con-
founding effects (e.g., operations and equipment) among periods.
The brief flowchart of the research process is shown in Fig. 1.
2.1.2. Sampling and analyses of essential oils, diets, feces, blood and
rumen fluids

CEO at a density of 0.88 g/mL were extracted from grapefruit
peel by steam distillation and were purchased from Jiangxi Essen-
tial Oil Extraction Company (Jiangxi, China). CEO were dried
through a free aqueous Na2SO4 column and were analyzed using
gas chromatographyemass spectrometry (GC-MS; AGLIENT
7890Be7000C; Agilent Technologies, Inc., Santa Clara, CA) with the
methods of Singh et al. (2010). All compounds were identified by
comparison with the mass spectra from the NIST11 Mass Spectral
Database. The components of CEO were determined three times,
and the relative content of each component was calculated by
dividing the peak area by the total area of all of the components
that were detected.

On days 2e5 of different periods (W0_NE, W1_EO, W3_EO and
W5_NE), total feces was collected over 4 consecutive days. After
feces was weighed and mixed thoroughly, a representative portion
of feces (100 g/kg) was sampled daily and dilute H2SO4 (10%, v/v)
was added to fix fecal nitrogen. Next, fecal samples were dried in a
forced draft oven at 65 �C for 48 h, subsequently ground through a
1-mm sieve (Wiley Laboratory Mill; Arthur H. Thomas Co., Phila-
delphia, PA) and stored in sealed plastic containers at 4 �C before
analyzing the dry matter (DM, 105 �C for 5 h), ash (method 942.05;
AOAC, 1990), crude protein (CP, method 988.05; AOAC, 1990) and
acid detergent fiber (ADF, method 973.18; AOAC, 1990). Ash-free
neutral detergent fiber (NDF) was determined using heat-stable
a-amylase, but no sodium sulfite was added (Mertens, 2002). The
orts were collected before morning feeding, and dry matter intake
(DMI) was calculated based on the weights of feed offered and orts.
The diets (approximately 0.2 kg) were sampledweekly fromweek 3
onwards, and finally, the weekly samples were mixed together to
prepare composite samples to determine DM, ash, CP, NDF, ADF and
ether extract (EE, method 954.02, AOAC, 1990). The chemical
compositions of the feedstuffs are provided in Table 1.

On day 6 of each of the five different periods (W0_NE, W1_EO,
W2_EO, W3_EO and W5_NE), rumen fluid (100mL for each sheep)
was collected using a vacuum pump through the cannula just
before morning feeding. The pHwas immediatelymeasured using a
portable pH meter (Starter 300; Ohaus Instruments Co. Ltd.,
Shanghai, China). After returning to the lab within 10min, an
aliquot of rumen fluid was centrifuged at 13,000� g for 10min at
4 �C to harvest supernatants, and the remaining amount was
strained through four layers of cheesecloth under a continuous
flush of CO2 for subsequent in vitro incubations. Then, 1mL of the
supernatants was acidified with 20 mL of phosphoric acid (25%, v/v)
and measured via VFA using gas chromatography (GC-2010; Shi-
madzu Corp., Kyoto, Japan) following the methods of Hu et al.
(2005). The method proposed by Chaney and Marbach (1962)
was adopted to determine the amount of ammonia N. Addition-
ally, blood samples (8mL) were collected from the jugular vein of
each sheep into heparinized test tubes 3 h after morning feeding,
and then, the samples were centrifuged at 1700� g for 30min at
4 �C to obtain plasma. All of the plasma samples were stored
at �20 �C before analyzing the biochemical parameters using an
automatic biochemical analyzer (Hitachi High-technologies Corp.,
Tokyo, Japan) with commercial test kits (Jiancheng Bioengineering
Research Institute, Nanjing, China) following the procedures of
Chacher et al. (2014).

2.2. In situ degradation

Four runs of in situ experiments were performed on day 6 of
each period (W0_NE, W1_EO, W3_EO and W5_NE). Ruminal
degradation of the feed for WH and corn meal (CM) was deter-
mined in 3 rumen-fistulated sheep that were randomly selected



Fig. 1. Flowchart of the research process.

Table 1
Chemical composition of the substrates (Chinese wild rye hay, corn meal and
concentrate) for Hu sheep's feed. (mean± SD, n¼ 5).

Composition Chinese wild rye hay Corn meal Concentrate

DM, % 92.24± 0.18 93.49± 0.25 92.42± 0.51
OM, % of DM 95.38± 0.18 98.35± 0.02 91.39± 0.42
NDF, % of DM 75.68± 3.34 15.67± 0.76 28.61± 2.04
ADF, % of DM 40.72± 2.29 3.45± 0.94 8.44± 0.83
Ash, % of DM 4.62± 0.18 1.65± 0.02 8.61± 0.42
CP, % of DM 5.03± 0.22 8.90± 0.31 16.70± 0.05
EE, % of DM 1.77± 0.28 3.39± 0.03 2.09± 0.20

DM: dry matter; OM: organic matter; NDF: neutral detergent fiber; ADF: acid
detergent fiber; CP: crude protein; EE: ether extract.
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from the 5 EO sheep. The substrates were ground through a 3-mm
screen in a Wiley mill (Arthur H. Thomas Co. Philadelphia, PA), and
5 g of CM and 3 g of WH were weighed separately in nylon bags
(10� 20 cm; 50-mm pore size; Ankom Technology Corp., Macedon,
NY). The nylon bags were placed in the ventral sac of the rumen of
each sheep for a 24-h incubation, and a total of twenty-one bags (18
bags containing substrates plus 3 blank bags) were prepared per
run. More operations were conducted according to the procedures
described byWang et al. (2014). The compositions of substrates are
also given in Table 1.

2.3. In vitro batch fermentation

2.3.1. Experimental design
The in vitro batch cultures were conducted 4 times for each in

situ trial during the same period. The artificial salivawasmade from
the formula developed by Theodorou et al. (1994). The filtered
rumen fluids were combined at an equal volume to reduce the
inconsistency across individuals among periods. CEO emulsified by
Tween 80 (0.2%, v/v) were incubated to produce concentrations of
0, 0.8, and 1.6 mL/L of culture fluids, and the concentration of
Tween 80 in all of the bottles was adjusted to be the same. It has
been verified that Tween 80 at this level has no effect on rumen
fermentation (Cong et al., 2009). Three batches of WH, CM and
mixed feed (MF) ofWHþ concentrates (2:1, DM basis) were used as
substrates. Four flasks (replicates) were incubated for each sub-
strate at each dose, and 0.4 g of substrates and 50 mL of the
anaerobic mixture of buffered medium and inoculum at a 9:1 ratio
were added to 44 serum bottles, including 4 blank (no substrate)
and 4 control (rumen fluids of RD sheep incubated with the WH)
bottles in parallel. Anaerobic conditions were maintained by the
infusion of N2 gas. The bottles were sealed by rubber stoppers
connected to a luer-lock three-way stopcock and secured with
aluminum crimp caps. Finally, the samples were placed in an
incubator at a 39 �C constant temperature.

2.3.2. Sampling and analyses of substrate, fermentation residual,
fluid and gas

Gas readings were taken using a pressure sensor (Ruyi,
Shanghai, China) at 3, 6, 9,12, 24, 36, and 48 h post-inoculation, and
headspace gas was collected in aluminum foil gas collection bags.
At the end of the incubation, the bottles were placed on ice to stop
fermentation in a 4 �C freezer. Once the stopper was taken off, an
aliquot of the fermentation fluids were pipetted into centrifugal
tubes and preserved at �20 �C for further analyses of VFA and
ammonia N. The remaining fluids were poured into 50-mL centri-
fuge tubes and then centrifuged at 4000� g for 10min at 4 �C. The
sedimentary residual mass was determined after the samples were
dried in an oven at 65 �C for 48 h. The methane and hydrogen
concentrations were measured by gas chromatography (GC-2010
plus; Shimadzu Corp., Kyoto, Japan) equipped with a thermal
conductivity detector and a sample loop-valve interface, as
described by Wang et al. (2016).

2.4. Statistical analysis

All data obtained from in vivo and in situ experiments were
analyzed using a linear mixed-effect model:

Yi¼ mþ aiþεi

where Yi is the dependent variable; m is the grandmean; ai is a fixed
effect of the addition of CEO, and the sheep were considered a
random effect; and εi is the error term.



Table 2
Effects of intermittent feeding of CEO on BW, DMI and total-tract apparent di-
gestibility of Hu sheep.

Parameter Period SEM P-value

W0_NE W1_EO W3_EO W5_NE OCA PCA (L)

BW, kg 37.16 37.21 37.94 38.42 1.62 0.15 0.14
ADG, g/d 25.29 7.88 52.14 34.29 12.48 0.71 0.14
DMI, g/d 1023b 1010b 1050ab 1081a 13.56 0.69 0.15
C:F 0.56 0.58 0.55 0.53 0.01 0.67 0.32
Feces, kg/d 1.34b 1.32b 1.47ab 1.60a 0.65 0.05 0.22
Total-tract digestibility, %
DM 67.38 67.59 65.67 63.43 1.28 0.68 0.43
OM 70.02 69.71 68.04 65.59 1.22 0.50 0.46
NDF 62.27 61.99 60.60 57.21 1.71 0.63 0.48
ADF 53.29 54.41 51.67 47.91 1.95 0.92 0.33
CP 67.07a 65.50ab 61.52b 62.22ab 1.52 0.10 0.22

BW: body weight; DMI: dry matter intake; ADG: average daily gain; C:F: concen-
trate to forage ratio; DM: dry matter; OM: organic matter; NDF: neutral detergent
fiber; ADF: acid detergent fiber; CP: crude protein; SEM: standard error mean; OCA:
orthogonal contrast analysis (W0_NE vs. W1_EO to W3_EO); PCA (L): polynomial
contrast analysis (linear effect) from W1_EO to W3_EO. a, b Least squares means
within a row with different superscripts are different (P< 0.05).
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Orthogonal contrast analysis was performed to search for dif-
ferences between no-addition and addition of CEO (W0_NE vs.
W1_EO to W3_EO). Polynomial contrast was employed to conduct
linear and quadratic trend analysis when CEO were supplemented
from W1_EO to W3_EO.

A robust permutation test of package lmPerm (Wheeler, 2010)
was applied in ANOVA for the factorial design in vitro with the
following model:

Yi¼ mþ aiþajþai � ajþεi

where Yij is the dependent variable; m is the grand mean; ai is the
effect of period; aj is the effect of the doses of CEO; ai� aj is the
interaction effect; and εij is the error term.

The data were cleaned, manipulated and visualized using the R
packages tidyr (Wickham, 2015), dplyr (Wickham and Francois,
2015) and ggplot2 (Wickham, 2009). Multiple comparisons were
conducted using the Tukey post-hoc test, and the results were re-
ported as the least squares means. Statistical significance was
declared at P� 0.05, with highly significant values at P� 0.01.
Tendency was defined as 0.05< P� 0.1.

3. Results and discussion

3.1. Chemical compositions of the essential oils

In total, there were 28 compounds in CEO as determined from 3
repeated measurements using GC-MS. D-limonene (80.13%), b-
pinene (5.52%), b-phellandrene (2.88%), 3-carene (2.62%), linalool
(1.83%) and g-treponeme (1.41%) were the major components and
accounted for 94.39% of the total contents, whereas the relative
contents of all the other compounds were less than 1% and aver-
aged 0.24% (Table S1 in the supplemental material). CEO are char-
acteristic and complex mixtures of secondary metabolites, and
there is considerable variation in the content of the compounds
according to variety, geographic location, extraction method, and
ripeness (Xhaxhiu and Wenclawiak, 2015; Wu et al., 2017). D-
limonene, which is a volatile monoterpene with an empirical for-
mula of C10H16, is the main constituent of CEO, ranges from 75 to
98% of essential oils extracted from peel of citrus fruits has been
reported by Wu et al. (2017) and Bustamante et al. (2016). The ef-
ficacy of EO is attributable to its major compound. Limonene ex-
hibits antimicrobial activity, which mainly occurs against Gram-
negative bacteria by changing the structure of the cell membrane
(Benchaar and Greathead, 2011).

3.2. Evaluation of CEO on animal performance

3.2.1. Feed intake and total-tract apparent digestibility of nutrients
The inclusion of CEO had no significant (P> 0.10) effects on BW,

DMI, average daily gain (ADG) and the intake of concentrate-to-
forage ratio, but increased (P¼ 0.05) the feces output (W0_NE vs.
W1_EO toW3_EO, Table 2). No differences were found for the total-
tract apparent digestibility of nutrients except for a decreasing
trend of CP (P¼ 0.10). There were no linear (P> 0.10) effects of CEO
on all of these parameters over time during the CEO supplemen-
tation period (W1_EO to W3_EO).

3.2.2. Rumen fermentation and degradation
The ruminal fermentation characteristics are listed in Table 3.

The addition of CEO reduced the concentrations of ammonia N
(P< 0.01), total VFA (P< 0.01), acetate (P< 0.01) and propionate
(P< 0.01). The final concentrations of VFA and ammonia N at the
end of W5_NE recovered to the initial levels (W1_NE) after two
weeks of not adding CEO (P> 0.05). In addition, the molar
proportion of acetate (P< 0.01) and acetate to propionate ratio
(P< 0.05) were also decreased after introduction of CEO. The
addition of CEO increased the pH (P¼ 0.05) andmolar proportion of
butyrate (P< 0.05). The branched-chain VFA (BCVFA) and molar
proportion of propionate was unaffected (P> 0.10). During the CEO
supplementation period (W1_EO to W3_EO), a linear decrease of
the concentrations of total VFA (P< 0.01) and acetate (P< 0.01) and
the molar proportion of acetate (P< 0.01) was observed. Addi-
tionally, the pH changed quadratically (P< 0.05), and the propio-
nate concentration tended to suffer a linear decline (P¼ 0.06).

The results of the in situ disappearance of the nutrients of two
substrates (CM and WH) are outlined in Fig. 2. The degradability of
DM, NDF, ADF and CP had no significant differences among periods,
indicating the effect of CEO on ruminal degradation for these two
substrates was comparatively minor.

The decrease of VFA and ammonia N in this studywas consistent
with the results of Soroor and Rouzbehan (2017), who studied
essential oils of eucalyptus and Angelica; Gunal et al. (2017), who
studied white thyme oil and anise oil, respectively. CEO had a
negative influence on the deamination of amino acids, whichmight
benefit the post-rumen supply of dietary protein (Calsamiglia et al.,
2010). Blanch et al. (2016) observed that a mixture of cinna-
maldehyde and garlic oil modified ruminal fermentation resulting
in increased milk yield in multiparous lactating dairy cows after
15 d of adaptation. Molero et al. (2004) observed that the addition
of Crina® Ruminants EO brought about a reduction of ruminal CP
degradation in one/three plants sources in heifers fed low/high
concentrate diets, but reduction of ruminal degradation occurred
when the EO were provided for 28 days rather than 10 days.
Newbold et al. (2004) reported that the rate of CP rumen degra-
dation decreased only after a longer experimental period (42 days).
Although rumen microbial fermentationwas generally inhibited by
CEO after three weeks in our experiment, the effects of CEO
on ruminal degradation were limited within each substrate of WH
and CM.

3.2.3. Blood parameters
Four blood parameters that were significantly affected by CEO

are shown in Fig. 3. Orthogonal contrast analysis indicated the
addition of CEO increased (P< 0.05) the concentration of non-
esterified fatty acid (NEFA) (W1_EO to W3_EO vs. W0_NE). The
concentration of NEFA at the end of W1_EO was sharply increased
and higher than control (P< 0.05). The final concentration of NEFA



Table 3
Effects of intermittent feeding of CEO on ruminal pH, NH3eN, and VFA before morning feeding.

Parameter Period SEM P-value

W0_NE W1_EO W2_EO W3_EO W5_NE OCA PCA(L) PCA(Q)

pH 6.65b 6.64b 6.79a 6.74ab 6.67ab 0.04 0.05 0.18 0.03
NH3eN, mg/dL 9.20a 6.42b 6.36b 6.62b 10.40a 1.26 <0.01 0.94 0.80
Total VFA, mM 78.50a 69.81ab 61.03b 58.95b 69.10ab 4.01 <0.01 <0.01 0.54
BCVFA, mM 1.85 1.86 1.67 1.74 1.94 0.19 0.29 0.68 0.51
Acetate, mM 54.68a 47.26ab 40.28b 38.72b 46.16ab 2.68 <0.01 <0.01 0.53
Propionate, mM 13.77a 12.69ab 11.20ab 10.54b 12.18ab 0.76 <0.01 0.06 0.64
Butyrate, mM 7.84 7.42 7.28 7.20 7.64 0.51 <0.01 0.66 0.93
Ac:Pr 4.03 3.76 3.59 3.65 3.93 0.16 0.02 0.56 0.60
Molar proportion, mM/100mM
Acetate 69.59a 67.61ab 65.75b 65.51b 67.65ab 0.86 <0.01 0.01 0.58
Propionate 17.49 18.10 18.62 18.00 17.45 0.59 0.19 0.88 0.57
Butyrate 10.14 10.74 12.01 12.40 11.08 0.64 0.04 0.11 0.63

Total VFA: total volatile fatty acid, is the sum of concentrations of acetate, propionate, butyate, isobutyrate, valerate and isovalerate; BCVFA: branched-chain VFA, includes
isobutyrate and isovaleate; Ac:Pr: acetate:propionate; SEM: standard error mean; OCA: orthogonal contrasts analysis (W0_NE vs. W1_EO to W3_EO); PCA (L): polynomial
contrast analysis (linear effect) from W1_EO to W3_EO; PCA (Q): polynomial contrast analysis (quadratic effect) from W1_EO to W3_EO. a, b Least square means within a row
with different superscripts are different (P< 0.05).

Fig. 2. Effects of intermittent feeding of CEO on the in situ degradation of two substrates: a) WH (Chinese wild rye hay), and b) CM (corn meal). The nutrient contents of the
substrates were determined as follows: DM (dry matter), NDF (neutral detergent fiber), ADF (acid detergent fiber), CP (crude protein). The different periods were distinguished by
white bars (W0_NE), dotted bars (W1_EO), slashed bars (W3_EO), and gray bars (W5_NE). Vertical bars represent the standard error of the mean. Statistical analysis indicated the
ruminal degradability of nutrients for each substrate had no significant differences among periods (P> 0.1).

Fig. 3. Effects of intermittent feeding of CEO on the blood parameters of Hu sheep. Vertical bars represent the standard error of the mean. GLU: glucose; NEFA: non-esterified fatty
acid; BUN: blood urea nitrogen; TBIL: total bilirubin. a,b,c Least square means with different superscripts are different (P< 0.05).

P. Wu et al. / Journal of Cleaner Production 194 (2018) 704e713708
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at the end of W5_NE was numerically lower than at the end of
W0_NE (43.80 vs. 54.60 mmol/L), but variation was also large and
therefore the difference was not significant (P> 0.10). By contrast,
the addition of CEO reduced (P< 0.05) the concentration of glucose
(GLU), and polynomial contrast showed CEO did not result in linear
or quadratic effects (P> 0.10) during the supplementation period.
The concentration of GLU at the end of W5_NE was similar to the
control. The addition of CEO decreased the concentration of total
bilirubin (TBIL) (P< 0.01) and blood urea N (BUN) (P< 0.01). A
linear decreasing tendency (P¼ 0.09) of TBIL was observed during
the CEO supplementation period, and the final concentration of
TBIL at the end of W5_NE did not restore the initial level (0.41 vs.
0.74 mmol/L, P< 0.01).

Positive correlations (r¼ 0.64) between ammonia N concen-
tration in the rumen and urea N in the blood were observed in the
current experiment. The ruminal VFA provided principal energy
sources for ruminants and acted as a precursor for glucose and fat
synthesis (Huntington, 1997). Additionally, the reduction of the
blood glucose concentration correlated with the changes in total
VFA production.

3.3. Changes in the in vitro fermentation characteristics from
rumen fluid during adaptation to CEO

There was no significant difference for all of the fermentation
parameters among the four different periods in the controlled trial
(Table S2 in the supplementary material), which ruled out the
possibility of a system error existing in the in vitro experiments.

3.3.1. Ammonia N and VFA profile
The effects of CEO on ammonia N and VFA in vitrowere variable

depending on the doses and type of rumen fluid collected from
different periods. For the CM substrate (Table 4), the ammonia N
concentration was decreased (P< 0.05) by CEO at a low dose (0.8
mL/L, D8) over the first three periods and at a high dose (1.6 mL/L,
D16) on the whole stage compared to control (CTR). The total VFA
concentration was decreased (P< 0.05) by CEO in a dose-
dependent manner, and the total VFA concentration at D16 was
lower than that of control, whereas this effect did not occur at D8.
The values for the acetate to propionate ratio reached a minimum
at D8within each period. The addition of CEO at low and high levels
reduced (P< 0.05) the molar proportion of acetate. Meanwhile, the
molar proportion of propionate was decreased (P< 0.05) by CEO at
D16 compared to CTR in the first periods, but was increased
(P< 0.05) at a low level in the periodsW0_NE andW5_NE. Both the
concentration (data not shown) and molar proportion of butyrate
increased (P< 0.05) at D16 within each period and also at D8 in the
periods W1_EO and W3_EO.

For the WH substrate (Table 4), the ammonia N concentration
was decreased (P< 0.05) by CEO at D16 compared to CTR in each
period except for W3_EO, during which the concentration linearly
increased (P< 0.05) with the increasing levels of CEO. The effect of
CEO at a D8 was variable among periods. The total VFA concen-
tration linearly decreased (P< 0.05) with increasing levels of CEO
during the periods of W0_NE and W5_NE, and the low and high
levels of CEO had similar inhibitory effects during the periods of
W1_EO and W3_EO. The acetate to propionate ratio increased
(P< 0.05) by CEO at both D8 and D16 in each period. Accordingly,
the molar proportions of acetate and propionate increased
(P< 0.05) and decreased (P< 0.05), respectively. Additionally, the
proportion of butyrate increased with increasing levels of CEO, but
there were no significant differences between D8 and D16 among
periods.

For the MF substrate (Table 4), the ammonia N concentration
was changed by CEO in a dose-dependent manner during the
periods of W0_NE and W5_NE, but it was unaffected during the
periods of W1_EO andW3_EO. The total VFA concentration linearly
decreased (P< 0.05) with increasing levels of CEO during the period
ofW0_NE, but there were similar results at D8 and D16 of CEO from
the period of W1_EO onwards. The acetate to propionate ratio was
increased (P< 0.05) by CEO, except for the D8 in the period of
W1_EO compared to CTR. The proportion of acetate decreased
(P< 0.05) in the first two periods, but later increased (P< 0.05) after
inclusion of CEO. In addition, CEO reduced (P< 0.05) the molar
proportion of propionate at both D8 and D16 in each period except
for W1_EO (only effective at high level). The proportion of butyrate
linearly increased (P< 0.05) with increasing levels of CEO, but the
effect was not observed in the period of W3_EO.

In the in vitro experiment, decreased total VFA was observed
with the incubation of rumen fluid collected from different in vivo
periods. This outcome means that the in vitro experimental design
is able to reflect rumen microbial fermentation in vivo. Ammonia N
is reasonable to be considered the dynamic between the produc-
tion and utilization of ammonia N. On the one hand, more ammonia
N might be produced due to the adaptation of rumen microor-
ganisms to CEO. On the other hand, the pathway of microbial
protein synthesis associated with ammonia may be more widely
blocked. To confirm this, the enzymatic activity as well as microbial
composition needed to be measured further.

3.3.2. Gas, methane and hydrogen production
The accumulative gas, methane and hydrogen production

among periods are shown in Fig. 4. For the CM substrate, statistical
analysis indicated a significant effect of dosage of CEO (P< 0.01) and
period (P< 0.01) on total gas, methane and hydrogen production.
The lost amount of methane and largest amount of hydrogen were
produced in the period of W1_EO compared to all other periods.
Decreased methane (P< 0.01) was observed in W5_NE even with
the addition of 0.8 mL/L CEO. For the substrate of WH, total gas
production was significantly affected (P< 0.01) by CEO in a dose-
dependent manner, and no significant effect of period was
observed. Methane production was affected by the dosage of CEO
(P< 0.01) and period (P< 0.01). The data on hydrogen output were
mostly unavailable in that the measurements were either unde-
tected or negative from the calculation. For the substrate of MF,
total gas andmethane production linearly decreased (P< 0.01) with
increasing levels of CEO and were also significantly affected
(P< 0.01) by the period. Molecular hydrogen was scarce in the
headspace during the periods W0_NE and W1_EO. Overall, there
were no significant interactions between the dosage of CEO and
rumen fermentation profile. Therefore, the results are presented
according to the main effects.

Cattani et al. (2016) found that 30mg/g of diet of limonene
resulted in a reduction of methane production by 34% per g of truly
degraded DM. The addition of CEO reduced methane production
in vitro in the current experiment, which indicated that there was a
detrimental effect of limonene on methanogenesis. Cie�slak et al.
(2009) found that the increasing amount of limonene resulted in
a linear reduction of methane production, and the methanogen
population was decreased by 25% on average. Sallam and
Abdelgaleil (2010) noted that inhibition of methanogenesis
occurred along with a significant reduction in protozoa abundance
caused by CEO. Therefore, the methanogen number decreased due
to the direct toxicity of CEO as well as the symbiosis with protozoa
(Bhatta et al., 2015). Hydrogen is an important intermediate in
methanogenesisand was detected under certain conditions in the
present study. The shift of that partial pressure of hydrogen con-
trasted with the shift of methane, which further verified the effects
of CEO on methanogenesis. However, the increased methane pro-
duction during W3_EO might suggest that methanogens or



Table 4
Effects of intermittent feeding of CEO on pH, NH3eN, and VFA in in vitro batch fermentation with the CM, WH, and the mixed feed of WH and concentrate (MF) substrate.

Parameter CM substrate WH substrate MF substrate

Period SEM P-value Period SEM P-value Period SEM P-value

W0_NE W1_EO W3_EO W5_NE D P Int. W0_NE W1_EO W3_EO W5_NE D P Int. W0_NE W1_EO W3_EO W5_NE D P Int.

NH3eN, mg/dL 0.44 ** ** ** 0.71 ** ** * 0.69 ** ** **
CTR 16.03a 13.11a 17.82a 20.81 17.65a 14.39ab 16.29c 26.73a 12.60b 13.60 21.08 21.94b

D8 15.64a 14.78a 18.90a 21.15 17.20a 16.26a 19.21b 21.15b 14.24ab 13.74 20.81 24.87ab

D16 12.02b 11.66b 15.38b 20.66 12.48b 12.01b 21.18a 21.25b 15.83a 13.57 20.99 26.21a

Total VFA, mM 1.10 ** ** NS 0.97 ** ** NS 1.19 ** ** NS
CTR 49.18a 49.00a 44.37a 45.78a 35.44a 32.86a 27.82a 32.71a 42.97a 38.44a 38.90a 38.60a

D8 47.61a 46.88a 42.16ab 44.14ab 20.69b 17.15b 17.34b 20.21b 30.84b 26.69b 24.63b 23.55b

D16 43.92b 40.26b 39.42b 40.30b 18.44c 17.54b 15.56b 17.31c 26.25c 25.02b 23.31b 21.50b

Acetate:Propionate 0.11 ** ** * 0.24 ** ** NS 0.22 ** ** **
CTR 1.93ab 1.61b 2.33ab 2.02a 3.15b 3.20b 3.51b 3.29b 2.89c 3.38b 2.72b 2.82b

D8 1.57b 1.40b 2.08b 1.55b 5.58a 6.04a 6.38a 5.38a 4.58a 3.54b 4.72a 5.46a

D16 2.27a 1.96a 2.56a 1.63b 5.39a 5.52a 5.60a 4.93a 4.15b 4.06a 4.83a 5.89a

Acetate, mM/100mM 1.07 ** ** ** 1.02 ** NS NS 1.26 ** NS NS
CTR 49.77a 47.77a 53.04a 52.02a 67.94b 68.29b 69.91b 68.25 66.29a 65.78a 60.41b 63.12b

D8 45.47c 39.99c 45.36b 46.97b 72.96a 73.33a 74.64a 71.7 62.68b 60.47b 66.42a 67.74a

D16 47.82b 44.10b 45.78b 41.13c 71.37a 71.38a 70.38b 69.11 61.60b 60.20b 64.24a 66.50a

Propionate, mM/100mM 0.88 ** ** ** 0.57 ** * NS 0.88 ** NS **
CTR 25.88b 29.62a 22.92a 25.73b 21.61a 21.36a 20.05a 20.80a 21.72a 18.95a 22.54a 22.39a

D8 29.29a 28.62a 21.92a 30.30a 13.13b 11.39c 11.75b 13.38b 14.50b 17.66a 14.08b 12.45b

D16 21.21c 22.54b 18.18b 25.42b 13.26b 12.93b 12.85b 14.27b 14.85b 14.84b 13.52b 11.31b

Butyrate, mM/100mM 1.10 ** ** ** 0.71 ** NS NS 0.74 ** ** **
CTR 19.43b 18.87b 19.23b 17.82b 7.45b 7.46b 6.86b 7.19b 11.38c 12.02c 13.09 9.87c

D8 18.17b 27.89a 28.21a 18.11b 8.58ab 9.76a 9.04a 8.82ab 14.79b 17.68b 14.90 14.11b

D16 22.67a 26.83a 32.08a 27.65a 9.78a 10.58a 10.5a 10.15a 18.72a 20.70a 15.93 16.54a

CTR: no additive, D8: dose of CEO is 0.8 mL/L, D16: dose of CEO is 1.6 mL/L; D: dose of CEO, P: period of CEO supplementation, Int.: interaction between dose of CEO and period; SEM: standard error mean; Total VFA: total volatile
fatty acids, is the sum of concentrations of acetate, propionate, butyate, isobutyrate, valerate and isovalerate; BCVFA: branched-chain VFA, includes isobutyrate and isovaleate; **: P � 0.01,*: P� 0.05, NS: P> 0.05; a, b, c Least
square means within a column with different superscripts are different (P< 0.05).
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Fig. 4. Effects of intermittent feeding of CEO on total gas, methane and hydrogen production in four different periods for each substrate in vitro. The doses of CEO were as follows:
CTR (no addition; white bars), D8 (0.8 mL/L; slashed bars), and D16 (1.6 mL/L; gray bars). The incubation substrates include the CM (corn meal), WH (Chinese wild rye hay) and MF
(mixed feed of WH and concentrate at a 2:1 ratio). Vertical bars indicate the standard error of the mean. Superscripts indicate between-period differences within each substrate
(P< 0.05).
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protozoa were more adaptable to CEO than other bacteria in the
rumen. It has been proven that some bacteria have the capacity to
degrade limonene by rearranging unsaturated bonds in anaerobic
environments (Ciriminna et al., 2014), and such bacteria can keep
the fluidity of the plasma membrane constant by changing their
lipid profile, which is known as homeoviscous adaptation (Di et al.,
2006). Rotarus et al. (2012) even found that archaea could use
limonene as their sole carbon source to produce methane. Ruiz and
Flotats (2014) also observed signs of anaerobic activity recovery for
methane in the presence of limonene. CEO may have introduced
selective pressure on the rumen microbes and could have induced
the microbial communities in an adaptive direction (Bissett et al.,
2013). To determine the selection that occurred by exposure to
CEO, the bacteria, protozoa, andmethanogen populations as well as
their activities should be measured.

3.3.3. Dry matter degradability
The results of in vitro dry matter degradability (IVDMD) are

listed in Fig. 5. The IVDMD was significantly affected (P< 0.01) by
CEO for each of the three substrates, and no remarkable effects of
Fig. 5. Effects of intermittent feeding of CEO on in vitro dry matter degradability (IVDMD,
addition; blue lines), D8 (0.8 mL/L; red lines), and D16 (1.6 mL/L; black lines). The incubation
of WH þ concentrate at a 2:1 ratio). Vertical bars indicate the standard error of the mean.
(P< 0.01), of dose� substrate (P< 0.01) (period, P¼ 0.07; period� substrate, P¼ 0.71; dose
figure legend, the reader is referred to the Web version of this article.)
period and dose� period interactions were observed. The greatest
magnitude of reduction of IVDMD at a high level of CEO was vari-
able depending on the substrates in each period. The results ranged
from 3.39% (W0_NE) to 6.60% (W5_NE) for the CM substrate, from
26.39% (W0_NE) to 28.10% (W5_NE) for theWH substrate, and from
16.16% (W5_NE) to 22.37% (W0_NE) for the MF substrate.

Until now, researchers have mainly focused on finding
methane-mitigating agents. Feeding strategies for these agents
should also be developed to alleviate the problem of microbial
adaptation in a large-scale farming system. Strengthening the
dosage is effective but not sustainable and does not have an
appropriate cost-benefit result in practice. Intermittent feeding
reduced the excessive dependence on the dose to some extent.
More effective feeding strategies are still needed. To reduce anti-
microbial resistance, shuttle and rotation programs with two or
more categories of drugs, usually with different modes of action,
have been widely adopted to control the coccidiosis in broilers
chickens (Chapman and Jeffers, 2015). Therefore, the alternating
usage of two or more anti-methanogenic compounds might be
feasible to reduce methane production.
% dry matter incubated) of each substrate. The doses of CEO were as follows: CTR (no
substrates include the CM (corn meal), WH (Chinese wild rye hay) and MF (mixed feed
Statistical analysis indicated a significant effect of dose of CEO (P< 0.01), of substrate
� substrate� period, P¼ 0.19). (For interpretation of the references to colour in this
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4. Conclusions

CEO mainly composed of d-limonene inhibited rumen fermen-
tation and reduced VFA production and deamination. However,
there were no adverse effects on BW, DMI, ADG and total-tract
nutrient digestibility in Hu sheep. Additionally, CEO modified the
biogas and VFA profile in dose- and diet-dependent manners
in vitro. The anti-methanogenic effects of CEO were not fully
persistent among periods, and microbial adaptation might occur
after a short-term exposure. Intermittent feeding of CEOmight be a
potential strategy to decrease methane production by reducing
microbial adaptation.
Table S1
Chemical compositions (with similarity�90%) of CEO.

Code RT/min Compound Formula Similarity RC (%)

1 8.11 a-Phellandrene C10H16 91.33 0.05± 0.01
2 8.25 3-Carene C10H16 96.86 2.62± 0.19
3 8.56 Camphene C10H16 92.77 0.02± 0.01
4 9.11 b-Phellandrene C10H16 94.65 2.88± 0.22
5 9.48 b-pinene C10H16 96.18 5.52± 0.11
6 10.49 D-Limonene C10H16 97.89 80.13± 1.64
7 10.80 g-Terpinene C10H16 97.49 1.41± 0.02
8 11.31 a-Terpinene C10H16 96.92 0.27± 0.02
9 11.49 Linalool C10H18O 93.25 1.83± 0.29
10 11.86 Carveol C10H16O 90.65 0.09± 0.03
11 12.37 Isopulegol C10H18O 90.63 0.10± 0.04
12 12.80 Terpinen-4-ol C10H18O 90.76 0.30± 0.05
13 13.01 a-Terpineol C10H18O 95.40 0.34± 0.08
14 13.19 Decanal C10H20O 92.94 0.89± 0.12
15 14.21 Citral C10H16O 90.26 0.24± 0.11
16 15.76 Copaene C15H24 95.09 0.17± 0.03
17 16.38 Caryophyllene C15H24 97.45 0.17± 0.06

RT: retention time; RC: relative content.

Table S2
Reference for in vitro experiments.

Parameter period SEM P-value

W0_NE W1_EO W3_EO W5_NE

pH 6.87 6.88 6.85 6.88 0.01 0.07
Total gas, mL 77.12 76.02 79.59 74.76 1.77 0.31
Methane, mL 6.52 6.92 6.44 6.70 0.27 0.61
Total VFA, mM 34.56 35.06 33.51 34.22 0.88 0.66
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