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Simple Summary: This study aimed to determine dietary supplemental effects of nitroethanol (NEOH)
in comparison with monensin on growth performance, nutrient digestibility, rumen fermentation
characteristics and methane production in feedlotting lambs. The dietary addition of NEOH
in comparison with monensin presented a greater promoting effect on growth performance in
feedlotting lambs by inhibiting methanogenesis more efficiently and persistently in the rumen.
Although dietary NEOH or monensin addition did not affect nutrient digestibility in the whole
digestion tract, they presented a distinct action mode of regulating ruminal volatile fatty acids (VFAs)
and methane production.

Abstract: This study was conducted to determine the dietary supplemental effects of nitroethanol
(NEOH) in comparison with monensin on growth performance and estimated methane (CH4)
production in feedlotting lambs. Sixty male, small-tailed Chinese Han lambs were arranged at
random into three dietary treatment groups: (1) a basal control diet (CTR), (2) the basal diet added
with 40 mg/kg monensin (MON), (3) the basal diet added with 277 mg/kg nitroethanol (NEOH).
During the 32-day lamb feeding, monensin and nitroethanol were added in period 1 (day 0–16)
and then withdrawn in the subsequent period 2 (day 17–32) to determine their withdrawal effects.
The average daily gain (ADG) and feed conversion rate in the whole period ranked: NEOH > MON >

CTR (p < 0.01), suggesting that the dietary addition of NEOH in comparison with monensin presented
a more lasting beneficial effect on feed efficiency. Methane emission was estimated with rumen VFA
production and gross energy intake. Both monensin and NEOH addition in comparison with the
control remarkably decreased CH4 emission estimate (24.0% vs. 26.4% decrease; p < 0.01) as well as
CH4 emission per kg ADG (8.7% vs. 14.0% decrease; p < 0.01), but the NEOH group presented obvious
lasting methanogenesis inhibition when they were withdrawn in period 2. Moreover, the in vitro
methanogenic activity of rumen fluids was also decreased with monensin or NEOH addition (12.7% vs.
30.5% decrease; p < 0.01). In summary, the dietary addition of NEOH in comparison with monensin
presented a greater promoting effect on growth performance in feedlotting lambs by inhibiting rumen
methanogenesis more efficiently and persistently.
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1. Introduction

Methane (CH4), a potent greenhouse gas, originating from ruminant livestock is a growing threat
to global warming [1,2], and it also causes an energetic loss of up to 12% of gross energy intake for the
host animal [3]. Previous studies noted that some nitro compounds such as nitroethane, 2-nitroethanol,
2-nitro-1-propanol and 3-nitro-1-propionic acid were capable of inhibiting ruminal CH4-production
in vitro [4–8]. Among these nitro compounds, nitroethane and 2-nitro-1-propanol were confirmed
in vivo for their anti-methanogenic activity [9,10]. The earlier study by Anderson et al. [5] and a recent
study by Zhang et al. [11] reported that nitroethane and 2-nitroethanol were nearly equally effective in
inhibiting ruminal CH4 production in vitro, however, it is not clear if such methanogenesis inhibition
could improve feed efficiency in growing farm animals.

Monensin, a polyether ionophore antibiotic, is well accepted as a routine feed additive to improve
energy utilization and manipulate rumen fermentation. The benefits of feeding monensin to ruminant
animals include increased milk yield [12], improved feed digestibility [13], enhanced energy metabolism
and increased live weight gain [14–16]. The promoting action mode of monensin to improve energy
efficiency is due to the fact that it can selectively inhibit gram-positive bacteria and shift rumen
fermentation toward more propionate production and less CH4 emission [16,17].

As CH4 mitigation has the potential to improve feed energy efficiency, livestock producers may
be more willing to adopt CH4 mitigation strategy in feeding practices. Until now, monensin has
been included in ruminant rations to reduce enteric CH4 emission and improve feed conversion [18].
However, limited data is available concerning the effectiveness of nitroethanol (NEOH) in comparison
with monensin to improve feed efficiency through inhibiting rumen methanogenesis. The present
study was conducted to evaluate the dietary addition effect of NEOH in comparison with monensin
and their withdrawal effect on ruminal fermentation, nutrient digestibility, growth performance and
methanogenesis of fattening lambs.

2. Materials and Methods

In the present study, all of the procedures performed in animal feeding and sample
collection followed the Guidelines of the Beijing Municipal Council on Animal Care (with protocol
CAU20171014-1).

2.1. Chemicals

The light-yellow liquid nitroethanol product was purchased commercially from Sigma Aldrich
(St. Louis, MO, USA) and stored at 4 ◦C, and its analytical grade was 90%. The ionophore sodium
monensin was purchased from Beijing Lingrui Biotechnology Co., Ltd. (Beijing, China).

2.2. Animals, Diet Treatment and Sample Collection

Sixty male, small-tailed Chinese Han lambs (29.6 ± 0.41 kg body weight) were housed with four
animals to a pen (2 m × 5 m) with bamboo slatted floors. All lambs were vaccinated for common
infectious diseases and dewormed prior to the experiment. Pens of lambs were randomly assigned
to one of three dietary treatments with five pens per treatment: (1) a basal control diet (CTR), (2) the
basal diet added with 40 mg/kg sodium monensin (MON), (3) the basal diet added with 277 mg/kg
2-nitroethanol (NEOH) on dry matter basis (DM). The dosage level of monensin and 2-nitroethanol
was referred to Soltan et al. [19] and Anderson et al. [5]. All the diets were prepared and fed as total
mixed rations (TMR) and formulated to satisfy the nutrient requirements of growing lambs (Table 1).
The lambs had free access to drinking water and were fed half the amount of TMR at 08:00 and the rest
at 17:00. Regular adjustment of feed offered was made to avoid refusal amounts exceeding 10% in total
ration offered. The whole feeding experiment consisted of period 1 (day 1–16) and a subsequent period
2 (day 17–32). In period 2, sodium monensin and 2-nitroethanol product were withdrawn, all three
groups of lambs returned to be fed the same controlled diet.
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Table 1. Ingredients and nutrient level of the basal diet for growing lambs.

Item Basal Diet

Ingredients (g/kg, as fed basis)
Corn silage 600
Peanut vine 100
Corn meal 109.5

Wheat bran 30
Soybean meal 150

Limestone 3
Sodium bicarbonate 1.5

Salt 3
Premix 1 3

Nutrient level (g/kg, as Dry Matter) 2

Organic matter 944
Crude protein 163
Ether extract 22

Neutral detergent fiber 360
Acid detergent fiber 223

Calcium 5.5
Phosphorus 4.5

Gross energy (MJ/kg, as Dry Matter) 15.19
1 The mineral-vitamin premix provided nutrients per kg of diet: Mn, 64 mg; Fe, 56 mg; Zn, 45 mg; Cu, 9.6 mg; Se,
0.3 mg; I, 1 mg; vitamin A, 48,000 IU; vitamin D, 11,000 IU; vitamin E, 33 IU; folic acid, 1.0 mg; nicotinic acid, 60 mg;
d-calpanate, 30 mg and d-biotin, 0.1 mg; 2 Determined using samples pooled by diet three times within each week.

During the whole experiment, daily feed offered and refusal were recorded at per pen level, and
samples of each part were collected to determine DM content. Dry matter intake (DMI) was calculated
as the difference between feed DM offered and DM refusal. Lambs were weighed at the start and end
of period 1 and period 2 before morning feeding. Average daily gain (ADG) was calculated as the
difference between the initial and final live body weight divided by the total days of feeding in each
phase. Feed conversion rate (FCR) was calculated as ADG divided by DMI.

During the last three days of each period, feces from all lambs were collected by grab sampling
through rectal palpation. Fecal samples were oven-dried at 65 ◦C over a four-day period and pooled
within lamb. Dried feces were then ground to pass through a 1 mm screen and pooled equally
within pen for chemical analysis. Rumen fluids (50 mL) were collected via esophagus 2 h after the
morning feeding using an oral stomach tube (1.2 m length, 6.0 mm) connected to an adjustable vacuum
pump. After discarding the initial 20 mL sample to eliminate saliva contamination, the remaining
representative rumen fluids were strained through four layers of cheesecloth and sampled for the
measurement of pH, ammonia N [20], microbial crude protein (MCP, [21]) and volatile fatty acids
(VFAs, [22]). The remaining rumen fluids of four lambs per pen were mixed together equally and
allocated into separate 100 mL glass bottles which were immediately capped to avoid exposure to air
and then returned to the laboratory for immediate measurement of in vitro CH4 producing activity.

2.3. Analytics of CH4 Producing Activity

The combined rumen fluids (5 mL) of four lambs per pen were distributed into 120 mL glass
bottles containing 10 mL freshly prepared buffer solution (pH 6.85; [23]) and 200 mg Chinese wildrye
grass hay (ground to pass through a 1.0 mm screen). The bottles were incubated at 39 ◦C under a 100%
N2 filled headspace. Cumulative gas production was measured at 3, 6, 12, 24, 36 and 48 h using the
pressure transducer technique [24]. A three-way valve was used to collect the vented gas by connecting
to pre-emptied gasbags. A 1.0 mL gas sample from the gasbags was injected into a gas chromatography
for determination of CH4 concentrations [22].
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2.4. Chemical Analyses

Representative samples of TMR offered and residues left were dried in a forced-air oven for the
determination of initial moisture content. Samples of dried TMR, refusal and fecal were ground to
pass through a 1 mm screen and analyzed following the Association of Official Analytical Chemists
(AOAC; [25]) for dry matter (DM, ID 973.18), ash (ID 923.03), crude protein (CP, ID 4.2.08) or ether
extract (EE, ID 920.85). Following the method of Van Soest et al. [26], neutral detergent fibre (aNDF)
were determined with heat stable α-amylase and sodium sulphite addition and expressed inclusive
of residual ash, and acid detergent fibre (ADF) were determined and expressed inclusive of residual
ash. Acid insoluble ash (AIA) was determined following the method of Van Keulen and Young [27].
Briefly, ashed sample residues (550 ◦C) were boiled in 100 mL 4 N hydrochloric acid for 30 min, and
subsequently filtered and washed free of acid with hot distilled water. Then, the ash and filter paper
were transferred into a pre-weighed crucible and ashed 24 h at 550 ◦C in muffle stove again to determine
the AIA content. In addition, the gross energy of TMR was measured by using the oxygen bomb
calorimeter (MTZW–4, Shanghai Mitong Electromechanical Technology Co., Ltd., Shanghai, China).
Following the method of Verdouw et al. [20], ammonia N in rumen fluid was measured at 637 nm
wavelength colorimetrically using a microplate reader (RT-6500, Rayto Instruments, Shenzhen, China).
Concentrations of MCP were determined based on the method of Makkar et al. [21] using Coomassie
brilliant blue G-250 coloration solution (Solarbio Science & Technology Co., Ltd., Beijing, China)
under a wavelength of 595 nm by the microplate reader. The concentrations of acetate, propionate,
isobutyrate, butyrate, isovalerate and valerate were analyzed by a gas chromatography (GC522, Wufeng
Instruments, Shanghai, China) equipped with a 15 m semicapillary column (Ø 0.53 mm) packed with
Chromosorb 101, with pure N2 as the carrier gas at a column temperature of 120 ◦C [22]. For the
determination of CH4 concentration, a 1 mL gas sample was injected to a gas chromatography packed
with carbon porous beads (TDX-1) in a 2 m stainless steel column (2.0 mm inner diameter). The peaks
of CH4 were identified by comparison with a standard of known composition [22].

2.5. Calculation

Ruminal CH4 production was estimated stoichiometrically based on the ruminal VFA
concentrations according the prediction model of Moss et al. [28] as Equation (1):

CH4 (mmol/L) = 0.45 × acetate − 0.275 × propionate + 0.40 × butyrate (1)

Following the prediction model of Patra et al. [29], CH4 production (L/d) was calculated as follow
based on the gross energy intake (GEI, MJ/d):

GEI (MJ/d) = DMI × GE (2)

CH4 (MJ/d) = 0.208 + 0.049 × GEI (3)

CH4 (L/d) = 0.714 × CH4 (MJ/d)/0.05565 (4)

GEI was calculated as Equation (2). The CH4 production in the present study was expressed as
L/d, and the conversion of MJ/d to L/d was followed as Equation (4). When Equation (3) used MJ/d,
a conversion factor (55.65 kJ per g of CH4) was used, and then the equation was reported in g/d, it was
converted to L/d using the molar density of CH4 (0.714 g/L) [30].

In addition, measurements of CH4 production (L/kg ADG) were calculated in relation to the
average daily gain.
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Apparent total tract digestibility was calculated as Equation (5):

Nutrient digestibility (%) = 100 − 100 × (NF × TAIA)/(NT × FAIA) (5)

where NF is nutrient concentration in feces, TAIA is acid insoluble ash content in TMR, NT is nutrient
concentration in TMR, FAIA is acid insoluble ash content in feces.

2.6. Statistical Analysis

Data were analyzed with diet type (Control, MON and NEOH), period (period 1 and period 2)
and their interaction (diet × period) as the experimental factors having fixed effects using the MIXED
procedure of SAS (SAS Inst. Inc., Cary, NC, USA; version 9.4) for a completely randomized design in
two-way ANOVA according to the statistical model as Equation (6):

Yijk = µ + Di + Pj + (D × P)ij + Ak + eijk (6)

where Yijk is dependent variables, µ is the overall mean, Di is the fixed effect of diet type (i = 3), Pj is
the fixed effect of period (j = 2, period 1 and period 2), (D × P) is the fixed effect of interaction between
diet and period, Ak is the random effect of animals (k = 60 per treatment) or pen (k = 5 per treatment),
and eijk is the random residual error. Least square means and standard errors of means were calculated
with the LSMEANS procedure of the SAS software. Significance was declared at a level of p < 0.05 and
trend at p ≤ 0.10.

3. Results

3.1. Effect of Monensin and NEOH on Nutrient Digestibility

The apparent digestibilities of DM, Organic matter (OM), CP, NDF and ADF did not differ
among three groups in period 1, and almost all of them were decreased in the subsequent period
2. Although no significant difference among the diet treatments was observed during period 1 for
the digestibility of ADF, it was decreased in NEOH group during the withdrawal period 2 (Table 2,
p = 0.03). The interaction did not occur between diet and period for fermentation gas composition
(p < 0.01).

Table 2. Supplementation effects of monensin and nitroethanol (NEOH) to lamb diet in feeding
period 1 (day 0–16) and their withdrawn effects in subsequent period 2 (day 17–32) on total tract
apparent digestibility.

Digestibility (g/kg)
Treatments

SEM
p–Value

Control Monensin NEOH Diet Period Diet × Period

Dry matter
Period 1 780 A 768 A 771 A 8.0 0.08 <0.01 0.46
Period 2 716 B 701 B 688 B

Organic matter
Period 1 800 A 788 A 792 A 8.1 0.10 <0.01 0.43
Period 2 735 B 723 B 708 B

Crude protein
Period 1 777 A 767 A 765 A 8.1 0.02 <0.01 0.25
Period 2 714 Ba 678 Bb 696 Bab

Neutral detergent fibre
Period 1 651 A 632 A 635 A 17.1 0.14 <0.01 0.33
Period 2 583 B 576 B 529 B

Acid detergent fibre
Period 1 647 A 613 A 629 A 15.9 0.03 <0.01 0.08
Period 2 593 Ba 575 Ba 519 Bb

a, b Means within a row with different lowercase superscript letter differ at p < 0.05; A, B Means within a column with
different uppercase superscript letter differ at p < 0.05; SEM, standard error of the mean.
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3.2. Effect of Monensin and NEOH on Feed Intake and Growth Performance

The final body weight (BW) of fattening lambs did not differ among the three treatment groups
(Table 3 and Figure 1a, p >0.05). The dietary addition of monensin or NEOH tends to decrease DMI
(Table 3 and Figure 1b, p = 0.08). Both MON and NEOH groups increased ADG and FCR (Table 3,
p < 0.01). The ADG in both period 1 and period 2 ranked: NEOH > MON > CTR (p < 0.01). Interaction
effects occurred between diet × period for FCR (p < 0.01). The FCR in period 1 ranked: NEOH > MON
> CTR (p < 0.01), and dietary addition of NEOH or MON nearly equally increased FCR in period 2.

Table 3. Supplementation effects of monensin and nitroethanol (NEOH) to lamb diet in feeding period
1 (day 0–16) and their withdrawn effects in subsequent period 2 (day 17–32) on live body weight (BW),
dry matter intake (DMI) and growth performance.

Item
Treatments

SEM
p–Value

Control Monensin NEOH Diet Period Diet × Period

Initial BW (kg) 29.58 29.61 29.57 0.73 0.99 NA NA
Final BW (kg)

Period 1 34.0 B 34.3 B 34.5 B 0.79 0.66 <0.01 0.88
Period 2 38.4 A 39.1 A 39.4 A

DMI (g/day)
Period 1 1012 B 1004 B 996 B 9.2 0.08 <0.01 0.13
Period 2 1100 A 1065 A 1093 A

ADG (g)
Period 1 272 c 293 Bb 310 a 2.1 <0.01 0.17 0.06
Period 2 273 b 301 Aa 309 a

FCR
Period 1 0.27 Ac 0.29 b 0.31 Aa 0.003 <0.01 <0.01 0.01
Period 2 0.25 Bb 0.29 a 0.29 Ba

a, b, c Means within a row with different lowercase superscript letters differ at p < 0.05; NA, not applicable; A, B Means
within a column with different uppercase superscript letters differ at p < 0.05; ADG, average daily gain; DMI, dray
matter intake; FCR, feed conversion ration calculated as ADG divided by DMI; SEM, standard error of the mean.
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Figure 1. Supplementation effects of monensin (MON) and nitroethanol (NEOH) to lamb diet in
feeding period 1 (day 0–16) and their withdrawn effects in subsequent period 2 (day 17–32) on live
body weight (a) and dry matter intake (DMI, b).

3.3. Effect of Monensin and NEOH on Ruminal Fermentation

Interaction effects (Table 4, p < 0.05) occurred between diet × period for pH, total VFA, acetate,
propionate and butyrate. In addition, the period also affected (p < 0.01) these fermentation characteristics
(p < 0.05). The dietary addition of monensin or NEOH increased rumen pH (p < 0.01), and the pH
increment in period 2 against period 1 showed a greater lasting effect in NEOH than the MON group.
The NEOH addition decreased ammonia N (p < 0.01) and tended to increase MCP (p = 0.09) in the
rumen, and such effects were not observed in the MON addition group. Dietary addition of MON
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decreased total VFA in the rumen (p < 0.01), but such an effect did not occur in the NEOH group in
both periods 1 and 2.

Table 4. Supplementation effects of monensin and nitroethanol (NEOH) to lamb diet in feeding
period 1 (day 0–16) and their withdrawn effects in subsequent period 2 (day 17–32) on rumen
fermentation characteristics.

Item
Treatments

SEM
p–Value

Control Monensin NEOH Diet Period Diet × Period

pH
Period 1 6.05 Bb 6.39 a 6.26 Ba 0.047 <0.01 <0.01 <0.01
Period 2 6.29 Ab 6.26 b 6.56 Aa

NH3N, g/L
Period 1 35.5 a 33.6 a 20.9 Bb 0.96 <0.01 0.03 0.09
Period 2 34.8 a 34.8 a 27.7 Ab

MCP, mg/mL
Period 1 0.59 Ab 0.60 Ab 0.66 Aa 0.024 0.09 <0.01 0.34
Period 2 0.43 B 0.45 B 0.44 B

Total VFA, mmol/L
Period 1 121.6 a 115.0 Ba 100.4 Bb 2.18 <0.01 <0.01 <0.01
Period 2 123.1 a 125.1 Aa 114.6 Ab

VFA patterns (% molar)
Acetate
Period 1 59.7 Bb 60.4 b 62.7 a 0.56 <0.01 0.01 0.04
Period 2 62.5 A 61.4 62.6

Propionate
Period 1 20.1 b 22.4 Aa 19.5 b 0.48 <0.01 <0.01 0.01
Period 2 19.2 18.9 B 18.4
Butyrate
Period 1 13.9 a 10.8 Bb 11.7 Bb 0.45 0.04 <0.01 <0.01
Period 2 13.3 14.4 A 13.3 A

BCVFA
Period 1 5.1 A 5.2 A 5.1 0.17 0.22 <0.01 0.06
Period 2 4.5 B 4.6 B 4.7

Acetate: Propionate ratio
Period 1 3.0 a 2.7 Bb 3.3 a 0.09 <0.01 <0.01 0.08
Period 2 3.3 3.3 A 3.4

a, b Means within a row with different lowercase superscript letter differ at p < 0.05; A, B Means within a column with
different uppercase superscript letter differ at p < 0.05; NH3N, ammonia N; MCP, microbial protein; VFA, volatile
fatty acids; BCVFA, branch-chained volatile fatty acids including iso-butyrate and iso-valerate; SEM, standard error
of the mean.

Regarding the VFA pattern in molar percentage, compared with the control both MON and NEOH
group decreased butyrate (22.3% vs. 15.8% decrease; p < 0.01). Dietary monensin addition increased
propionate by 11.4% while dietary NEOH addition increased acetate by 5.0% (p < 0.01). Consequently,
the acetate to propionate ratio (A:P) in period 1 was decreased in MON group and increased in NEOH
group, but the A:P ratio shift as well as the butyrate decrease disappeared in period 2.

3.4. Effect of Monensin and NEOH on CH4 Emissions and In Vitro CH4 Producing Activity

Methane emission was estimated with the models of Moss et al. [28] based on rumen VFA
production and Patra et al. [29] based on GEI (Table 5). Interaction effects (p < 0.05) occurred between
diet × period for CH4 emission. Both MON and NEOH addition in comparison with the control
decreased CH4 emission (24.0% vs. 26.4% decrease; p < 0.01) as well as methane emission per kg
ADG (8.7% vs. 14.0% decrease; p < 0.01), but the latter NEOH group presented obvious lasting
methanogenesis inhibition when they were withdrawn in period 2. In vitro CH4 producing activity
was decreased with either monensin or NEOH addition (12.7% vs. 30.5% decrease; p < 0.01). In addition,
the NEOH in comparison with MON exhibits greater anti-methanogenic activity in both periods 1 and
period 2 (p < 0.01).
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Table 5. Supplementation effects of monensin and nitroethanol (NEOH) to lamb diet in feeding period
1 (day 0–16) and their withdrawn effects in subsequent period 2 (day 17–32) on methane emission.

Item
Treatments

SEM
p–Value

Control Monensin NEOH Diet Period Diet × Period

Methane, mmol/L
1

Period 1 25.8 a 19.6 Bb 19.0 Bb 0.59 <0.01 <0.01 <0.01
Period 2 26.9 a 26.2 Aa 24.2 Ab

Methane, L/day 2

Period 1 12.3 B 12.2 B 12.2 B 0.09 0.08 <0.01 0.13
Period 2 13.2 A 12.8 A 13.1 A

Methane, L/kg
ADG 2

Period 1 45.8 Ba 42.0 b 39.3 Bc 0.44 <0.01 <0.01 0.01
Period 2 48.4 Aa 42.6 b 42.7 Ab

In vitro CH4 producing activity 3

Period 1 11.8 Aa 10.3 b 8.2 Bc 0.15 <0.01 <0.01 <0.01
Period 2 11.1 Ba 10.1 b 9.2 Ac

a, b, c Means within a row with different lowercase superscript letter differ at p < 0.05; A, B Means within a column
with different uppercase superscript letter differ at p < 0.05; 1 CH4 emission was estimated with the model of
Moss et al. based on rumen VFA production.; 2 CH4 emission was estimated with the model Patra et al. based
on DMI; 3 CH4-producing activity was measured by in vitro incubation of 5 mL ruminal fluid with 10 mL freshly
prepared buffer solution and 200 mg Chinese wildrye grass hay. The vented gas was collected by pre-emptied
gasbags for later analysis of CH4 content through gas chromatography; SEM, standard error of the mean.

4. Discussion

Regarding the negative issues of enteric CH4 production from ruminants [3,31], considerable efforts
have evolved for mitigating CH4 emission. Until now, monensin has been commonly used in feeding
practice of ruminant diets to decrease CH4 yield and improve feed efficiency. The anti-methanogenic
potential of monensin has been demonstrated both in vitro and in vivo studies [19,31,32]. However,
an efficient effect of nitroethanol on the reduction of CH4 production (>90%) has recently been reported
in vitro [5–7], the in vivo results investigating potential effects of nitroethanol on CH4 mitigation are
lacking in comparison with monensin addition. Additionally, to our knowledge, research regarding
the practical use of nitro compounds and thereafter the effect of nitro compounds addition on animal
productivity, growth performance and nutrient digestibility has not been reported until now.

4.1. Effect of NEOH in Comparison with Monensin on Feed Intake, Growth Performance and Diet Digestibility

Due to the antimicrobial properties and its efficacy in promoting propionate synthesis, the dietary
addition of monensin often resulted in a depression of DMI [33,34]. The increased propionate
production would supply additional energy for ruminant and consequently decrease feed intake
through inhibiting the activity of the feeding centre of hypothalamus. In addition, it has been noted
that dietary monensin addition decreased rumen motility and influenced the dilution rate of digestion
of nutrients [35]. This results in an increase of ruminal fill and a reduction of DMI [36], and this could
explain why daily DMI in the present study tended to decrease in both period 1 and period 2 with
monensin supplementation. Nevertheless, the effects of monensin on DMI could also depend on
various other factors including dietary composition, the dose level of monensin supplemented and
mode of delivery [13]. Both Chapman et al. [37] and Monnerat et al. [38] reported no effect of monensin
on DMI in ruminants. Moreover, to the best of our knowledge, the current study is the first to report
showing a similar negative effect of NEOH on DMI in feedlotting lambs.

The positive impacts of monensin as dietary antibiotic growth promoters on livestock productivity
have been well-documented [37,39]. Presently, the ADG and feed conversion was improved with
monensin addition during both periods 1 and 2. Except for the relative low feed intake, the greater
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propionate yield and lower enteric CH4 emissions in response to monensin could be an explanation for
the improvement of ADG and feed conversion. In the rumen, gram-positive bacteria are responsible
for producing H2, CH4, ammonia and lactate [16], while gram-negative bacteria are considered
propionic acid producers [40]. Due to the antimicrobial properties of gram-positive bacteria, it is well
known that monensin has an ability to shift the ruminal bacterial communities from gram-positive to
gram-negative organisms [41]. Therefore, the selective inhibition of gram-positive bacteria and enteric
CH4 reduction occurred in the present study with monensin addition, and, ultimately, promoted the
ADG and feed efficiency in feedlotting lambs. Meanwhile, the NEOH addition also increased the
ADG and feed efficiency, however, the molar proportion of propionate was not affected by the NEOH
addition. In contrast, the molar proportion of acetate was increased with NEOH supplementation.
Thus, the action mode of monensin and NEOH on improving energy efficiency was different. Moreover,
the current study is the first research to demonstrate the positive effect of NEOH on animal growth
performance and it needs further intensive studies in the future.

During the period 1 with monensin and NEOH supplementation, apparent digestibility of
nutrients was not affected by both NEOH and monensin. In agreement with the current study,
previous studies have reported that apparent total tract digestibility of nutrients was not altered with
monensin supplementation in lactating cows, feedlot heifers, or growing lambs [32,42,43]. According to
Benchaar et al. [34] and Plaizier et al. [44], however, the supplementation of different doses of monensin
in dairy cows increased the CP digestibility. The improved CP digestibility could be attributed to the
inhibitory effect of monensin on ruminal hyper-ammonia-producing and obligate-ammonia-degrading
microbes which could increase the fraction of dietary protein escaping the rumen and increasing its post
ruminal availability [32,45]. However, withdrawn of monensin and NEOH supplementation during
period 2, the apparent digestibility of CP was lower in monensin-fed lambs. Thus, the antimicrobial
effects of monensin on hyper-ammonia-producing and obligate-ammonia-degrading microbes might
be diminished during withdrawal period 2 without the addition of monensin. Until now, the effect
of NEOH on apparent digestibility of nutrient was first determined in the present study, and results
showed that NEOH had no negative effect on the apparent digestibility of nutrient. Although the
more thoroughly and intensive pieces of evidence remain to be explored, the present results indicated
that NEOH could be a potent CH4 inhibitor that can be added to conventional feedlot diets without
incurring adverse effects on the apparent digestibility of nutrient.

4.2. Effect of Monensin and NEOH on Ruminal Fermentation Profiles

As an intermediate product, ammonia N content reflects a balance between its release from dietary
protein degradation and its uptake by rumen microorganism to synthesize MCP [19]. In accordance with
previous work by Cochran et al. [46] and Fredrickson et al. [47], the supplementation of monensin had
no effect on ruminal ammonia N and MCP concentration. However, some other studies have previously
been observed to reduce ruminal ammonia N concentration by monensin [48], suggesting an inhibitory
effect of monensin on dietary protein degradation. The differences among these results could be
explained by the fact that protein degradation in the rumen not only involved the deamination of dietary
protein but also included proteolysis and peptidolysis processes. In contrast, the supplementation of
NEOH in the present study decreased the ruminal ammonia N concentrations while enhanced the
MCP concentrations, suggesting a promotion effect on N utilization efficiency by rumen microbes.

During period 1 with monensin and NEOH supplementation, NEOH decreased the total VFA
concentrations while monensin had no significant effect on total VFA productions. Limited in vivo
data is available concerning the effect of NEOH on total VFA concentrations. In some earlier in vitro
results [6,9], NEOH was observed to have no negative effect on total VFA. However, the effects of
NEOH on total VFA production might depend on the dose and duration of NEOH supplementation,
as well as dietary composition. In addition, ruminal VFAs were either the catabolism-products of
dietary degradation or important energy source that be utilized by the host. The effects of monensin
supplementation on total VFA concentration varied among previous studies [49–51], which may
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be attributed to the duration of monensin treatment. In period 2 without monensin and NEOH
supplementation, ruminal VFA concentrations were increased significantly in both monensin and
NEOH group when compared to period 1. Taken together, the present result suggested that NEOH in
comparison with monensin in the previous study [52] did not present an inhibitory effect on total VFA.

Ruminal propionate is an important substrate for hepatic gluconeogenesis, and its increase
indirectly reflects a promotion of glucose synthesis for host ruminants. Moreover, propionate
production during rumen fermentation is always accompanied by H2 consumption [53]. In agreement
with previous findings [54,55], monensin remarkably increased the molar proportions of propionate in
the current study. Russell et al. [56] noted that monensin had a selective inhibition effect on ruminal
microbes, resulting in a decrease of the acetate-to-propionate ratio by diverting reducing equivalents
towards propionate synthesis in the rumen. However, with the adaptation of several members of
gram-positive bacteria through modifying cell wall structure or development of resistance, monensin
might lose its specific effect (e.g., propionate increase) as time progresses. Therefore, the propionate
proportions declined during withdrawal period 2 without monensin in comparison with period 1.
Unlike monensin, NEOH altered the VFA pattern towards the production of acetate acid rather than
that of propionate acid. Acetate, however, is nonglucogenic; rather, it is a precursor for long-chain
fatty acid synthesis. As a result, ruminal VFA pattern of the present assay showed the ability of
NEOH to modify the rumen fermentation differently to what occurred in the monensin treatment.
In addition, the current results agreed with results from in vitro studies that the propionate production
was unaffected by nitro compounds including nitroethane, nitroethanol and nitropropanol [5,6,57].

4.3. Effect of Monensin and NEOH on CH4 Emissions

The ruminal production of acetate or butyrate is often accompanied by H2 production, whereas
propionate formation is associated with H2 consumption [28]. Therefore, promoting propionate
production is one of the optimal ruminal pathways to reduce CH4 production from ruminant
animals [58]. Monensin reduced the acetate-to-propionate ratio by diverting H2 availability towards
propionate acid synthesis [59,60], and this could explain partially the inhibition to CH4 production in
the present study. Methane emission was estimated with the models of Moss et al. [28] based on rumen
VFA production and Patra et al. [29] based on GEI. Both monensin and NEOH addition in comparison
with the control reduced CH4 emissions. However, in contrast with the study of Li et al. [52] who have
reported 20.3% reduction in CH4 emission in goats by monensin, the enteric CH4 production was not
reduced by monensin and NEOH when expressed as L/day. This was consistent with the findings
of Hemphill et al. [44] and Guan et al. [61] in heifers and steers. Due to the principal interest of the
livestock producers to redirect CH4 reduction towards the promotion of live weight gain [62], CH4

emission relative to the unit of host product (e.g., L/kg ADG) is more important than the animal’s daily
production (e.g., L/day) [19]. The feedlotting lambs treated with both monensin and NEOH had the
lower predicted CH4 emission values expressed relative to the ADG (L/kg ADG; [28]) when they were
compared with the control. According to Johnson and Johnson [3] and Guan [61], the reduction in CH4

emission by monensin may not persist over time. In withdrawal period 2 without monensin addition,
CH4 emissions predicted by the model of Moss et al. [28] recovered to the same level of the control.
However, both monensin and NEOH in the present study still exhibited significant inhibition of CH4

production expressed relative to the ADG in period 2.
Numerous in vitro studies have documented the anti-methanogenic activity of nitrocompounds

including nitroethane, NEOH and nitropropanol [5–8]. In addition, results from in vivo studies
provided further evidence that the nitro compounds such as nitroethane and nitropropanol was able
to inhibit CH4 production in ovine and bovine [9,10]. However, the present study is the first in vivo
study showing the ability of NEOH to reduce CH4 emissions in feedlotting lambs. Although the
inhibitory mechanism of action of NEOH remains unclear, it is different from the monensin mechanism.
In the present study, NEOH inhibited ruminal methanogenesis without adversely affecting the ratio of
acetate to propionate. A review reported by Zhang et al. has shown that nitro compounds possibly by
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inhibiting H2 and formate oxidation, serving as electron acceptors within rumen microbial populations
or exerting a direct inhibition of ruminal methanogens to inhibit in vitro CH4 production [6]. However,
more thorough knowledge of the rumen microbial population is needed to better understand the
NEOH action model of antimethanogenic activity. Additionally, the use of dietary additive raises
food safety and public concerns with respect to livestock product and animal health. Fortunately,
no apparent symptoms of toxicity were observed during the whole experimental period for both
NEOH- and monensin-treated lambs.

5. Conclusions

The dietary addition of NEOH in comparison with monensin presented a greater promoting
effect on growth performance in feedlotting lambs by inhibiting methanogenesis more efficiently and
persistently in the rumen. Although dietary NEOH or monensin addition did not affect nutrient
digestibility in the whole digestion tract, they have a distinct mode of action regulating microbial VFAs
and CH4 production in the rumen. In addition, we conclude that NEOH is a potent CH4 inhibitor
that could be added to conventional feedlot diets without incurring negative effects on digestibility
and performance.

Author Contributions: Conceptualization, Z.-W.Z., H.-L.L. and H.-J.Y.; data curation, Z.-W.Z. and H.-J.Y.; formal
analysis, Z.-W.Z., Y.-L.W., Y.-Y.C. and H.-J.Y.; investigation, Z.Z., Y.-Y.C., L.-T.Z. and W.-K.W.; writing—original
draft preparation, Z.-W.Z.; writing—review and editing, Z.-W.Z., H.-L.L. and H.-J.Y.; funding acquisition, H.-J.Y.;
project administration, H.-J.Y.

Acknowledgments: The authors acknowledge funding support from the National Key Research & Development
Project of China (No. 2018YFD0502104-3) and National Natural Science Foundation of China (grant no. 31572432).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gerber, P.J.; Hristov, A.N.; Henderson, B.; Makkar, H.; Oh, J.; Lee, C.; Meinen, R.; Montes, F.; Ott, T.; Firkins, J.
Technical options for the mitigation of direct methane and nitrous oxide emissions from livestock: A review.
Animal 2013, 7, 220–234. [CrossRef] [PubMed]

2. Knapp, J.R.; Laur, G.L.; Vadas, P.A.; Weiss, W.P.; Tricarico, J.M. Invited review: Enteric methane in dairy
cattle production: Quantifying the opportunities and impact of reducing emissions. J. Dairy Sci. 2014, 97,
3231–3261. [CrossRef] [PubMed]

3. Johnson, K.A.; Johnson, D.E. Methane emissions from cattle. J. Anim. Sci. 1995, 73, 2483–2492. [CrossRef]
[PubMed]

4. Anderson, R.C.; Rasmussen, M.A. Use of a novel nitrotoxin–metabolizing bacterium to reduce ruminal
methane production. Bioresour. Technol. 1998, 64, 89–95. [CrossRef]

5. Anderson, R.C.; Callaway, T.R.; Kessel, J.A.S.V.; Yong, S.J.; Edrington, T.S.; Nisbet, D.J. Effect of select
nitrocompounds on ruminal fermentation; an initial look at their potential to reduce economic and
environmental costs associated with ruminal methanogenesis. Bioresour. Technol. 2003, 90, 59–63. [CrossRef]

6. Anderson, R.C.; Krueger, N.A.; Stanton, T.B.; Callaway, T.R.; Edrington, T.S.; Harvey, R.B.; Jung, Y.S.;
Nisbet, D.J. Effects of select nitrocompounds on in vitro ruminal fermentation during conditions of limiting
or excess added reductant. Bioresour. Technol. 2008, 99, 8655–8661. [CrossRef] [PubMed]

7. Božic, A.K.; Anderson, R.C.; Carstens, G.E.; Ricke, S.C.; Callaway, T.R.; Yokoyama, M.T.; Wang, J.K.;
Nisbet, D.J. Effects of the methane–inhibitors nitrate, nitroethane, lauric acid, Lauricidin and the Hawaiian
marine algae. Bioresour. Technol. 2009, 99, 4017–4025. [CrossRef] [PubMed]

8. Gutierrez-Bañuelos, H.; Anderson, R.C.; Carstens, G.E.; Tedeschi, L.O.; Pinchak, W.E.; Elisa, C.D.;
Krueger, N.A.; Callaway, T.R.; Nisbet, D.J. Effects of nitroethane and monensin on ruminal fluid fermentation
characteristics and nitrocompound–metabolizing bacterial populations. J. Agric. Food Chem. 2008, 56,
4650–4658. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S1751731113000876
http://www.ncbi.nlm.nih.gov/pubmed/23739465
http://dx.doi.org/10.3168/jds.2013-7234
http://www.ncbi.nlm.nih.gov/pubmed/24746124
http://dx.doi.org/10.2527/1995.7382483x
http://www.ncbi.nlm.nih.gov/pubmed/8567486
http://dx.doi.org/10.1016/S0960-8524(97)00184-3
http://dx.doi.org/10.1016/S0960-8524(03)00086-5
http://dx.doi.org/10.1016/j.biortech.2008.04.064
http://www.ncbi.nlm.nih.gov/pubmed/18538564
http://dx.doi.org/10.1016/j.biortech.2008.12.061
http://www.ncbi.nlm.nih.gov/pubmed/19362827
http://dx.doi.org/10.1021/jf800756c
http://www.ncbi.nlm.nih.gov/pubmed/18491914


Animals 2019, 9, 784 12 of 14

9. Anderson, R.C.; Carstens, G.E.; Miller, R.K.; Callaway, T.R.; Schultz, C.L.; Edrington, T.S.; Harvey, R.B.;
Nisbet, D.J. Effect of oral nitroethane and 2–nitropropanol administration on methane–producing activity
and volatile fatty acid production in the ovine rumen. Bioresour. Technol. 2006, 97, 2421–2426. [CrossRef]
[PubMed]

10. Gutierrez–Bañuelos, H.; Anderson, R.C.; Carstens, G.E.; Slay, L.J.; Ramlachan, N.; Horrocks, S.M.;
Callaway, T.R.; Edrington, T.S.; Nisbet, D.J. Zoonotic bacterial populations, gut fermentation characteristics
and methane production in feedlot steers during oral nitroethane treatment and after the feeding of an
experimental chlorate product. Anaerobe 2007, 13, 21–31.

11. Zhang, Z.W.; Wang, Y.L.; Wang, W.K.; Cao, Z.J.; Li, S.L.; Yang, H.J. The inhibitory action mode of
nitrocompounds on in vitro rumen methanogenesis: A comparison of nitroethane, 2–nitroethanl and
2–nitro–1–propanol. J. Agric. Sci. 2019, in press.

12. Duffield, T.F.; Rabiee, A.R.; Lean, I.J. A Meta–Analysis of the Impact of Monensin in Lactating Dairy Cattle.
Part 2. Production Effects. J. Dairy Sci. 2008, 91, 1347–1360. [CrossRef] [PubMed]

13. Duffield, T.F.; Merrill, J.K.; Bagg, R.N. Meta–analysis of the effects of monensin in beef cattle on feed efficiency,
body weight gain, and dry matter intake. J. Anim. Sci. 2012, 90, 4583–4592. [CrossRef] [PubMed]

14. Bergen, W.G.; Bates, D.B. Ionophores: Their effect on production efficiency and mode of action. J. Anim. Sci
1984, 58, 1465–1483. [CrossRef] [PubMed]

15. Duffield, T.F.; Rabiee, A.R.; Lean, I.J. A meta–analysis of the impact of monensin in lactating dairy cattle.
Part 3. Health and reproduction. J. Dairy Sci. 2008, 91, 2328–2341. [CrossRef] [PubMed]

16. Russell, J.B.; Strobel, H.J. Effect of ionophores on ruminal fermentation. Appl. Environ. Microbiol. 1989, 55,
1–6. [PubMed]

17. Huntington, G.B. Energy metabolism in the digestive tract and liver of cattle: Influence of physiological state
and nutrition. Rep. Nutr. Dev. 1990, 30, 35–47. [CrossRef]

18. Beauchemin, K.A.; Kreuzer, M.O.; O’Mara, F.; Mcallister, T.A. Nutritional management for enteric methane
abatement: A review. Aust. J. Exp. Agric. 2008, 48, 21–27. [CrossRef]

19. Soltan, Y.A.; Hashem, N.M.; Morsy, A.S.; El–Azrak, K.M.; Sallam, S.M. Comparative effects of Moringa
oleifera root bark and monensin supplementations on ruminal fermentation, nutrient digestibility and
growth performance of growing lambs. Anim. Feed Sci. Technol. 2018, 235, 189–201. [CrossRef]

20. Verdouw, H.; Echteld, C.J.A.V.; Dekkers, E.M.J. Ammonia determination based on indophenol formation
with sodium salicylate. Water Res. 1978, 12, 399–402. [CrossRef]

21. Makkar, H.P.; Sharma, O.P.; Dawra, R.K.; Negi, S.S. Simple determination of microbial protein in rumen
liquor. J. Dairy Sci. 1982, 65, 2170–2173. [CrossRef]

22. Yang, H.J.; Zhuang, H.; Meng, X.K.; Zhang, D.F.; Cao, B.H. Effect of melamine on in vitro rumen microbial
growth, methane production and fermentation of Chinese wild rye hay and maize meal in binary mixtures.
J. Agric. Sci. 2014, 152, 686–696. [CrossRef]

23. Menke, K.H.; Steingass, H. Estimation of the energetic feed value obtained by chemical analysis and in vitro
gas production using rumen fluid. Anim. Res. Dev. 1988, 28, 47–55.

24. Theodorou, M.K.; Williams, B.A.; Dhanoa, M.S.; Mcallan, A.B.; France, J. A simple gas production method
using a pressure transducer to determine the fermentation kinetics of ruminant feeds. Anim. Feed Sci. Technol.
1994, 48, 185–197. [CrossRef]

25. Association of Official Analytical Chemists. Official Methods of Analysis, 17th ed.; Association of Official
Analytical Chemists: Gaithersburg, MD, USA, 2005.

26. Soest, P.J.V.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch
polysaccharides in relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]

27. Keulen, J.V.; Young, B.A. Evaluation of acid–insoluble ash as natural marker in ruminant digestibility. J. Anim.
Sci. 1977, 44, 282–287. [CrossRef]

28. Moss, A.R.; Jouany, J.P.; Newbold, J.; Agabriel, J.; Givens, I. Methane production by ruminants: Its contribution
to global warming. Ann. Zootech. 2000, 49, 231–253. [CrossRef]

29. Patra, A.K.; Lalhriatpuii, M.; Debnath, B.C. Predicting enteric methane emission in sheep using linear and
non-linear statistical models from dietary variables. Anim. Prod. Sci. 2016, 56, 574–584. [CrossRef]

30. Benaouda, M.; Martin, C.; Li, X.; Kebreab, E.; Hristov, A.N.; Yu, Z.T.; Yáñez-Ruiz, D.R.; Reynolds, C.K.;
Crompton, L.A.; Dijkstra, J.; et al. Evaluation of the performance of existing mathematical models predicting

http://dx.doi.org/10.1016/j.biortech.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16303299
http://dx.doi.org/10.3168/jds.2007-0608
http://www.ncbi.nlm.nih.gov/pubmed/18349227
http://dx.doi.org/10.2527/jas.2011-5018
http://www.ncbi.nlm.nih.gov/pubmed/22859759
http://dx.doi.org/10.2527/jas1984.5861465x
http://www.ncbi.nlm.nih.gov/pubmed/6378864
http://dx.doi.org/10.3168/jds.2007-0801
http://www.ncbi.nlm.nih.gov/pubmed/18487655
http://www.ncbi.nlm.nih.gov/pubmed/2650616
http://dx.doi.org/10.1051/rnd:19900103
http://dx.doi.org/10.1071/EA07199
http://dx.doi.org/10.1016/j.anifeedsci.2017.11.021
http://dx.doi.org/10.1016/0043-1354(78)90107-0
http://dx.doi.org/10.3168/jds.S0022-0302(82)82477-6
http://dx.doi.org/10.1017/S0021859613000725
http://dx.doi.org/10.1016/0377-8401(94)90171-6
http://dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
http://dx.doi.org/10.2527/jas1977.442282x
http://dx.doi.org/10.1051/animres:2000119
http://dx.doi.org/10.1071/AN15505


Animals 2019, 9, 784 13 of 14

enteric methane emissions from ruminants: Animal categories and dietary mitigation strategies. Anim. Feed
Sci. Technol. 2019, 255, 1–20. [CrossRef]

31. Capelari, M.; Johnson, K.A.; Latack, B.; Roth, J.; Powers, W. The effect of encapsulated nitrate and monensin on
ruminal fermentation using a semi–continuous culture system. J. Anim. Sci. 2018, 96, 3446–3459. [CrossRef]

32. Gupta, S.; Mohini, M.; Malla, B.A.; Mondal, G.; Pandita, S. Effects of monensin feeding on performance,
nutrient utilisation and enteric methane production in growing buffalo heifers. Trop. Anim. Health Prod. 2019,
51, 1–8. [CrossRef] [PubMed]

33. Aderinboye, R.Y.; Onwuka, C.F.; Arigbede, O.M.; Oduguwa, O.O.; Aina, A.B. Effect of dietary monensin
inclusion on performance, nutrient utilisation, rumen volatile fatty acid concentration and blood status of
West African dwarf bucks fed with basal diets of forages. Trop. Anim. Health Prod. 2012, 44, 1079–1087.
[CrossRef] [PubMed]

34. Benchaar, C.; Duynisveld, J.L.; Charmley, E. Effects of monensin and increasing dose levels of a mixture of
essential oil compounds on intake, digestion and growth performance of beef cattle. Can. J. Anim. Sci. 2006,
86, 91–96.

35. Owens, F.N. Ionophore effects on utilization and metabolism of nutrientes. In Proceedings of the Georgia
Nutrition Conference for the Feed Industry, Athens, GA, USA, 13–15 February 1980; p. 17.

36. Deswysen, A.G.; Ellis, W.C.; Pond, K.R.; Jenkins, W.L.; Connelly, J. Effects of monensin on voluntary intake,
eating and ruminating behavior and ruminal motility in heifers fed corn silage. J. Anim. Sci. 1987, 64,
827–834. [CrossRef] [PubMed]

37. Chapman, C.E.; Chester–Jones, H.; Ziegler, D.; Clapper, J.A.; Erickson, P.S. Effects of cinnamaldehyde or
monensin on performance of weaned Holstein dairy heifers. J. Dairy Sci. 2017, 100, 1712–1719. [CrossRef]
[PubMed]

38. Monnerat, J.O.P.I.; Paulino, P.V.R.; Edenio, D.; Sebasti O Campos, V.F.; Valadares, R.D.F.; Márcio Souza, D.
Effects of Saccharomyces cerevisiae and monensin on digestion, ruminal parameters, and balance of
nitrogenous compounds of beef cattle fed diets with different starch concentrations. Trop. Anim. Health Prod.
2013, 45, 1251–1257. [CrossRef] [PubMed]

39. Mcguffey, R.K.; Richardson, L.F.; Wilkinson, J.I.D. Ionophores for Dairy Cattle: Current Status and Future
Outlook. J. Dairy Sci. 2001, 84, 194–203. [CrossRef]

40. Thomas, M.; Webb, M.; Ghimire, S.; Blair, A.; Olson, K.; Fenske, G.J.; Fonder, A.T.; Christopherhennings, J.;
Brake, D.; Scaria, J. Metagenomic characterization of the effect of feed additives on the gut microbiome and
antibiotic resistome of feedlot cattle. Sci. Rep. 2017, 7, 12257. [CrossRef] [PubMed]

41. Schären, M.; Drong, C.; Kiri, K.; Riede, S.; Gardener, M.; Meyer, U.; Hummel, J.; Urich, T.; Breves, G.;
Dänicke, S. Differential effects of monensin and a blend of essential oils on rumen microbiota composition of
transition dairy cows. J. Dairy Sci. 2017, 100, 2765–2783. [CrossRef]

42. Benchaar, C. Diet supplementation with cinnamon oil, cinnamaldehyde, or monensin does not reduce enteric
methane production of dairy cows: An international journal of animal bioscience. Anim. Int. J. Anim. Biosci.
2016, 10, 418–425. [CrossRef]

43. Hemphill, C.N.; Wickersham, T.A.; Sawyer, J.E.; Brown–Brandl, T.M.; Freetly, H.C.; Hales, K.E. Effects of
feeding monensin to bred heifers fed in a drylot on nutrient and energy balance. J. Anim. Sci. 2018, 96,
1171–1180. [CrossRef] [PubMed]

44. Plaizier, J.C.; Martin, A.; Duffield, T.; Bagg, R.; Dick, P.; Mcbride, B.W. Effect of a Prepartum Administration of
Monensin in a Controlled–Release Capsule on Apparent Digestibilities and Nitrogen Utilization in Transition
Dairy Cows. J. Dairy Sci. 2000, 83, 2918–2925. [CrossRef]

45. Ipharraguerre, I.R.; Clark, J.H. Usefulness of ionophores for lactating dairy cows: A review. Anim. Feed Sci.
Technol. 2003, 106, 39–57. [CrossRef]

46. Cochran, R.C.; Vanzant, E.S.; Riley, J.G.; Owensby, C.E. Influence of intraruminal monensin administration
on performance and forage use in beef cattle grazing early–summer bluestem range. J. Prod. Agric. 1990, 3,
88–92. [CrossRef]

47. Fredrickson, E.L.; Galyean, M.L.; Branine, M.E.; Sowell, B.; Wallace, J.D. Influence of Ruminally Dispensed
Monensin and Forage Maturity on Intake and Digestion. J. Range Manag. 1993, 46, 214–220. [CrossRef]

48. Rogers, M.; Jouany, J.P.; Thivend, P.; Fontenot, J.P. The effects of short–term and long–term monensin
supplementation, and its subsequent withdrawal on digestion in sheep. Anim. Feed Sci. Technol. 1997, 65,
113–127. [CrossRef]

http://dx.doi.org/10.1016/j.anifeedsci.2019.114207
http://dx.doi.org/10.1093/jas/sky211
http://dx.doi.org/10.1007/s11250-018-1766-5
http://www.ncbi.nlm.nih.gov/pubmed/30617724
http://dx.doi.org/10.1007/s11250-011-0043-7
http://www.ncbi.nlm.nih.gov/pubmed/22201011
http://dx.doi.org/10.2527/jas1987.643827x
http://www.ncbi.nlm.nih.gov/pubmed/3571005
http://dx.doi.org/10.3168/jds.2016-11893
http://www.ncbi.nlm.nih.gov/pubmed/28041730
http://dx.doi.org/10.1007/s11250-013-0356-9
http://www.ncbi.nlm.nih.gov/pubmed/23460084
http://dx.doi.org/10.3168/jds.S0022-0302(01)70218-4
http://dx.doi.org/10.1038/s41598-017-12481-6
http://www.ncbi.nlm.nih.gov/pubmed/28947833
http://dx.doi.org/10.3168/jds.2016-11994
http://dx.doi.org/10.1017/S175173111500230X
http://dx.doi.org/10.1093/jas/skx030
http://www.ncbi.nlm.nih.gov/pubmed/29617807
http://dx.doi.org/10.3168/jds.S0022-0302(00)75192-7
http://dx.doi.org/10.1016/S0377-8401(03)00065-8
http://dx.doi.org/10.2134/jpa1990.0088
http://dx.doi.org/10.2307/4002609
http://dx.doi.org/10.1016/S0377-8401(96)01089-9


Animals 2019, 9, 784 14 of 14

49. Salles, M.S.V.; Zanetti, M.A.; Salles, F.A. Effect of monensin on mineral balance in growing ruminants reared
under different environmental temperatures. Anim. Feed Sci. Technol. 2008, 141, 233–245. [CrossRef]

50. Khorrami, B.; Vakili, A.R.; Mesgaran, M.D.; Klevenhusen, F. Thyme and cinnamon essential oils: Potential
alternatives for monensin as a rumen modifier in beef production systems. Anim. Feed Sci. Technol. 2015, 200,
8–16. [CrossRef]

51. Lemos, B.J.; Castro, F.G.; Santos, L.S.; Mendonça, B.P.; Couto, V.R.; Fernandes, J.J. Monensin, virginiamycin,
and flavomycin in a no–roughage finishing diet fed to zebu cattle. J. Anim. Sci. 2016, 94, 4307–4314.
[CrossRef] [PubMed]

52. Li, Z.J.; Ren, H.; Liu, S.M.; Cai, C.J.; Han, J.T.; Li, F.; Yao, J.H. Dynamics of methanogenesis, ruminal
fermentation, and alfalfa degradation during adaptation to monensin supplementation in goats. J. Dairy Sci.
2018, 101, 1048–1059. [CrossRef]

53. Janssen, P.H. Influence of hydrogen on rumen methane formation and fermentation balances through
microbial growth kinetics and fermentation thermodynamics. Anim. Feed Sci. Technol. 2010, 160, 1–22.
[CrossRef]

54. Tomkins, N.W.; Denman, S.E.; Pilajun, R.; Wanapat, M.; Mcsweeney, C.S.; Elliott, R. Manipulating rumen
fermentation and methanogenesis using an essential oil and monensin in beef cattle fed a tropical grass hay.
Anim. Feed Sci. Technol. 2015, 200, 25–34. [CrossRef]

55. Wang, Z.B.; Xin, H.S.; Bao, J.; Duan, C.Y.; Chen, Y.; Qu, Y.L. Effects of hainanmycin or monensin
supplementation on ruminal protein metabolism and populations of proteolytic bacteria in Holstein
heifers. Anim. Feed Sci. Technol. 2015, 201, 99–103. [CrossRef]

56. Russell, J.B.; Houlihan, A.J. Ionophore resistance of ruminal bacteria and its potential impact on human
health. FEMS Microbiol. Rev. 2003, 27, 65–74. [CrossRef]

57. Saengkerdsub, S.; Kim, W.K.; Anderson, R.C.; Nisbet, D.J.; Ricke, S.C. Effects of nitrocompounds and
feedstuffs on in vitro methane production in chicken cecal contents and rumen fluid. Anaerobe 2006, 12,
85–92. [CrossRef] [PubMed]

58. Calsamiglia, S.; Busquet, M.; Cardozo, P.W.; Castillejos, L.; Ferret, A. Invited review: Essential oils as
modifiers of rumen microbial fermentation. J. Dairy Sci. 2007, 90, 2580–2595. [CrossRef] [PubMed]

59. Russell, J.B. The importance of pH in the regulation of ruminal acetate to propionate ratio and methane
production in vitro. J. Dairy Sci. 1998, 81, 3222–3230. [CrossRef]

60. Ungerfeld, E.M. Shifts in metabolic hydrogen sinks in the methanogenesis–inhibited ruminal fermentation:
A meta–analysis. Front. Microbiol. 2015, 6, 538. [CrossRef]

61. Guan, H.; Wittenberg, K.M.; Ominski, K.H.; Krause, D.O. Efficacy of ionophores in cattle diets for mitigation
of enteric methane. J. Anim. Sci. 2006, 84, 1896–1906. [CrossRef]

62. Eckard, R.J.; Grainger, C.; Klein, C.A.M.D. Options for the abatement of methane and nitrous oxide from
ruminant production: A review. Livest. Sci. 2010, 130, 47–56. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.anifeedsci.2007.06.030
http://dx.doi.org/10.1016/j.anifeedsci.2014.11.009
http://dx.doi.org/10.2527/jas.2016-0504
http://www.ncbi.nlm.nih.gov/pubmed/27898865
http://dx.doi.org/10.3168/jds.2017-13254
http://dx.doi.org/10.1016/j.anifeedsci.2010.07.002
http://dx.doi.org/10.1016/j.anifeedsci.2014.11.013
http://dx.doi.org/10.1016/j.anifeedsci.2015.01.001
http://dx.doi.org/10.1016/S0168-6445(03)00019-6
http://dx.doi.org/10.1016/j.anaerobe.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16701620
http://dx.doi.org/10.3168/jds.2006-644
http://www.ncbi.nlm.nih.gov/pubmed/17517698
http://dx.doi.org/10.3168/jds.S0022-0302(98)75886-2
http://dx.doi.org/10.3389/fmicb.2015.00037
http://dx.doi.org/10.2527/jas.2005-652
http://dx.doi.org/10.1016/j.livsci.2010.02.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Animals, Diet Treatment and Sample Collection 
	Analytics of CH4 Producing Activity 
	Chemical Analyses 
	Calculation 
	Statistical Analysis 

	Results 
	Effect of Monensin and NEOH on Nutrient Digestibility 
	Effect of Monensin and NEOH on Feed Intake and Growth Performance 
	Effect of Monensin and NEOH on Ruminal Fermentation 
	Effect of Monensin and NEOH on CH4 Emissions and In Vitro CH4 Producing Activity 

	Discussion 
	Effect of NEOH in Comparison with Monensin on Feed Intake, Growth Performance and Diet Digestibility 
	Effect of Monensin and NEOH on Ruminal Fermentation Profiles 
	Effect of Monensin and NEOH on CH4 Emissions 

	Conclusions 
	References

