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ABSTRACT

The objective of this crossover experiment was to 
investigate the effect of a methane inhibitor, 3-nitro-
oxypropanol (3NOP), on enteric methane emission, 
methane isotopic composition, and rumen fermenta-
tion and microbial profile in lactating dairy cows. The 
experiment involved 6 ruminally cannulated late-lac-
tation Holstein cows assigned to 2 treatments: control 
and 3NOP (60 mg/kg of feed dry matter). Compared 
with the control, 3NOP decreased methane emission by 
31% and increased hydrogen emission from undetect-
able to 1.33 g/d. Methane emissions per kilogram of 
dry matter intake and milk yield were also decreased 
34% by 3NOP. Milk production and composition were 
not affected by 3NOP, except milk fat concentration 
was increased compared with the control. Concentra-
tions of total VFA and propionate in ruminal fluid were 
not affected by treatment, but acetate concentration 
tended to be lower and acetate-to-propionate ratio was 
lower for 3NOP compared with the control. The 3NOP 
decreased the molar proportion of acetate and increase 
those of propionate, butyrate, valerate, and isovaler-
ate. Deuterium-to-hydrogen ratios of methane and the 
abundance of 13CH3D were similar between treatments. 
Compared with the control, minor (4‰) depletion in 
the 13C/12C ratio was observed for 3NOP. Genus com-
position of methanogenic archaea (Methanobrevibacter, 
Methanosphaera, and Methanomicrobium) was not af-
fected by 3NOP, but the proportion of methanogens in 
the total cell counts tended to be decreased by 3NOP. 
Prevotella spp., the predominant bacterial genus in ru-
minal contents in this experiment, was also not affected 
by 3NOP. Compared with the control, Ruminococcus 
and Clostridium spp. were decreased and Butyrivibrio 
spp. was increased by 3NOP. This experiment demon-

strated that a substantial inhibition of enteric methane 
emission by 3NOP in dairy cows was accompanied with 
increased hydrogen emission and decreased acetate-to-
propionate ratio; however, neither an effect on rumen 
archaeal community composition nor a significant 
change in the isotope composition of methane was ob-
served.
Key words: methane, 3-nitrooxypropanol, rumen 
fermentation, dairy cow

INTRODUCTION

In the rumen, CH4 is an end product of microbial 
fermentation of carbohydrates and AA. Methanogen-
esis is the major sink for hydrogen in the rumen, but 
enteric CH4 represents also a net feed energy loss for 
the animal (Johnson and Johnson, 1995) and is a ma-
jor contributor to agricultural greenhouse gas (GHG) 
emissions globally (IPCC, 2014).

Several reviews presented technical options for abate-
ment of livestock GHG emissions (Boadi et al., 2004; 
McAllister and Newbold, 2008; Hristov et al., 2013). 
These strategies focus on feeding management practices 
such as fat supplementation, concentrate inclusion, 
processing low-quality feeds, and improving overall for-
age quality, as well as feed additives, such as alternative 
electron receptors, ionophoric antibiotics, plant bioac-
tive compounds, enzymes, and CH4 inhibitors.

Among CH4 inhibitors, bromochloromethane, 
2-bromo-ethane sulfonate, and chloroform are the 
most studied compounds in ruminants (Hristov et 
al., 2013). Both in vitro and in vivo experiments have 
demonstrated that these compounds were effective in 
reducing CH4 emission without negatively affecting 
animal productivity (Sawyer et al., 1974; Goel et al., 
2009; Tomkins et al., 2009; Abecia et al., 2012). Use of 
these compounds, however, is limited due to toxicity, 
rumen adaptation, or environmental regulation issues 
(Hristov et al., 2013). In response, natural or synthetic 
compounds with a similar mode of action are being 
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developed. The compound tested in this experiment, 
3-nitrooxypropanol (3NOP), was designed to inhibit 
the activity of methyl coenzyme-M reductase (Duval 
and Kindermann, 2012), the enzyme responsible for 
microbial formation of CH4 (Ermler et al., 1997). Re-
cent studies showed that 3NOP consistently decreased 
enteric CH4 emission in lactating dairy cows (Haisan 
et al., 2014; Reynolds et al., 2014). In a 12-wk study, 
Hristov et al. (2015a) reported persistent reduction of 
enteric CH4 emission, whereas productive performance 
of high-producing dairy cows was not affected by 3NOP 
supplementation. In their study, however, the effect of 
3NOP on ruminal fermentation could not be evaluated 
because the cows used were not ruminally cannulated.

Stable isotope compositions of CH4 (
13C/12C, D/H, 

and 13CH3D, where D is a stable isotope of hydrogen 
with one extra neutron) reflect the isotope composi-
tions of substrate (13C/12C of feeds and D/H of rumen 
fluids), as well as isotope fractionation associated with 
microbial methanogenesis. The latter is shown to be a 
function of pathways, growth phase, and hydrogen lev-
els (Whiticar et al., 1986; Burke, 1993; Valentine et al., 
2004; Wang et al., 2015). For the CO2 reduction path-
way, thought to be dominant in the rumen (Hungate, 
1966), large 13C-depletion is associated with stationary 
growth, low metabolic rates, and low H2 levels, whereas 
large D-depletion is associated with high metabolic rate 
and high H2 levels (Burke, 1993; Zyakun, 1996; Valen-
tine et al., 2004; Wang et al., 2015).

Therefore, one of the objectives of our study was to 
test if, in addition to decreased CH4 emission, 3NOP af-
fects CH4 isotope compositions due to changes in physi-
ology or environmental conditions for methanogenesis 
in lactating dairy cows. The study also investigated the 
effect of 3NOP on rumen fermentation, ruminal micro-
bial profile, and production variables. We hypothesized 
that 3NOP would, similar to previous experiments, 
decrease acetate-to-propionate ratio in ruminal fluid 
and, due to the large reduction in CH4 emission, would 
also affect the composition of ruminal archaea and the 
isotopic signature of enteric CH4.

MATERIALS AND METHODS

Animals involved in these experiments were cared for 
according to the guidelines of the Pennsylvania State 
University Animal Care and Use Committee. The com-
mittee reviewed and approved the experiment and all 
procedures carried out in this study.

Animals and Experimental Design

The experiment used 6 ruminally cannulated late-
lactation Holstein cows in a 2 × 2 crossover design with 

2 experimental periods of 14 d each. A 7-d washout 
period was allowed between the experimental periods. 
Cows were grouped by DIM and current milk yield in 
2 squares of 3 cows each. Cows were 1.3 (SD = 0.52) 
lactations, 233 (SD = 45) DIM at the beginning of 
the experiment, had an average BW during the experi-
ment of 610 (SD = 158) kg, and were fitted with soft 
plastic ruminal cannulas (10.2 cm internal diameter; 
Bar Diamond Inc., Parma, ID). Within a period, the 
first 10 d served as adaptation and the remaining 4 d 
were used for sample and production data collection. 
Cows received recombinant bST (Posilac, Elanco Co., 
Greenfield, IN; 500 mg/cow, i.m.) on d 1 of each experi-
mental period. The following 2 treatments were tested: 
0 mg of 3NOP/kg of dietary DM (control) and 60 mg of 
3NOP/kg of DM (3NOP; DSM Nutritional Products, 
Basel, Switzerland). The 60-mg/kg of DM dose was 
selected based on a previous experiment with 3NOP 
(Hristov et al., 2015a). The basal diet was formulated 
to meet or exceed the NEL and MP requirements of a 
Holstein cow (according to NRC, 2001) with 610 kg of 
BW, producing 32 kg of milk/d with 4.10% milk fat 
and 3.60% true milk protein, and consuming 24 kg/d 
of DMI (Table 1). Diets were fed as TMR once daily at 
0800 h targeting 10% refusals. The 3NOP supplement 
contained 8.85% 3NOP on SiO2 and propylene glycol; 
the placebo supplement contained SiO2 and propylene 
glycol only (Hristov et al., 2015a). The supplements 
were mixed with the TMR to deliver the final 3NOP 
concentration as indicated above. Cows were milked 
twice daily at approximately 0600 and 1800 h and had 
continuous access to a fresh water source.

Sampling and Measurements

During the experiment, TMR offered and refusals 
were recorded daily. Samples of the forages were collect-
ed once weekly and samples of the TMR were collected 
twice weekly. Samples of the concentrate feeds were col-
lected once per experimental period. Feed samples were 
dried for 48 h at 65°C in a forced-air oven and ground 
in a Wiley Mill (Thomas Scientific, Swedesboro, NJ) 
through a 1-mm sieve for further analysis.

Composite (equal DM weight basis) samples of the 
forages and concentrate feeds fed during the experi-
ment were submitted to Cumberland Valley Analytical 
Services (Maugansville, MD) for wet chemistry analyses 
of CP, NDF, ADF, Ca, P, and estimated NEL (CVAS, 
2014). The analyzed composition of the feed ingredients 
and their inclusion in the TMR was used to compute 
the CP, NDF, ADF, Ca, and P concentration of the 
diets (Table 1). During the last 3 d of each period, CH4, 
CO2, and H2 emission were measured using the Green-
Feed system (C-Lock Inc., Rapid City, SD) 8 times in 
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3 d covering a 24-h period at 0900, 1500, and 2100 h 
(sampling d 1), 0300, 1200, and 1700 h (sampling d 2), 
and 0000 and 0500 h (sampling d 3). Gas measurements 
were performed as described by Hristov et al. (2015b). 
A rumen cannula extension (fistula attachment; C-Lock 
Inc.) was used to capture and direct through GreenFeed 
rumen gas potentially leaking through the cannula. The 
cannula extension consisted on an impermeable fabric 
covering the back and sides of the cow with a tubing 
attached to it in close proximity of the rumen can-
nula and extending from the cannula to the GreenFeed 

unit. The tubing was attached to a port that directed 
the collected gas toward GreenFeed sensors. Constant 
negative pressure was maintained by using a vacuum 
pump to withdraw gas from between the fabric sheet 
and the animal into the tubing. The gas was then rout-
ed from the tubing and released into the GreenFeed air 
collection pipe where total airflow and concentrations 
of CH4, CO2, and H2 were continuously measured.

Separate spot rumen gas samples were collected dur-
ing experimental period 2 through the rumen cannula 
using a sampling device described in Tekippe et al. 
(2011). Samples were collected once on d 13, between 
3 and 4 h after feeding, in 250-mL Kimax glass se-
rum bottles (Kimble Chase, Vineland, NJ) sealed with 
blue chlorobutyl stoppers (Bellco, Vineland, NJ) and 
stored at room temperature until analyzed for isotopic 
composition of CH4 (Ono et al., 2014). Methane was 
extracted from rumen gas samples using preparatory 
gas chromatography system equipped with a packed 
column (Carboxen-1000, 152 cm length, 3.2 mm o.d.) 
at 30°C (Wang et al., 2015). Isotopologue ratios of puri-
fied CH4 samples were measured using tunable infrared 
direct absorption spectroscopy. Tunable infrared direct 
absorption spectroscopy measures isotopologue specific 
absorption in the mid-infrared (~8.5 μm wavelength) 
region (corresponding C-H and C-D bending vibra-
tions) using multipass (76 m pathlength) direct absorp-
tion cell and continuous wavelength quantum cascade 
lasers (Ono et al., 2014).

Isotope ratios are reported in conventional delta no-
tations:

 δ13
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where PDB and SMOW refer to the reference ratios, 
Pee Dee Belemnite and Standard Mean Ocean Water, 
respectively. The clumped isotopologue abundance is 
reported as Δ13CH3D, which represents the deviation 
from a random (stochastic) distribution (Ono et al., 
2014):

 Δ13CH3D = [13CH3D][12CH4] ÷ [13CH4][
12CH3D] − 1. 

At the time of gas collection, a sample of rumen fluid 
was collected from the ventral rumen, filtered through 
4 layers of cheesecloth, transferred into 20-mL scintilla-
tion vials (Fisher Scientific, Pittsburgh, PA), and stored 

Table 1. Ingredient and chemical composition of the basal diet fed 
during the trial

Item Measurement

Ingredient, % of DM  
 Corn silage1 43.5
 Alfalfa haylage2 12.0
 Soybean seeds, whole heated3 8.7
 Canola meal4 8.6
 Corn grain, ground 6.0
 Candy by-product meal5 6.5
 SoyPLUS6 5.0
 Cottonseed, hulls 3.2
 Molasses7 3.5
 Vitamin and mineral premix8 3.0
Composition, % of DM (or as indicated)  
 CP9 16.1
 RDP10 9.8
 RUP10 6.9
 NDF9 30.9
 ADF9 23.2
 NEL, Mcal/kg9 1.69
 Ca9 1.02
 P9 0.39
 NFC10 45.2
1Corn silage was 46.5% DM and contained (DM basis) 6.7% CP, 32.4% 
NDF, and 42.7% starch.
2Alfalfa haylage was 90.7% DM and contained (DM basis) 21.0% CP, 
and 43.7% NDF.
3Soybean seeds contained (DM basis) 40.0% CP.
4Canola meal contained (DM basis) 40.9% CP.
5Candy by-product meal (Graybill Processing, Elizabethtown, PA) 
contained (DM basis) 16.9% CP and 26.7% NDF.
6SoyPLUS (West Central Cooperative, Ralston, IA) contained (DM 
basis) 47.2% CP.
7Molasses (Westway Feed Products, Tomball, TX) contained (DM ba-
sis) 3.9% CP and 66% total sugar.
8The premix (Cargill Animal Nutrition, Cargill Inc., Roaring Spring, 
PA) contained (%, as-is basis) trace mineral mix, 0.86; MgO (56% 
Mg), 8.0; NaCl, 6.4; vitamin ADE premix (Cargill Animal Nutrition, 
Cargill Inc.), 0.48; limestone, 37.2; selenium premix (Cargill Animal 
Nutrition, Cargill Inc.), 0.07; and dry corn distillers grains with sol-
ubles; 46.7. Ca, 14.1%; P, 0.39%; Mg, 4.59%; K, 0.44%; S, 0.39%; Se, 
6.91 mg/kg; Cu, 362 mg/kg; Zn, 1,085 mg/kg; Fe, 186 mg/kg, vitamin 
A, 276,717 IU/kg; vitamin D, 75,000 IU/kg; and vitamin E, 1,983 IU/
kg.
9Values were   calculated using the chemical analysis (Cumberland 
Valley Analytical Services Inc., Maugansville, MD) of the ingredients 
of the diet.
10Estimated by NRC (2001).
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at 4°C until analyzed for dissolved H2 (Vaportech Ser-
vices, Valencia, PA) according to Chapelle et al. (1997).

Rumen fluid and whole rumen contents samples were 
collected (as described in Hristov et al., 2011) on d 14 of 
each experimental period at 0 (before feeding), 2, 4, 6, 
and 8 h after feeding. Rumen fluid pH was analyzed im-
mediately (pH meter 59000–60 pH Tester, Cole-Parmer 
Instrument Company, Vernon Hills, IL) and samples 
were further processed for analyses of ammonia and 
VFA (Hristov et al., 2011). Aliquots of the whole rumen 
contents were composited on an equal wet weight basis 
per cow and period and frozen immediately at −80°C 
for analysis of bacterial and archaeal order and genus 
distribution according to Oh et al. (2015). Briefly, DNA 
was extracted from 300 mg of material using the MO 
BIO Powersoil kit (MO BIO Laboratories Inc., Carls-
bad, CA) following the manufacturer’s instructions. 
The 16S rRNA gene standard V4 variable region PCR 
primers 515/806 were used in a single-step 30-cycle 
PCR using the HotStarTaq Plus Master Mix Kit (Qia-
gen Inc., Valencia, CA) under the following conditions: 
94°C for 3 min, followed by 28 cycles (5 cycles used on 
PCR products) of 94°C for 30 s, 53°C for 40 s, and 72°C 
for 1 min, after which a final elongation step at 72°C 
for 5 min was performed. Sequencing was performed at 
MR DNA (www.mrdnalab.com, Shallowater, TX) on 
an Ion Torrent PGM (Thermo Fisher Scientific Inc., 
Waltham, MA) following the manufacturer’s guidelines. 
Bacterial quantification was performed using quanti-
tative PCR based on a universal primer, as indicated 
above. A linear standard was used to calculate the esti-
mated cell counts. Sequence data were processed using 
a standard taxonomic analysis pipeline (MR DNA). In 
short, sequences were depleted of barcodes and primers, 
then sequences <150 bp were removed and sequences 
with ambiguous base calls and with homopolymer runs 
exceeding 6 bp were also removed. Sequences were de-
noised and chimeras removed. Operational taxonomic 
units were defined by clustering at 3% divergence (97% 
similarity). Final operational taxonomic units were 
taxonomically classified using BLASTn against a da-
tabase derived from RDPII (http://rdp.cme.msu.edu) 
and NCBI (www.ncbi.nlm.nih.gov).

Milk samples were collected at 2 consecutive milkings 
(evening and morning) in the last day of each experi-
mental period. Samples were preserved with 2-bromo-
2-nitropropane-1,3-diol and submitted for analysis of 
milk fat, true protein, lactose, and MUN (Dairy One, 
Ithaca, NY) using infrared spectroscopy (MilkoScan 
4000, Foss Electric, Hillerød, Denmark). Morning and 
evening samples were analyzed separately so milk com-
ponent concentration and yield could be weighed for 
morning and evening milk yields.

Statistical Analysis

All data were analyzed using the MIXED procedure 
of SAS (version 9.4, SAS Institute Inc., Cary, NC). The 
statistical model included treatment, experimental pe-
riod, and treatment × period interaction. Square and 
cow within square were random effects and all others 
were fixed. Milk yield and DMI data for the last 4 d of 
each experimental period were averaged and the aver-
age values were used in the statistical analysis. Data for 
one cow in period 2 (control) were removed from the 
analysis due to low milk production (64% of her milk 
production in period 1 and 43% of the average milk 
production for all cows in period 2). Rumen gas emis-
sions and fermentation data (except dissolved H2) were 
analyzed as repeated measures. The model included 
treatment, experimental period, time of sampling, and 
treatment × period and treatment × time of sampling 
interactions. Means were separated by pairwise t-test 
(pdiff option of PROC MIXED). Statistical differences 
were considered significant at P ≤ 0.05 and a trend at 
0.05 < P ≤ 0.10. Data in tables are presented as least 
squares means.

RESULTS AND DISCUSSION

Carbon dioxide emission was not affected by treat-
ment, although we noted a numerical increase (P = 
0.15) by about 4% for 3NOP (Table 2). Methane emis-
sion was decreased by 31% (P < 0.001), whereas H2 
emission increased substantially (P < 0.001) for 3NOP 
compared with the control. When expressed per unit 
of DMI or milk yield, CH4 emission was, on average, 
about 34% lower (P < 0.001) for 3NOP compared with 
the control. These results are in agreement with our 
data from a larger production experiment where 3NOP 
decreased CH4 emission in dairy cows by an average of 
29% (Hristov et al., 2015a). Similar results, although 
of a different magnitude, were also reported for 3NOP 
by Reynolds et al. (2014) and Haisan et al. (2014). 
Reynolds et al. (2014) observed a reduction of 7 and 
10% with the supplementation of 500 and 2,500 mg/d 
of 3NOP, respectively, when 3NOP was dosed directly 
into the rumen of lactating dairy cows fed diets con-
taining 60% forage. Haisan et al. (2014) reported a 64% 
reduction in CH4 emission in midlactating dairy cows 
supplemented with 2,500 mg/d of 3NOP top-dressed 
and fed a diet containing 38% forage. Studies test-
ing 3NOP in beef cattle have also shown significant 
reduction in enteric CH4 emission. In a short-term ex-
periment with beef heifers, Romero-Pérez et al. (2014) 
reported CH4 production was linearly decreased by 4, 
13, and 38%, for heifers receiving 0.75, 2.25, and 4.5 
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mg of 3NOP/kg of BW (or 412, 1,235, and 2,470 mg/
head per day), respectively. In a more recent long-term 
study (146 d) by the same group, 3NOP consistently 
decreased CH4 emission by 59% through the experiment 
(Romero-Pérez et al., 2015a). It has been reported that 
method of delivery of 3NOP (direct rumen administra-
tion, top-dressed, or mixed with the diet) and animal 
type (beef, dairy, sheep) can influence CH4 emission re-
sponse (Romero-Pérez et al., 2014). Haisan et al. (2014) 
suggested that CH4 emission response to 3NOP may 
be diet-dependent, with enhanced mitigation potential 
when cows are fed low-forage diets.

Methanogenesis is the primary pathway to remove 
excess of H2 in the rumen, whereas propionate pro-
duction is a competing alternative H2 sink (Hungate, 
1967; Moss et al., 2000). The increase in H2 emissions 
by 3NOP was large, from undetectable in the control 
to 1.3 g/d, and similar to the results from our larger 
experiment (Hristov et al., 2015a). As pointed out by 
Hristov et al. (2015a), H2 emitted from the rumen was 
only a fraction of the estimated H2 available from the 
decrease in CH4 production due to 3NOP. Increased 
concentration of dissolved H2 (see following discussion), 
possible adaptation of the rumen ecosystem, decreased 
H2 production, or redirection to alternative H2 sinks 
(Ungerfeld, 2015) may be possible mechanisms to ex-
plain the fate of the excess H2 resulting from 3NOP 
application.

Treatment had no effect on rumen pH, total VFA, 
propionate, isobutyrate, and valerate concentrations 
(Table 3). There was no treatment × time of sampling 
interaction (P ≥ 0.41) for the fermentation variables, 
except for isobutyrate and isovalerate concentrations 
(P = 0.01). Examination of the data, however, showed 
no apparent trends in the concentration of isobutyrate 
across sampling points and the concentration of iso-
valerate was higher for 3NOP than the control for all 
sampling times. Supplementation of 3NOP tended to 
decrease (P = 0.08) the concentration of acetate and to 
increase (P = 0.08) that of butyrate. The concentration 
of isovalerate was increased (P < 0.01), and acetate-to-
propionate ratio was decreased (P < 0.01) by 3NOP. 
The molar proportion of acetate was decreased (P < 
0.001) and those of propionate, butyrate, valerate, 
and isovalerate were increased (P ≤ 0.005) by 3NOP 
compared with the control. Concentration of ammonia 
in ruminal fluid was decreased (P < 0.02) and that 
of dissolved H2 appeared to be numerically increased 
(P = 0.27) by 3NOP. Methanogen and bacterial cell 
counts in whole ruminal contents were not different (P 
≥ 0.19) between treatments but as proportion of the 
total counts, bacteria tended to be increased (P = 0.10) 
and methanogens to be decreased (P = 0.07) by 3NOP.

Similar to our results, both Haisan et al. (2014) and 
Reynolds et al. (2014) observed a decrease in acetate 
concentration and acetate-to-propionate ratio when 
cows were supplemented with 3NOP. Reynolds et al. 
(2014) observed also increased propionate concentra-
tion and a tendency for decreased rumen pH when cows 
were fed 500 mg of 3NOP/d and reported increased 
butyrate concentration with the 2,500-mg of 3NOP/d 
dose. In contrast with our data, however, Reynolds et 
al. (2014) reported decreased isovalerate concentra-
tion, but this pattern was not observed in beef steers 
(Romero-Pérez et al., 2014, 2015a). Propionate produc-
tion is a competitive mechanism to remove excess H2 in 
the rumen (Ellis et al., 2008; McAllister and Newbold, 
2008). Considering that 3NOP decreased CH4 emission 
and the incomplete recovery of reducing equivalents in 
emitted H2, the observed increase in molar proportion 
of propionate and the decrease in acetate in this study 
was expected. A decrease in rumen ammonia concen-
tration with 3NOP was also reported by Reynolds et 
al. (2014) for dairy cows, but not in the experiments 
with beef cattle by Romero-Pérez et al. (2014, 2015a). 
Decreased ammonia concentration in the rumen may 
be an indication of decreased proteolysis or increased 
ammonia uptake by the rumen bacteria. Urinary N ex-
cretion and MUN concentration (similar to the current 
data) were not affected by 3NOP in our larger experi-
ment (unpublished data from Hristov et al., 2015a).

The dissolved H2 data were extremely variable (Table 
3) in this experiment and, similar to the isotope data 
(discussed below), were obtained during experimental 
period 2 only. Concentration of dissolved H2 in rumen 
fluid did not differ (P = 0.27) between control and 
3NOP. Hydrogen is an important intermediate in CH4 
formation in the rumen and concentration of dissolved 

Table 2. Effect of 3-nitrooxypropanol (3NOP) on carbon dioxide 
(CO2), methane (CH4), and hydrogen (H2) emissions in lactating dairy 
cows

Item 
Treatment1

SEM2 P-valueCON 3NOP

CO2, g/d 14,303 14,905 623.5 0.15
CH4, g/d 487 335 40.1 <0.001
CH4, g/kg of DMI3 20.7 13.6 1.40 <0.001
CH4, g/kg of milk3 18.0 11.9 2.35 <0.001
H2, g/d 0.04 1.3 0.13 <0.001
1Treatments were control (CON), and 60 mg of 3NOP/kg of feed DM 
(3NOP).
2Largest SEM published in table; n = 61 for all variables (n represents 
the number of observations used in the statistical analysis).
3Based on milk yield and DMI data during the gas measurement pe-
riods.
40.005 g/d.
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H2 has been suggested as limiting methanogenesis 
(Hungate, 1967). Due to its rapid metabolism, how-
ever, H2 does not accumulate in the rumen liquid phase. 
Robinson et al. (1981), for example, observed a rapid 
increase in dissolved H2 concentration in the rumen 
of a cow 1 h after feeding, reaching 15 μmol/L, and 
then declining to about 3 μmol/L at 4 h after feeding. 
Similar dissolved H2 concentration pattern after feeding 
was reported earlier by Czerkawski and Breckenridge 
(1971). Hegarty and Gerdes (1999) estimated that less 
than 0.1% of the H2 in the rumen of a sheep was H2 gas, 
with 92% being in water, 6% in feed, and 2% in the ru-
men microbes. Hydrogen balance in the rumen is highly 
dynamic and the low dissolved H2 concentrations ob-
served in the current experiment are in line with other 
published data. Although dissolved H2 concentrations 
correlate poorly to H2 concentration in the rumen gas 
space (Hegarty and Gerdes, 1999; Wang et al., 2014), 
the increased H2 emission and the numerical trend for 
increased dissolved H2 in the current experiment sug-
gest increased H2 accumulation in the rumen of the 
3NOP-treated cows. This increase was accompanied 
with a shift in relative VFA concentrations, as would be 
expected based on rumen stoichiometry (Wolin, 1960; 

Hegarty and Gerdes, 1999). In a recent meta-analysis of 
in vitro data, rumen stoichiometry could not completely 
explain H2 balance when methanogenesis was inhibited, 
and it was suggested that H2 may have been increas-
ingly incorporated into formate, microbial biomass, or 
reductive acetogenesis (Ungerfeld, 2015).

There was no difference in δDCH4 and Δ13CH3D, but 
a trend for decreased (P = 0.08) δ13CCH4 was observed 
for 3NOP compared with the control (Table 4). Isotope 
compositions of CH4, similar to other fractionation 
processes in nature, reflect the source substrate as 
well as isotope fractionation associated with microbial 
methanogenesis. As an example, ammonia N volatilized 
from manure is highly depleted in the heavier isotope of 
N, 15N, and the resulting manure becomes increasingly 
enriched in 15N as ammonia is being emitted. These 
relationships were used to model and predict ammonia 
losses from manure (Hristov et al., 2006, 2009). Simi-
larly, microbial CH4 formation produces CH4 that is 
relatively depleted in 13C and D compared with source 
CO2 (or acetate) and water, therefore more negative 
δ13CCH4 and δDCH4 values (Whiticar, 1999). The source 
of carbon and H2, metabolic substrate, and methano-
genesis pathway influence the composition of conven-

Table 3. Effect of 3-nitrooxypropanol (3NOP) on rumen fluid pH, VFA, ammonia, and dissolved hydrogen 
concentrations, and rumen bacteria and methanogens in lactating dairy cows

Item

Treatment1

SEM2 P-value3CON 3NOP

pH 6.35 6.41 0.082 0.66
Total VFA, mmol/L 90.0 85.8 2.96 0.43
 Acetate 59.1 52.9 2.18 0.08
 Propionate 17.4 17.4 1.30 0.99
 Butyrate 10.1 11.3 0.43 0.08
 Isobutyrate 0.51 0.49 0.049 0.51
 Valerate 1.91 1.96 0.073 0.66
 Isovalerate 1.01 1.76 0.147 <0.01
 Acetate-to-propionate ratio 3.51 3.12 0.277 <0.01
Molar proportions, %     
 Acetate 65.7 61.7 1.24 <0.001
 Propionate 19.3 20.3 1.38 0.03
 Butyrate 11.1 13.1 0.33 <0.001
 Isobutyrate 0.57 0.57 0.054 0.95
 Valerate 2.12 2.29 0.071 0.005
 Isovalerate 1.12 2.05 0.157 <0.001
Ammonia, mmol/L 2.93 1.94 0.404 0.02
Dissolved hydrogen, mg/L 0.2 1.2 0.55 0.27
Bacteria     
 ECC,4 ×106/g of ruminal contents 10.6 11.5 0.78 0.45
 % of total counts 98.8 99.2 0.19 0.10
Methanogens     
 ECC, ×106/g of ruminal contents 0.13 0.09 0.018 0.19
 % of total counts 1.16 0.77 0.18 0.07
1Treatments were control (CON), and 60 mg of 3NOP/kg of feed DM (3NOP).
2Largest SEM published in table; n = 59 for all variables, except dissolved hydrogen, for which n = 6 (n rep-
resents the number of observations used in the statistical analysis).
3Treatment × time of sampling interaction, P ≥ 0.41, except isobutyrate and isovalerate (P = 0.01).
4Estimated cell counts.
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tional isotopes of CH4 (Valentine et al., 2004; Conrad, 
2005). Moreover, growth phase and availability of envi-
ronmental H2 may affect the isotopologue compositions 
of CH4 (Burke, 1993; Valentine et al., 2004; Wang et 
al., 2015). Therefore, in the current study we hypoth-
esized that if the rumen archaeal population shifts due 
to effects associated with the addition of 3NOP, such 
as the inhibition of methyl coenzyme-M reductase, we 
may see a shift in the isotopic composition of CH4. 
According to Vogel (1980), δ13CCH4 of enteric CH4 is 
strongly dependent on δ13C of the feeds in the diet. 
Rust (1981) evaluated the isotopic composition of CH4 
in steers, dairy cows, and wethers fed diets that were 
mostly based on C3 (alfalfa, soybean, and temperate 
grass species) or C4 (corn-based diets) plants. That 
study reported that δ13CCH4 of ruminants fed C3-based 
diets averaged −63.7%, whereas animals fed C4-based 
diets averaged −50.3%. Levin et al. (1993) investigated 
the isotopic composition of enteric CH4 and different 
sources of dairy wastes (liquid manure, biogas) and 
reported δ13CCH4 values for enteric CH4 of −65.1% for 
cows fed 100% C3 diets and −55.6% when cows were fed 
60 to 80% C4 diets. These differences are explained by 
the carbon isotope compositions of feeds, as C3 plants 
produces larger 13C/12C fractionations compared with 
C4 plants (e.g., Farquhar et al., 1989).

In a recent work by Wang et al. (2015), the δ13CCH4 
of rumen CH4 from dairy cows (of the Pennsylvania 
State University herd) ranged from −52 to −54%. The 
δ13CCH4 values reported in our study for the control 
group (average of −54%) are similar to those reported 
in Wang et al. (2015). The δ13CCH4 values for the 
3NOP group were slightly (4%) more depleted in 13C. 
Although δ13C value of the feeds were not measured, 
the same feeds were used for both 3NOP and control. 
Given the range observed by Vogel (1980) of 13.4% for 
source variation, the observed shift δ13CCH4 of 4% would 
require major changes in feed composition. Therefore, 
the change in δ13CCH4 value likely reflects the change in 
physiology of methanogens and is consistent with low 
methanogenesis rate under 3NOP treatment, as large 
13C-depletion is associated with low methanogenesis 
rates under stationary phase cultures (Botz et al., 1996; 
Zyakun, 1996).

Although it was not sampled at the same time, 
previous analysis of water in rumen yielded δD value 
of −32% (supplementary material, Table S4 of Wang 
et al., 2015). Although it was hypothesized that envi-
ronmental H2 levels affect δDCH4 and Δ13CH3D values 
(Burke, 1993; Wang et al., 2015), we did not observe 
changes in the values of δDCH4 and Δ13CH3D.

Genus distribution of methanogenic archaea (Metha-
nobrevibacter, Methanosphaera, and Methanomicrobium 

spp.) in whole ruminal contents was not affected (P 
> 0.44) by 3NOP (Table 5). Methanobrevibacter spp. 
was the dominant archaea genus, which was in agree-
ment with methanogens distribution in the rumen of 
lactating dairy cows fed TMR diets (Whitford et al., 
2001). Similar to our data, both Haisan et al. (2014) 
and Romero-Pérez et al. (2015a) reported a decreased 
number of methanogens when dairy or beef cattle were 
treated with 3NOP. In the current study, the predomi-
nant bacterial orders were Clostridiales and Bacteroi-
dales. Clostridiales tended to be decreased (P = 0.09), 
whereas both Selenomonadales and Fibrobacterales were 
increased (P = 0.04, and 0.02, respectively) by 3NOP. 
Prevotella spp., the predominant bacterial genus in 
ruminal contents, was not affected by 3NOP. Rumino-
coccus, Succiniclasticum, Clostridium, and Sarcina spp. 
were decreased (P ≤ 0.03), whereas Butyrivibrio and 
Fibrobacter spp. were increased (P = 0.01) by 3NOP 
compared with the control. Data on the effect of 3NOP 
on rumen microbial diversity are generally lacking or 
are inconsistent. Haisan et al. (2014), for example, re-
ported a trend for decreased total bacterial 16S rDNA 
gene copy numbers and no effect on protozoal (18S 
rRNA) copy numbers in ruminal contents from 3NOP-
treated cows. Romero-Pérez et al. (2015a) observed no 
effect of 3NOP on bacterial gene copy numbers but a 
large increase in protozoal copy numbers in beef cattle, 
whereas in another study from the same group, no ef-
fect was observed on both bacterial and protozoal copy 
numbers (Romero-Pérez et al., 2014). In yet another 
study by Romero-Pérez et al. (2015b) using the rumen 
stimulation technique RUSITEC, the total copy number 
of 16S rRNA genes for methanogens and bacteria in the 
liquid phase were not affected by 3NOP, but there was 
a large decrease in the solid associated methanogens. 
Likewise, no effect of 3NOP on rumen protozoal counts 

Table 4. Effect of 3-nitrooxypropanol (3NOP) on isotopic composition 
of enteric methane in lactating dairy cows

Item

Treatment1

SEM2 P-valueCON 3NOP

δ13CCH4, % −54.5 −58.3 1.14 0.08
δDCH4, % −347.4 −347.4 1.79 0.99
Δ13CH3D, % 1.66 1.41 1.0633 0.87
1Treatments were control (CON), and 60 mg of 3NOP/kg of feed DM 
(3NOP).
2Largest SEM published in table; n = 6 for all variables (n represents 
the number of observations used in the statistical analysis). Values for 
δ13C, δD, and Δ13CH3D, where D is deuterium, are reported relative 
to Pee Dee Belemnite (PDB), Standard Mean Ocean Water (SMOW), 
and the stochastic distribution, respectively as described in Wang et 
al. (2015).
3Large SEM caused by small sample size of 2 of the 3NOP samples.
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was noted in that study. No effect of 3NOP on bacterial 
and protozoal (as well as methanogenic archaea) gene 
copy numbers was also reported by Martínez-Fernández 
et al. (2014) in sheep. The distinct decrease in fibrolytic 
bacteria such as Ruminococcus spp. in the current study 
is in line with the decreased acetate concentration (and 
molar proportion) in ruminal fluid with 3NOP. Simi-
larly, the increase in Butyrivibrio spp. is in agreement 
with the trend for increased butyrate concertation and 
molar proportion with 3NOP. The increase in Sele-
nomonadales, an order that includes major propionate-
producing bacteria such as Selenomonas ruminantium 
(Paynter and Elsden, 1970), is in agreement with the 

increased relative proportion of propionate in ruminal 
VFA. The prevalence of specific genera within this or-
der, however (e.g., Succiniclasticum spp., bacteria con-
verting succinate to propionate; van Gylswyk, 1995), 
was lowered by 3NOP. Some rumen clostridia have 
strong proteolytic and deaminative (Paster et al., 1993; 
Krause and Russell, 1996) activities (McSweeney et al., 
1999), and the decrease in Clostridium spp. with 3NOP 
in the current experiment is in line with the observed 
decrease in rumen ammonia concentration.

Dry matter intake and milk yield were not differ-
ent between 3NOP and the control (Table 6). Energy-
corrected milk yield and feed efficiency were also not 
affected by treatment. Milk fat concentration was 
increased (P = 0.05) and milk fat yield tended to be 
increased (P = 0.08) by 3NOP compared with the 
control. A numerical increase in milk fat concentration 
with 3NOP was also reported by Haisan et al. (2014) 
and may be reflective of increased feed energy avail-
ability due to decreased CH4 production. Milk protein 
and lactose concentrations and yields and MUN were 
not affected by treatment in the current experiment. 
The lack of effect of 3NOP on milk yield in the current 
experiment is in agreement with data from our larger 
production experiment (Hristov et al., 2015a) and other 
published studies (Haisan et al., 2014; Reynolds et al., 
2014). Production data from the current experiment, 
however, should be interpreted with caution due to the 
low number of experimental units and the advanced 
DIM of the cows.

Table 5. Effect of 3-nitrooxypropanol (3NOP) on bacterial and 
archaeal order and genus composition (as % of total sequence reads1) 
in whole ruminal contents of lactating dairy cows

Item

Treatment2

SEM3 P-valueCON 3NOP

Archaeal genus
 Methanobrevibacter 94.9 95.0 1.03 0.87
 Methanosphaera 3.8 3.8 1.01 0.98
 Methanomicrobium 1.2 0.8 0.39 0.44
Bacterial order     
 Clostridiales 48.8 43.5 2.76 0.09
 Bacteroidales 32.6 34.9 1.84 0.32
 Selenomonadales 7.1 8.7 1.41 0.04
 Fibrobacterales 1.3 2.5 0.32 0.02
 Bifidobacteriales 1.8 1.8 0.52 0.86
 Lactobacillales 1.2 1.7 0.29 0.25
 Rhodocyclales 1.1 1.1 0.09 0.85
 Actinomycetales 0.9 1.2 0.16 0.10
Bacterial genus     
 Prevotella 22.0 23.2 1.62 0.55
 Ruminococcus 8.2 6.5 0.62 <0.01
 Succiniclasticum 8.1 6.6 1.34 0.03
 Blautia 5.1 5.4 0.34 0.45
 Clostridium 6.2 4.1 0.49 0.03
 Butyrivibrio 3.6 4.8 0.33 0.01
 Barnesiella 3.8 4.0 0.29 0.31
 Pseudobutyrivibrio 3.2 3.1 0.18 0.57
 Acetitomaculum 3.5 2.6 0.39 0.05
 Alistipes 2.6 3.3 0.39 0.31
 Coprococcus 2.8 2.4 0.37 0.28
 Dorea 2.3 1.9 0.37 0.44
 Sarcina 2.6 1.5 0.24 0.02
 Fibrobacter 1.3 2.5 0.32 0.02
 Bacteroides 1.8 1.9 0.12 0.45
 Saccharofermentans 1.9 1.7 0.34 0.47
 Bifidobacterium 1.7 1.8 0.56 0.96
 Flavonifractor 1.6 1.8 0.19 0.35
 Xylanibacter 1.1 1.2 0.13 0.56
 Roseburia 1.1 1.2 0.13 0.64
 Azospira 1.2 1.1 0.09 0.85
 Streptococcus 0.9 1.1 0.11 0.38
1The percentage represents the percentage of the total sequences ana-
lyzed within the sample.
2Treatments were control (CON), and 60 mg of 3NOP/kg of feed DM 
(3NOP).
3Largest SEM published in table; n = 12 for all variables (n represents 
the number of observations used in the statistical analysis).

Table 6. Effect of 3-nitrooxypropanol (3NOP) on DMI, milk 
production, and feed efficiency in lactating dairy cows

Item

Treatment1

SEM2 P-valueCON 3NOP

DMI, kg/d 24.1 24.8 0.88 0.37
Milk yield, kg/d 28.2 30.3 2.63 0.27
ECM,3 kg/d 32.9 32.0 2.57 0.87
Feed efficiency,4 kg/kg 1.18 1.22 0.102 0.53
Milk fat, % 4.05 4.35 0.27 0.05
Milk fat, kg/d 1.13 1.32 0.10 0.08
Milk protein, % 3.56 3.58 0.13 0.80
Milk protein kg/d 1.02 1.10 0.10 0.40
Milk lactose, % 4.74 4.73 0.12 0.80
Milk lactose, kg/d 1.33 1.46 0.15 0.17
MUN, mg/dL 11.7 11.1 0.77 0.29
1Treatments were control (CON), and 60 mg of 3NOP/kg of feed DM 
(3NOP).
2Largest SEM published in table; n = 11 for all other variables (n 
represents the number of observations used in the statistical analysis). 
Data for one cow in period 2 (control) were removed from the analysis 
due to low milk production (see Materials and Methods).
3Energy-corrected milk calculated as ECM (kg) = milk production 
(kg) × (383 × fat % + 242 × protein % + 165.4 × lactose % + 20.7) 
÷ 3,140 (Sjaunja et al., 1990).
4Milk yield ÷ DMI.
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CONCLUSIONS

The CH4 inhibitor tested in this experiment, 3-nitro-
oxypropanol, decreased enteric CH4 emission by 31% 
and decreased acetate-to-propionate ratio, increased 
molar proportions of propionate and butyrate, and 
decreased ammonia concentration in ruminal fluid of 
lactating dairy cows. The inhibitor had no effect on 
rumen archaea composition, but tended to decrease the 
proportion of methanogen cell counts in whole ruminal 
contents. In line with the lack of effect on rumen ar-
chaeal genus distribution, the isotopic composition of 
CH4 was similar between treatments.
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