
ABSTRACT

The aim of this study was to determine the methane 
(CH4) mitigation potential of 3-nitrooxypropanol and 
the persistency of its effect when fed to dairy cows 
in early lactation. Sixteen Holstein-Friesian cows (all 
multiparous; 11 cows in their second parity and 5 cows 
in their third parity) were blocked in pairs, based on 
actual calving date, parity, and previous lactation milk 
yield, and randomly allocated to 1 of 2 dietary treat-
ments: a diet including 51 mg of 3-nitrooxypropanol/kg 
of dry matter (3-NOP) and a diet including a placebo 
at the same concentration (CON). Cows were fed a 
35% grass silage, 25% corn silage, and 40% concen-
trate (on dry matter basis) diet from 3 d after calving 
up to 115 d in milk (DIM). Every 4 weeks, the cows 
were housed in climate respiration chambers for 5 d 
to measure lactation performance, feed and nutrient 
intake, apparent total-tract digestibility of nutrients, 
energy and N metabolism, and gaseous exchange (4 
chamber visits per cow in total, representing 27, 55, 
83, and 111 DIM). Feeding 3-NOP did not affect dry 
matter intake (DMI), milk yield, milk component 
yield, or feed efficiency. These variables were affected 
by stage of lactation, following the expected pattern 
of advanced lactation. Feeding 3-NOP did not affect 
CH4 production (g/d) at 27 and 83 DIM, but decreased 
CH4 production at 55 and 111 DIM by an average of 
18.5%. This response in CH4 production is most likely 
due to the differences observed in feed intake across 
the different stages of lactation because CH4 yield (g/
kg of DMI) was lower (on average 16%) at each stage 
of lactation upon feeding 3-NOP. On average, feeding 
3-NOP increased H2 production and intensity 12-fold; 

with the control diet, H2 yield did not differ between the 
different stages of lactation, whereas with the 3-NOP 
treatment H2 yield decreased from 0.429 g/kg of DMI 
at 27 DIM to 0.387 g/kg of DMI at 111 DIM. The 
apparent total-tract digestibility of dry matter, organic 
matter, neutral detergent fiber, and gross energy was 
greater for the 3-NOP treatment. In comparison to the 
control treatment, 3-NOP did not affect energy and 
N balance, except for a greater metabolizable energy 
intake to gross energy intake ratio (65.4 and 63.7%, 
respectively) and a greater body weight gain (average 
0.90 and 0.01% body weight change, respectively). In 
conclusion, feeding 3-NOP is an effective strategy to 
decrease CH4 emissions (while increasing H2 emission) 
in early lactation Holstein-Friesian cows with positive 
effects on apparent total-tract digestibility of nutrients.
Key words: dairy cow, 3-nitrooxypropanol, lactation 
stage, enteric methane production

INTRODUCTION

Enteric CH4 is a natural end product of microbial 
fermentation of feed in the rumen and hindgut of ru-
minant livestock. Although methanogens play an es-
sential role in the removal of H2 from the rumen to 
prevent inhibition of microbial metabolism (McAllister 
and Newbold, 2008), CH4 has no nutritional value for 
the animal and is released into the atmosphere mainly 
through eructation and breath. Because CH4 is a po-
tent greenhouse gas that contributes to global warming, 
enteric CH4 production has become one of the main 
targets of greenhouse gas mitigation practices for the 
dairy industry (Hristov et al., 2013).

Comprehensive reviews on enteric CH4 mitigation 
strategies have been published (e.g., Beauchemin et al., 
2008; Martin et al., 2010; Hristov et al., 2013). Several 
dietary strategies have been proposed to mitigate enter-
ic CH4 production, including the use of feed additives. 
Some feed additives are inhibitors of methanogenesis, 
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natural or synthetic compounds that directly inhibit 
methanogenesis by rumen archaea. Recently, Duin et 
al. (2016) described the characteristics of the feed addi-
tive 3-nitrooxypropanol (3-NOP).

The compound 3-NOP is a highly specific inhibitor 
that targets the nickel enzyme methyl-coenzyme M 
reductase, which catalyzes the final step in methano-
genesis in rumen archaea (Duin et al., 2016). At low 
concentrations, 3-NOP appears to inhibit methanogens 
without having a negative effect on performance in 
dairy cattle (Hristov et al., 2015; Lopes et al., 2016; 
Haisan et al., 2014; 2017). Hence, 3-NOP seems to be 
an effective feed additive to mitigate CH4 emission of 
dairy cows. Melgar et al. (2020) investigated the effect 
of 3-NOP fed to dairy cattle on a corn silage-based diet 
throughout the entire early lactation period, starting 
from onset of lactation until 105 DIM. In that study, 
emissions of both CH4 and H2 were measured with the 
GreenFeed system. Neither the persistency of the ef-
fect of 3-NOP nor effects of 3-NOP on energy balance 
were reported by Melgar et al. (2020). Therefore, the 
aim of this study was to determine the CH4 mitigation 
potential of 3-NOP and its persistency in postpartum 
dairy cows, as well as the effects on feed intake, energy 
and N balance, milk production and composition, milk 
fatty acid profile, and H2 emissions.

MATERIALS AND METHODS

Experimental Design

The experiment was conducted from February until 
July 2017 at the animal research facilities of Wagenin-
gen University & Research (Wageningen, the Nether-
lands), under the Dutch law on Animal Experiments 
in accordance with European Union Directive 2010/63, 
and approved by the Central Committee of Animal 
Experiments (The Hague, the Netherlands; 2016.D-
0060.001). The use of 3-NOP (10%) in 1,2-propanediol 
on silicon dioxide (DSM Nutritional Products Ltd., 
Basel, Switzerland) in animal feed was preapproved by 
the Veterinary Drugs Directorate Division (Utrecht, 
the Netherlands). Milk was discarded during the study 
and upon completion a 7-d withdrawal period was 
implemented.

The experiment followed a completely randomized 
block design with 2 dietary treatments and 16 Holstein-
Friesian dairy cows. All cows were multiparous; 11 cows 
were in their second parity and 5 cows in their third 
parity (i.e., 3 assigned to the control treatment and 2 
assigned to the 3-NOP supplemented treatment). Cows 
were blocked in pairs based on actual calving date, par-
ity (2.4 ± 0.52 for control treatment and 2.3 ± 0.46 for 
3-NOP treatment; mean ± standard deviation; SD), 

and previous lactation milk yield (kg of milk per 305-d 
lactation; 8,599 ± 580 for control treatment and 8,405 ± 
714 for 3-NOP treatment; mean ± SD). Subsequently, 
cows within a block were randomly assigned to 1 of the 
2 dietary treatments: a control diet with silicon dioxide 
(CON) and a diet with 3-NOP on silicon dioxide (3-
NOP). The dairy cows received the experimental diets 
from 3 d after calving up to approximately 115 DIM.

Three weeks before their expected calving dates, the 
cows were transferred from the freestall barn to a tie-
stall barn. These 3 wk were considered to be the close-
up period, during which the cows were fed a transition 
diet according to standard operating procedures at the 
experimental facilities (i.e., a mixture of grass silage, 
corn silage, hay, and water). Approximately 1 wk be-
fore the expected calving date, the dairy cows were 
switched to a diet comprising 50% of the transition diet 
and 50% of the lactation diet on an ingredient basis 
(i.e., experimental diet without supplement). On the 
third day after calving, the cows were switched to the 
CON or 3-NOP treatment.

After calving, the cows were housed in the tie-stalls 
for another 3 wk, during which DMI and milk yield 
were recorded, before they were transferred to the cli-
mate respiration chambers (CRC) for their first 5-d 
measurement period. This schedule (i.e., 3 wk in the 
tie-stall barn and 1 wk with 5 d in the CRC) was re-
peated 4 times, resulting in 4 measurement periods in 
the CRC per cow at 27, 55, 83, and 111 ± 3.1 DIM 
(average ± SD; similar SD for all). Four identical, indi-
vidual chambers were available, and groups of 4 cows (2 
blocks of 2 cows each) were allocated to the chambers 
in a staggered manner.

Diets, Feeding, and Housing

Both the CON and the 3-NOP treatment consisted of 
35% grass silage, 25% corn silage, and 40% concentrate 
mixture, on a DM basis. The ingredient and chemical 
composition of both treatments are presented in Table 
1. To determine apparent total-tract nutrient digest-
ibility, TiO2 was included in the concentrate of both 
treatments as an external marker. The concentrate was 
in meal form and produced by Research Diet Services 
(RDS BV, Wijk bij Duurstede, the Netherlands) in a 
single batch, and hence was assumed to be of uniform 
composition throughout the experiment. Diets were for-
mulated to meet the requirements for maintenance and 
milk production of dairy cows in early lactation. The 
NEL was calculated with the Dutch NEL system (VEM 
as feed unit lactation; Van Es, 1978), and the Dutch 
protein evaluation system DVE/OEB 2010 (DVE as 
intestinal digestible protein and OEB as rumen degrad-
able protein balance; Van Duinkerken et al., 2011).

van Gastelen et al.: 3-NITROOXYPROPANOL, LACTATION STAGE, AND METHANE EMISSIONS



Journal of Dairy Science Vol. 103 No. 9, 2020

The supplement (silicon dioxide + 1,2 propanediol 
only as placebo supplement for the CON treatment; 
10% 3-NOP on silicon dioxide + 1,2-propanediol as 
supplement for the 3-NOP treatment) was first mixed 
with ground corn, soybean oil, and wet molasses (10% 
supplement, 68% ground corn, 6% soybean oil, and 16% 
wet molasses on wt/wt basis). This mixture was sub-
sequently mixed with the concentrate using a Forberg 
F60 Paddle-shift mixer (Halvor Forberg A/S, Oslo, 
Norway) resulting in the concentrate mixture (Table 
1) and stored at 6°C. This procedure was performed 3 
times weekly. Daily, the concentrate mixture was mixed 
with grass silage, corn silage, and water to compose a 
TMR using a self-propelled mixer wagon (Strautmann 
Verti-Mix 500, Bad Laer, Germany) equipped with a 
cutter loader system and an electronic weighing scale, 
and subsequently stored at 6°C if not fed directly after 
preparation. The 3-NOP TMR was always prepared 
after preparation of the CON TMR was finished. The 
target inclusion level was 60 mg of 3-NOP/kg of DM 
for the 3-NOP TMR.

Cows were fed individually and milked twice daily 
at 0530 h and 1530 h throughout the experiment in 
the tie-stall barn, as well as in the CRC. The daily 
amount of TMR consumed by each individual cow was 
calculated from the amounts of feed fed in the morn-

ing and afternoon of the previous day and the refusals 
present in the feed bunk before the morning feeding. 
Cows were fed ad libitum, allowing 10% refusals. Cows 
had free access to clean drinking water throughout the 
experiment.

On Monday afternoon (1300 h) of every fourth week 
(i.e., after 3 wk in the tie-stall barn), the cows were 
individually transported to 1 of 4 identical CRC (i.e., 
each cow was housed in another CRC during each 
measurement period) for a 5-d measurement period to 
determine cow performance, gaseous exchange, energy 
and N balance, and apparent total-tract nutrient di-
gestibility.

Climate Respiration Chambers

A detailed description of the CRC design and gas 
measurements is reported by Heetkamp et al. (2015) 
and van Gastelen et al. (2015). Briefly, the relative 
humidity and temperature of each CRC (i.e., an area 
of 11.8 m2 and a volume of 34.5 m3) was maintained at 
65% and 16°C, respectively. The CRC were equipped 
with thin walls with windows to allow audio-visual 
contact, minimizing the effect of social isolation on cow 
behavior and performance. Cows were exposed to 16 
h of light per day (0530 to 2130 h) and housed in the 
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Table 1. Chemical composition (g/kg of DM, unless otherwise stated) of the TMR ingredients (analyzed) and of the complete TMR (calculated)1

Item
Grass  
silage2

Corn  
silage3

Concentrate 
mixture4

 

TMR

CON 3-NOP CON5 3-NOP5 27 DIM6 55 DIM6 83 DIM6 111 DIM6

DM (g/kg as fed) 494 329 880 881 441 441 438 441 443 441
OM 917 963 920 921 930 930 930 929 929 931
CP 189 79 219 219 174 174 171 173 175 177
Crude fat 40 30 37 37 36 36 35 35 37 38
Gross energy (MJ/kg of DM) 19.5 18.9 18.2 18.2 18.8 18.8 18.8 18.8 18.8 18.9
NDF 477 391 238 228 360 356 360 366 349 355
ADF 277 218 140 145 207 209 205 209 209 210
ADL 9.5 11.6 1.5 1.7 6.8 6.9 6.5 6.8 7.1 7.1
Starch —7 334 235 231 178 176 179 174 179 176
Sugar 79 — 92 92 64 65 64 65 64 66
1The TMR was composed of 31% grass silage, 33% corn silage, 20% concentrate mixture, and 16% water on product basis, which equals 350 g/
kg of DM grass silage, 250 g/kg of DM corn silage, and 400 g/kg of DM concentrate mixture.
2NEL (van Es, 1978) = 6.8 MJ/kg of DM; intestinal digestible protein (DVE; van Duinkerken et al., 2011) = 70 g/kg of DM; rumen degraded 
protein balance (OEB; van Duinkerken et al., 2011) = 35 g/kg of DM; ensiling characteristics: acetic acid = 5 g/kg of DM, lactic acid = 3 g/
kg of DM, ammonia-N = 2.6% total N, and pH = 6.0.
3NEL = 7.0 MJ/kg of DM; intestinal digestible protein (DVE) = 55 g/kg of DM; rumen degraded protein balance (OEB) = −45 g/kg of DM; 
ensiling characteristics: acetic acid = 9 g/kg of DM, lactic acid = 56 g/kg of DM, ammonia-N = 10.3% total N, and pH = 3.9.
4The concentrate mixture consisted of 987.1 g/kg of DM concentrate, 8.9 g/kg of DM ground corn, 0.9 g/kg of DM soybean oil, 1.8 g/kg of DM 
molasses, and 1.3 g/kg of supplement (i.e., placebo supplement for CON diet and 3-NOP supplement for 3-NOP diet). Concentrate added to the 
concentrate mixture contained (g/kg of DM): corn = 310, soybean meal = 160, rumen-protected soybean meal (MervoBest, Nuscience, Utrecht, 
the Netherlands) = 150, soybean hulls = 200, sugar beet pulp = 100, molasses = 40, soybean oil = 7.5, CaCO3 = 14, NaCl = 5.0, MgO = 0.5, 
trace mineral and vitamin mix = 8.0, and TiO2 = 5.0. CON = control diet; 3-NOP = diet with 3-nitrooxypropanol as additive.
5Calculated TMR composition for CON and 3-NOP treatments, averaged over 27, 55, 83, and 111 DIM.
6Calculated TMR composition for 27, 55, 83, and 111 DIM, averaged over the CON and 3-NOP treatments.
7Not determined.
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CRC until Friday morning (0900 h) when they returned 
to the tie-stall barn.

A H2 analyzer (type MGA 3000 multi gas analyzer, 
ADC Gas Analysis Ltd., Hoddesdon, UK) was installed 
in series with the O2, CO2, and CH4 gas analyzers. Inlet 
and exhaust air of each CRC was sampled with an aver-
age interval of 12.5 min (i.e., four 12-min intervals for 
each CRC and one 15-min interval for inlet air), similar 
to the study described by van Gastelen et al. (2017). 
Production of CO2, H2, and CH4 and consumption of 
O2 was calculated from the difference between inlet and 
exhaust gas volumes. The ventilation rate within the 
CRC was 58 m3/h to ensure that the peaks in H2 con-
centration after feeding were captured and fell within 
the optimum range required for the H2 analyzer (0–100 
ppm). Staff entered the CRC for approximately 30 min 
twice daily at 0530 h and 1530 h for feeding (i.e., clear-
ing of feed-orts and refeeding) and milking. Similar to a 
previous study (van Gastelen et al., 2017), we decided 
not to discard the gas measurements during feeding 
and milking to capture the H2 concentration peak that 
occurs directly after feeding when staff are still in the 
CRC. Van Gastelen et al. (2017) demonstrated that 
including this period of data collection did not affect 
the daily production of CH4.

Gas concentrations and ventilation rates were cor-
rected for pressure, temperature, and relative humidity 
to obtain standard temperature pressure dew point 
volumes of inlet and exhaust air. Once a day, calibra-
tion gases were sampled for gas analysis instead of the 
inlet air, and the analyzed and actual values of these 
calibration gases were used to correct the measured gas 
concentrations from the inlet air and exhaust air of 
all CRC. Before the experiment started and after the 
experiment finished, each CRC was checked by releas-
ing known amounts of CO2, CH4, and H2 (the latter 
2 only after the experiment finished), and comparing 
these values with the data from the gas analysis system 
to determine recovery. The average recovery of CO2 
was 99.2% (for individual chambers between 98.3 and 
100.2%), the average recovery of CH4 was 99.6% (be-
tween 96.6 and 101.3%), and the average recovery of H2 
was 95.6% (between 93.8 and 97.4%).

Sample Collection and Measurements

Samples of grass silage, corn silage, and both concen-
trate mixtures were obtained every Monday when fresh 
feed was prepared. These samples were subsequently 
pooled per measurement period, subsampled, and 
stored at −20°C until analysis. During the 5-d period in 
the CRC, feed residues were collected twice daily (0530 
h and 1530 h), weighed, and stored at 4°C. At the end 

of the 5-d period in the CRC, daily orts were pooled 
per cow, mixed, subsampled, and stored at −20°C until 
analysis.

While the cows were housed in the CRC, milk yield 
was recorded and milk was collected at each milk-
ing (i.e., twice daily at 0530 h and 1530 h). A milk 
sample (10-mL) of each milking event was collected in 
a tube containing sodium azide (5-μL) for preservation, 
stored no longer than 4 d at 4°C, and analyzed for fat, 
protein, lactose, and urea content. Average daily milk 
composition was calculated from milk composition and 
milk yield of both daily milking events. The average 
of individual daily milk compositions, milk yields, and 
DMI in each CRC measurement period was used for 
statistical analysis. An additional milk sample (5 g/
kg of milk) was collected at each milking event in the 
CRC, pooled per cow for every measurement period in 
the CRC, and stored at −20°C until milk energy and N 
analyses. For milk fatty acid (MFA) composition, milk 
samples were collected according to van Gastelen et al. 
(2015), pooled per cow per period, and stored at −20°C 
until analysis.

Measurements of CH4, H2, and CO2 production, and 
O2 consumption were based on data recorded from 
0800 h on the second day in the CRC through 0800 
h on the fifth day in the CRC. Cows were weighed 
when entering and leaving the CRC. The feces and 
urine produced during the 5-d period in the CRC were 
quantitatively collected (by cleaning the entire CRC), 
weighed, mixed, subsampled (0.9 ± 0.14% relative to 
total amount; mean ± SD), and stored at −20°C until 
analysis, similar to van Gastelen et al. (2015). In ad-
dition, samples of condensed water (i.e., collected from 
the heat exchanger) and of 25% sulfuric acid solution 
(wt/wt; through which aerial ammonia in outflowing 
air was trapped) of each CRC were collected to account 
for N volatilized in the form of ammonia from the mix 
of feces and urine collected during the entire measure-
ment period when cows were in the CRC. During the 
5 d in the CRC, rectal grab samples (~300 g) were 
collected twice daily at 0530 h and 1530 h and stored at 
−20°C until analysis. Before analysis, the grab samples 
were thawed, pooled per cow and measurement period, 
mixed, and subsampled for analysis.

Chemical Analysis

Samples of feed, feed residues, manure, and the rec-
tal grab samples were thawed at room temperature, 
oven-dried at 60°C, ground to pass a 1-mm screen using 
a cross beater mill for both silages (Peppink 100AN, 
Olst, the Netherlands) and an ultra-centrifugal mill for 
all other samples (Retsch ZM200, Retsch GmbH, Haan, 
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Germany), and analyzed by wet chemistry [DM, ash, 
N, starch, reducing sugars (i.e., all carbohydrates with 
reducing properties and soluble in 40% ethanol), crude 
fat, NDF, ADF, and ADL] as described by Abrahamse 
et al. (2008). Bomb calorimetry (ISO 9831; Internation-
al Organization for Standardization, 1998) was used 
to determine gross energy (GE). Crude protein was 
calculated as N × 6.25, where N was determined using 
the Kjeldahl method with CuSO4 as a catalyst (ISO 
5983; International Organization for Standardization, 
2005). The N concentrations in manure and roughages 
were determined in fresh material according to Klop et 
al. (2016).

Grass silage, corn silage, and concentrates were ana-
lyzed for DM, ash, N, crude fat, starch (except for grass 
silage), reducing sugars (except for corn silage), NDF, 
ADF, ADL, and GE. Feed residues were analyzed for 
DM and ash. Manure samples were analyzed for DM, 
N, and GE. The rectal grab samples were analyzed for 
DM, ash, N, crude fat, starch, NDF, and GE. The TiO2 
content of the concentrate mixtures, as well as the rec-
tal grab samples, was determined using the procedure 
described by Nichols et al. (2018).

Milk samples from individual milking events were an-
alyzed for fat, protein, lactose, and urea content by mid-
infrared spectroscopy (ISO 9622; International Organi-
zation for Standardization, 2013; VVB, Doetinchem, 
the Netherlands). Pooled milk samples were analyzed 
for GE and N content according to methods described 
by Hatew et al. (2015). Fat- and protein-corrected 
milk yield (FPCM) was calculated according to the 
equation FPCM (kg/d) = (0.337 + 0.116 × fat % + 
0.06 × protein %) × milk yield (kg/d) (CVB, 2012). 
Energy-corrected milk was calculated according to the 
equation ECM (kg/d) = [milk yield (kg/d) × 0.327] 
+ [fat yield (kg/d) × 12.95] + [protein yield (kg/d) × 
7.25] (Tyrrell and Reid, 1965). The MFA composition 
of the pooled milk samples was determined using GC 
(Thermo Electron Corp., Waltham, MA) by Qlip (Qlip 
B.V., Zutphen, the Netherlands) with a split/splitless 
injector and H2 as carrier gas as described by van Gas-
telen et al. (2015).

Samples of the CON and 3-NOP TMR were collected 
weekly throughout the study, frozen at −20°C, and 
transported to DSM Nutritional Products (Kaiseraugst, 
Switzerland) on dry ice at the end of the study for 
analysis of 3-NOP content. Upon arrival, the samples 
were thawed, weighed, and extracted with acetonitrile 
containing 0.5% formic acid at 50°C in a sonication 
bath. An aliquot (2-mL) was centrifuged at 13,148 × 
g in an Eppendorf bench-top centrifuge and the clear 
supernatant analyzed via an Agilent HPLC-UV system 
(Agilent 1200, Agilent Technologies AG, Basel, Swit-

zerland) equipped with a RP-18 column (Accucore Po-
lar Premium, 150 × 4.6 mm, 2.6 μm, Thermo) at 210 
nm. The following gradients, consisting of mobile phase 
A [water/acetonitrile/methane sulfonic acid (95/5/0.1, 
vol/vol/vol)] and B [water/acetonitrile/methane sul-
fonic acid (80/20/0.1, vol/vol/vol)], were applied with 
a flow of 0.4 mL/min: 100% A 0 to 10.5 min at 100% 
A, to 100% B within 0.5 min (10.5 min), staying at 
100% B for 5.5 min (16 min), returning to 100% A 
within 0.5 min (16.5 min) and equilibrating at 100% A 
until run time end (25 min). Quantification was done 
by applying the standard addition technique as follows: 
different quantities of 3-NOP solution were added to 
blank TMR and the calibration samples extracted in a 
similar manner to the unknown samples. The obtained 
analytical result was converted to dry weight basis by 
correcting for the DM content of the original sample.

Statistical Analysis

One animal (CON treatment) was removed from the 
experiment just before the second measurement in the 
CRC because of an accident. A single measurement of 
2 more animals (the first measurement in the CRC of 
a CON treatment cow and the fourth measurement in 
the CRC of a 3-NOP treatment cow) were removed 
from statistical analyses due to general health issues 
unrelated to the dietary treatments or experimental 
conditions or because of outlying values (>3 × SD) for 
milk yield and CH4 emission.

All variables related to feed intake, milk production, 
and milk composition while cows were housed in the 
CRC were averaged per cow per measurement period. 
The variables related to energy and N balance were 
expressed per kilogram of metabolic BW (BW0.75) per 
day. Cow was considered the experimental unit for all 
variables. Data were analyzed using the MIXED pro-
cedure in SAS (version 9.3, SAS Institute Inc., Cary, 
NC, USA). Dietary treatment (i.e., CON and 3-NOP), 
DIM (i.e., 27, 55, 83, and 111 DIM), and their inter-
action were considered fixed effects. For all analyses, 
the fixed effect of CRC was initially included in the 
model, but was removed because it tended to affect 
only 3 response variables (i.e., 0.05 < P < 0.10; equally 
distributed over the different variable categories) and 
was found to be not significant (i.e., P > 0.10) for the 
remainder of the variables. The model included block 
and cow as random factor, and the data were subjected 
to repeated measures ANOVA to account for repeated 
measurements with the same cow. The covariance 
structure autoregressive 1 was used, as it had the low-
est overall Akaike’s information criterion values, and 
the Kenward-Roger option was used to estimate the 
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denominator degrees of freedom. Differences between 
treatment means were compared using the least squares 
means procedure and the Tukey-Kramer method for 
multiple comparisons when an effect of DIM or an 
interaction was detected at P ≤ 0.05. All results are 
reported as least squares means, representing the CON 
and 3-NOP treatments (averaged over 27, 55, 83, and 
111 DIM) or DIM (averaged over the CON and 3-NOP 
treatments) with significance of effects declared at P ≤ 
0.05 and tendencies at 0.05 < P ≤ 0.10.

RESULTS

Nutrient Intake and Digestibility

The average 3-NOP recovery was 86.8%, which is 
equivalent to an inclusion level of 51 mg/kg of DM. 
Nutrient intake, DMI, and apparent total-tract digest-
ibility of nutrients were not affected by treatment × 
DIM interactions. Nutrient intake and DMI were also 
not affected by 3-NOP, but the apparent total-tract 
digestibility of DM, OM, GE, and NDF were higher (P 
≤ 0.042; Table 2), and the apparent total-tract digest-
ibility of CP tended to be higher (P = 0.059) for the 
3-NOP treatment compared with the CON treatment. 
Days in milk affected DMI and the intake of all nu-
trients (P < 0.001), which were generally lower for 27 
DIM compared with 55, 83, and 111 DIM. The appar-

ent total-tract digestibility of DM, OM, and GE were 
lower (P ≤ 0.039) at 83 DIM compared with 27 DIM, 
and the apparent total-tract digestibility of CP was 
lower (P = 0.008) at 83 DIM compared with 55 DIM.

Lactation Performance

Only feed efficiency (kg of FPCM/kg of DMI) tended 
to be affected by a treatment × DIM interaction (P 
= 0.081; Table 3). Milk fat content and milk protein 
content were higher for the 3-NOP treatment compared 
with the CON treatment (P = 0.022 and P = 0.031, 
respectively), whereas other lactation performance 
characteristics were not affected by 3-NOP. Days in 
milk affected the majority of the lactation performance 
characteristics. Milk yield was lower (P < 0.001) at 
111 DIM compared with both 27 and 55 DIM, whereas 
FPCM, ECM, and feed efficiency decreased from 
27 DIM to both 55 and 83 DIM, and further to 111 
DIM (P < 0.001), with no difference between 55 and 
83 DIM. In contrast, milk urea content was higher at 
111 DIM compared with both 27 and 55 DIM. Lactose 
yield was lower at 111 DIM compared with 27, 55, and 
83 DIM (P < 0.001). Milk protein content was signifi-
cantly affected by DIM (P = 0.044), but only tended 
to be higher at 111 DIM compared with 27 DIM. Fat 
yield (g/d) tended to decrease with advancing lactation 
stage (P = 0.067).
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Table 2. Nutrient intake and apparent total-tract digestibility of nutrients of early lactation dairy cows fed diets with (3-NOP) or without 
(CON) 3-nitrooxypropanol supplementation

Item

Treatment (T)1

 

DIM2

SEM

P-value

CON 3-NOP 27 55 83 111 T DIM T × DIM

Nutrient intake (kg/d, 
 unless otherwise stated)

          

 DM 20.1 20.5 18.6a 20.7b 20.8b 21.0b 0.71 0.674 <0.001 0.141
 OM 18.7 19.0 17.3a 19.3b 19.3b 19.6b 0.66 0.672 <0.001 0.139
 CP 3.48 3.55 3.17a 3.58b 3.63b 3.68b 0.112 0.636 <0.001 0.146
 Crude fat 0.73 0.74 0.65a 0.72b 0.76bc 0.80c 0.023 0.692 <0.001 0.119
 Gross energy (MJ/d) 378 386 350a 390b 391b 396b 13.3 0.651 <0.001 0.137
 NDF 7.23 7.28 6.68a 7.60b 7.27ab 7.47b 0.266 0.860 <0.001 0.196
 ADF 4.16 4.29 3.80a 4.35b 4.34b 4.42b 0.153 0.502 <0.001 0.242
 ADL 0.14 0.14 0.12a 0.14b 0.15b 0.15b 0.006 0.376 <0.001 0.732
 Starch 3.59 3.60 3.33a 3.61b 3.74b 3.70b 0.128 0.925 <0.001 0.131
 Sugar 1.31 1.32 1.19a 1.34b 1.33b 1.40b 0.058 0.718 <0.001 0.121
Apparent digestibility 
 (% of intake)

          

 DM 73.3 74.8 74.9a 74.4ab 72.4b 74.4ab 0.79 0.024 0.039 0.851
 OM 74.6 76.1 76.3a 75.7ab 73.7b 75.7ab 0.77 0.031 0.032 0.862
 CP 65.5 67.2 65.9ab 67.3a 64.3b 67.8ab 0.96 0.059 0.008 0.525
 Crude fat 67.1 66.6 69.8 66.0 63.9 67.8 1.96 0.809 0.148 0.796
 Gross energy 71.9 73.4 73.8a 73.1ab 70.7b 73.1ab 0.85 0.035 0.017 0.843
 NDF 66.4 68.8 68.4 68.0 65.6 68.3 1.17 0.042 0.148 0.683
 Starch 97.2 96.8 97.1 97.1 97.1 96.7 0.27 0.247 0.682 0.813
a–cValues with a different superscript letter indicate a significant difference between 27, 55, 83, and 111 DIM.
1Values reported as LSM for the CON and 3-NOP treatments, averaged over 27, 55, 83, and 111 DIM.
2Values reported as LSM for 27, 55, 83, and 111 DIM, averaged over the CON and 3-NOP treatments.
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Milk Fatty Acid Profile

Three MFA (i.e., C17:0 iso, C17:0, and C17:1 cis-9) 
were affected by a treatment × DIM interaction (P ≤ 
0.035; Table 4), and C12:0 and C18:1 trans-6 tended 
to be affected by a treatment × DIM interaction (P ≤ 
0.095). The proportion of C17:0 iso was lower for the 
3-NOP treatment compared with the CON treatment, 
but only at 83 DIM. The proportion of C17:1 cis-9 
was lower for the 3-NOP treatment compared with the 
CON treatment, but only at 27 DIM. The proportion of 
C17:0 did not differ between the 3-NOP and the CON 
treatment at any DIM, but the proportion of C17:0 for 
the CON treatment was higher at 27 DIM than at any 
other DIM, whereas the proportion of C17:0 for the 
3-NOP treatment was not affected by DIM.

The proportion of MFA C6:0 and C8:0 were higher 
(P ≤ 0.046; Table 4), and those of C10:0 and C12:0 
tended to be higher (P ≤ 0.070), for the 3-NOP treat-
ment compared with the CON treatment. In contrast, 
the proportions of C14:0 iso, C16:0 iso, C18:1 cis-11, 
C18:1 cis-12, C18:1 cis-13, C18: 2n -6, and C18: 3n -3 
were lower (P ≤ 0.043), and the proportions of C16:1 
trans-9, C18:1 trans-6, and C18:1 cis-14 tended to be 
lower (P ≤ 0.074) for the 3-NOP treatment compared 
with the CON treatment. The ratio representing mam-
mary synthase activity was greater (P = 0.026) with 
the 3-NOP treatment compared with the CON treat-
ment. The group of SFA tended to increase, the group 
of UFA and MUFA tended to decrease, and the group 
of PUFA decreased (P = 0.024) for the 3-NOP treat-
ment compared with the CON treatment.

The short- and even-chain (i.e., <16C) fatty acids 
(FA), which are produced de novo in the mammary 
gland, generally increased with advancing lactation 
stage, with the exception of C4:0, which was higher 
(P < 0.001) at 27 DIM compared with 55, 83, and 
111 DIM (Table 4). The proportions of C6:0, C8:0, and 
C10:0 were lower (P < 0.001) at 27 DIM compared 
with 55, 83, and 111 DIM, and the proportions C12:0, 
C14:0, and C14:1 cis-9 increased from 27 DIM to both 
55 and 83 DIM, and further to 111 DIM. Also, the 
ratio for mammary synthase activity increased (P < 
0.001) from 27 DIM to 55 DIM, and further to both 
83 and 111 DIM. The proportions of C16:0 increased 
(P < 0.001) with increasing DIM, and C16:1 cis-9 was 
higher at 27 DIM compared with 55, 83, and 11 DIM, 
whereas C16:1 trans-9 decreased from 27 DIM to 55 
DIM, and further to both 83 and 111 DIM. The odd- 
and branched-chain fatty acids (OBCFA) showed a 
more variable response. The proportions of both C15:0 
and C15:0 iso were lower (P ≤ 0.005) at 27 DIM com-
pared with 55, 83, and 111 DIM, and C15:0 anteiso 

van Gastelen et al.: 3-NITROOXYPROPANOL, LACTATION STAGE, AND METHANE EMISSIONS
T
ab

le
 3

. 
M

ilk
 p

ro
du

ct
io

n 
an

d 
co

m
po

si
ti
on

 o
f 
ea

rl
y 

la
ct

at
io

n 
da

ir
y 

co
w

s 
fe

d 
di

et
s 

w
it
h 

(3
-N

O
P

) 
or

 w
it
ho

ut
 (

C
O

N
) 

3-
ni

tr
oo

xy
pr

op
an

ol
 s

up
pl

em
en

ta
ti
on

It
em

T
re

at
m

en
t 

(T
)1

 

D
IM

2

SE
M

P
-v

al
ue

C
O

N
3-

N
O

P
27

55
83

11
1

T
D

IM
T

 ×
 D

IM

M
ilk

 y
ie

ld
 (

kg
/d

)
38

.9
37

.3
39

.8
a

39
.0

a
37

.8
ab

36
.0

b
1.

73
0.

60
1

<
0.

00
1

0.
86

7
F
P

C
M

3  
(k

g/
d)

39
.4

39
.0

41
.7

a
39

.5
b

38
.9

b
36

.5
c

1.
82

0.
89

5
<

0.
00

1
0.

89
2

E
C

M
4  
(k

g/
d)

42
.7

42
.3

45
.2

a
42

.9
b

42
.2

b
39

.6
c

1.
98

0.
91

5
<

0.
00

1
0.

90
6

Fe
ed

 e
ff
ic

ie
nc

y 
(k

g 
of

 F
P

C
M

/k
g 

of
 D

M
I)

1.
97

1.
90

2.
25

a
1.

90
b

1.
86

b
1.

72
c

0.
06

4
0.

54
2

<
0.

00
1

0.
08

1
Fa

t 
co

nt
en

t 
(g

/1
00

 g
 o

f 
m

ilk
)

4.
12

4.
45

4.
56

4.
24

4.
25

4.
09

0.
13

3
0.

02
2

0.
17

7
0.

90
2

P
ro

te
in

 c
on

te
nt

 (
g/

10
0 

g 
of

 m
ilk

)
3.

03
3.

27
2.

95
3.

11
3.

17
3.

36
0.

07
8

0.
03

1
0.

04
4

0.
95

9
L
ac

to
se

 c
on

te
nt

 (
g/

10
0 

g 
of

 m
ilk

)
4.

72
4.

71
4.

74
4.

74
4.

71
4.

67
0.

03
8

0.
95

7
0.

20
6

0.
68

3
U

re
a 

co
nt

en
t 

(m
g/

10
0 

g 
of

 m
ilk

)
17

.6
20

.9
16

.5
a

18
.6

ab
20

.1
bc

21
.8

c
2.

00
0.

35
2

0.
00

1
0.

84
3

Fa
t 

yi
el

d 
(g

/d
)

1,
64

3
1,

63
7

1,
81

8
1,

65
2

1,
62

0
1,

46
8

83
.6

0.
94

6
0.

06
7

0.
99

9
P

ro
te

in
 y

ie
ld

 (
g/

d)
1,

19
7

1,
17

3
1,

15
9

1,
19

7
1,

19
6

1,
18

9
44

.8
0.

75
1

0.
53

6
0.

67
9

L
ac

to
se

 y
ie

ld
 (

g/
d)

1,
83

4
1,

77
7

18
88

a
18

51
a

17
99

a
16

84
b

86
.1

0.
70

3
<

0.
00

1
0.

71
7

a–
c V

al
ue

s 
w

it
h 

a 
di

ff
er

en
t 

su
pe

rs
cr

ip
t 

le
tt

er
 i
nd

ic
at

e 
a 

si
gn

ifi
ca

nt
 d

iff
er

en
ce

 b
et

w
ee

n 
27

, 
55

, 
83

, 
an

d 
11

1 
D

IM
.

1 V
al

ue
s 

re
po

rt
ed

 a
s 

L
SM

 f
or

 t
he

 C
O

N
 a

nd
 3

-N
O

P
 t

re
at

m
en

ts
, 
av

er
ag

ed
 o

ve
r 

27
, 
55

, 
83

, 
an

d 
11

1 
D

IM
.

2 V
al

ue
s 

re
po

rt
ed

 a
s 

L
SM

 f
or

 2
7,

 5
5,

 8
3,

 a
nd

 1
11

 D
IM

, 
av

er
ag

ed
 o

ve
r 

th
e 

C
O

N
 a

nd
 3

-N
O

P
 t

re
at

m
en

ts
.

3 F
P

C
M

 =
 f
at

- 
an

d 
pr

ot
ei

n-
co

rr
ec

te
d 

m
ilk

 =
 [
0.

33
7 

+
 0

.1
16

 ×
 f
at

 (
g/

10
0 

g)
 +

 0
.0

6 
×

 p
ro

te
in

 (
g/

10
0 

g)
] 
×

 m
ilk

 y
ie

ld
 (

kg
/d

) 
(C

V
B

, 
20

12
).

4 E
C

M
 =

 [
m

ilk
 y

ie
ld

 (
kg

/d
) 

×
 0

.3
27

] 
+

 [
fa

t 
yi

el
d 

(k
g/

d)
 ×

 1
2.

95
] 
+

 [
pr

ot
ei

n 
yi

el
d 

(k
g/

d)
 ×

 7
.2

5]
 (

T
yr

re
ll 

an
d 

R
ei

d,
 1

96
5)

.



Journal of Dairy Science Vol. 103 No. 9, 2020

van Gastelen et al.: 3-NITROOXYPROPANOL, LACTATION STAGE, AND METHANE EMISSIONS

Table 4. The milk fatty acid composition of early lactation dairy cows fed diets with (3-NOP) or without (CON) 3-nitrooxypropanol 
supplementation

Milk fatty acid  
(g/100 g of fat)

Treatment (T)1

 

DIM2

SEM

P-value

CON 3-NOP 27 55 83 111 T DIM T × DIM

C4:0 3.60 3.63 3.87a 3.62b 3.53b 3.44b 0.077 0.761 <0.001 0.115
C6:0 2.26 2.42 2.23a 2.37ab 2.4b 2.39b 0.048 0.023 0.008 0.169
C8:0 1.24 1.36 1.14a 1.32b 1.37b 1.38b 0.039 0.046 <0.001 0.252
C10:0 2.72 3.10 2.30a 2.97b 3.17b 3.25b 0.121 0.051 <0.001 0.131
C12:0 3.04 3.46 2.45a 3.30b 3.58bc 3.73c 0.140 0.070 <0.001 0.095
C14:0 iso 0.053 0.044 0.042a 0.048ab 0.050ab 0.052b 0.0026 0.015 0.016 0.490
C14:0 10.4 11.1 8.9a 10.8b 11.5c 11.9c 0.30 0.205 <0.001 0.272
C14:1 cis-9 0.855 0.831 0.672a 0.811b 0.872b 1.026c 0.0539 0.697 <0.001 0.701
C15:0 iso 0.194 0.200 0.182a 0.199b 0.203b 0.204b 0.0057 0.484 0.005 0.110
C15:0 anteiso 0.463 0.462 0.390a 0.452b 0.501c 0.511c 0.0191 0.965 <0.001 0.558
C15:0 0.97 1.06 0.79a 1.00b 1.08b 1.20c 0.050 0.109 <0.001 0.514
C16:0 iso 0.148 0.112 0.128 0.136 0.125 0.128 0.0063 0.004 0.153 0.386
C16:0 29.1 31.6 28.0a 30.2b 31.4c 32.5d 0.88 0.119 <0.001 0.943
C16:1 trans-9 0.194 0.178 0.218a 0.191b 0.170c 0.162c 0.1465 0.056 <0.001 0.515
C16:1 cis-9 1.63 1.51 1.92a 1.50b 1.38b 1.46b 0.134 0.405 <0.001 0.156
C17:0 iso3 0.370 0.334 0.400 0.354 0.335 0.314 0.0100 0.043 <0.001 0.009
C17:0 anteiso 0.473 0.436 0.459 0.442 0.458 0.457 0.0196 0.392 0.373 0.968
C17:04 0.623 0.606 0.662 0.606 0.597 0.589 0.0223 0.621 0.001 0.035
C17:1 cis-95 0.273 0.230 0.341 0.249 0.209 0.200 0.0213 0.139 <0.001 0.003
C18:0 11.2 10.6 12.2a 11.0b 10.7b 9.6c 0.47 0.391 <0.001 0.511
C18:1 trans-6 0.220 0.197 0.205 0.215 0.204 0.208 0.0075 0.074 0.106 0.090
C18:1 trans-9 0.155 0.148 0.160a 0.155ab 0.148bc 0.142c 0.0049 0.202 0.005 0.748
C18:1 trans-10 0.223 0.198 0.181a 0.207b 0.207b 0.247c 0.0148 0.312 0.004 0.925
C18:1 trans-11 0.737 0.705 0.816a 0.702bc 0.707b 0.651c 0.0324 0.498 <0.001 0.847
C18:1 cis-9 21.6 18.9 24.7a 20.2b 18.3c 17.2d 0.92 0.105 <0.001 0.281
C18:1 cis-11 0.928 0.722 0.999a 0.820b 0.746c 0.705d 0.0519 0.016 <0.001 0.386
C18:1 cis-12 0.291 0.261 0.261a 0.292b 0.275a 0.273a 0.0078 0.004 0.006 0.248
C18:1 cis-13 0.156 0.124 0.169a 0.143b 0.125c 0.116c 0.0092 0.038 <0.001 0.164
C18:1 cis-14 0.407 0.375 0.393 0.392 0.389 0.386 0.0106 0.067 0.973 0.111
C18:1 cis-15 0.283 0.257 0.278 0.268 0.251 0.280 0.0135 0.177 0.180 0.924
C18:2 cis-9,trans-11 0.306 0.277 0.309a 0.281b 0.284b 0.289b 0.0138 0.168 0.049 0.751
C18: 2n -6 1.84 1.66 1.74ab 1.78a 1.76a 1.70b 0.044 0.025 0.046 0.599
C18: 3n -3 0.543 0.467 0.511 0.492 0.514 0.493 0.0143 0.002 0.181 0.428
C18: 3n -6 0.076 0.077 0.075 0.076 0.077 0.078 0.0030 0.751 0.767 0.605
C20:0 0.132 0.126 0.127 0.130 0.131 0.128 0.0045 0.271 0.471 0.158
C20: 3n -6 0.062 0.068 0.044a 0.065b 0.072c 0.080d 0.0040 0.237 <0.001 0.270
C20: 4n -3 0.023 0.023 0.024 0.023 0.023 0.021 0.0038 0.780 0.800 0.531
C20: 4n -6 0.093 0.098 0.079a 0.089b 0.099c 0.116d 0.0058 0.437 <0.001 0.622
C20: 5n -3 0.056 0.053 0.056 0.055 0.052 0.055 0.0032 0.423 0.218 0.524
C22:0 0.038 0.035 0.032a 0.036ab 0.038b 0.039b 0.0024 0.367 0.005 0.379
C22: 5n -3 0.063 0.068 0.061a 0.064ab 0.063a 0.076b 0.0057 0.633 0.032 0.915
C24:0 0.018 0.014 0.007a 0.017b 0.016ab 0.022b 0.0040 0.484 0.014 0.729
OBCFA6 3.27 3.25 3.06a 3.22ab 3.33bc 3.43c 0.087 0.853 <0.001 0.589
Ratio mammary 
 synthase activity7

61.6 74.0 50.0a 66.9b 74.1c 80.2c 3.28 0.027 <0.001 0.207

Σ SFA 67.1 70.7 64.2a 69.0b 71.1c 71.8c 1.06 0.068 <0.001 0.240
Σ UFA 31.0 27.4 34.2a 29.1b 26.9c 26.0c 1.07 0.075 <0.001 0.242
Σ MUFA 27.9 24.6 31.3a 26.2b 24.0c 23.1c 1.06 0.091 <0.001 0.244
Σ PUFA 3.06 2.79 2.90 2.93 2.94 2.90 0.060 0.024 0.453 0.819
a–dValues with a different superscript letter indicate a significant difference between 27, 55, 83, and 111 DIM.
1Values reported as LSM for the CON and 3-NOP treatments, averaged over 27, 55, 83, and 111 DIM.
2Values reported as LSM for 27, 55, 83, and 111 DIM, averaged over the CON and 3-NOP treatments.
3T × DIM interaction; CON 27 DIM = 0.417, CON 55 DIM = 0.362, CON 83 DIM = 0.363*, CON 111 DIM = 0.324, 3-NOP 27 DIM = 0.384, 
3-NOP 55 DIM = 0.342, 3-NOP 83 DIM = 0.306*, 3-NOP 111 DIM = 0.300. * denotes CON is different (P < 0.05) from 3-NOP at that stage of 
lactation.
4T × DIM interaction; CON 27 DIM = 0.690, CON 55 DIM = 0.588, CON 83 DIM = 0.609, CON 111 DIM = 0.576, 3-NOP 27 DIM = 0.633, 3-NOP 
55 DIM = 0.613, 3-NOP 83 DIM = 0.580, 3-NOP 111 DIM = 0.590. 
5T × DIM interaction; CON 27 DIM = 0.384*, CON 55 DIM = 0.257, CON 83 DIM = 0.232, CON 111 DIM = 0.192, 3-NOP 27 DIM = 0.294*, 
3-NOP 55 DIM = 0.237, 3-NOP 83 DIM = 0.184, 3-NOP 111 DIM = 0.196. * denotes CON is different (P < 0.05) from 3-NOP at that stage of 
lactation.
6Sum of all odd- and branched-chain fatty acids (i.e., C14:0 iso, C15:0 iso, C15:0 anteiso, C15:0, C16:0 iso, C17:0 iso, C17:0 anteiso, and C17:0).
7The ratio between all de novo synthesized fatty acids (i.e., fatty acids with chain length of 4 to 14 C) and fatty acids with chain length of 18 to 24 
C, multiplied by 100.
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(P < 0.001) increased from 27 DIM to both 55 and 83 
DIM, and further to 111 DIM.

The C18 isomers generally decreased with advancing 
lactating stage. The proportion of C18:2 cis-9, trans-11 
was higher (P = 0.049) at 27 DIM compared with 55, 
83, and 111 DIM, and the proportions of C18:0, C18:1 
trans-10, and C18:1 trans-11 decreased (P ≤ 0.004) 
from 27 DIM to both 55 and 83 DIM, and even further 
to 111 DIM. The proportion of C18:1 cis-13 decreased 
(P ≤ 0.001) from 27 DIM to 55 DIM, and even further 
to both 83 and 111 DIM, with no difference between 
the latter 2. The proportions of C18:1 cis-9 and C18:1 
cis-11 decreased (P < 0.001) with advancing stage of 
lactation. Also, C18:1 trans-9 decreased, with a lower 
proportion for 83 and 111 DIM compared with 27 DIM.

The other long-chain (i.e., ≥ 20C) FA showed a 
pattern similar to the short- and even-chain FA, and 
increased with advancing lactating stage. The propor-
tions of both C22:0 and C24:0 were lower (P ≤ 0.014) 
at 27 DIM compared with 55, 83, and 111 DIM, the 
proportions of both C20: 3n -6 and C20: 4n -6 increased 
(P < 0.001) with advancing stage of lactation, and 
the proportion of C22: 5n -3 was higher (P = 0.032) at 
111 DIM compared with 27 and 83 DIM. The sums of 
OBCFA and SFA increased (P < 0.001) with advanc-
ing lactating stage. The UFA and MUFA showed the 
opposite pattern; both decreased (P < 0.001) from 27 
DIM to 55 DIM, and even further to both 83 and 111 
DIM, with no differences between 83 and 111 DIM.

Energy and Nitrogen Retention

Treatment × DIM interactions were found for CH4 
production (kJ/kg of BW0.75 per day), as well as N 
efficiency (the ratio of N in milk to ingested N, in 
%). Methane production was lower (P = 0.021) with 
3-NOP at 55 and 111 DIM, but not at 27 and 83 DIM. 
Nitrogen efficiency did not differ between the CON and 
3-NOP treatment at any of the stages of lactation, but 
was higher (P = 0.026; Table 5) at 27 DIM compared 
with 55, 83, and 111 DIM for the CON treatment only. 
In comparison to the CON treatment, 3-NOP did not 
generally affect energy and N balance. Only the ratio 
between metabolizable energy intake (MEI) and gross 
energy intake (GEI) was affected by treatment; it was 
higher (P = 0.005) for the 3-NOP treatment compared 
with the CON treatment.

In general, energy balance and its variables were af-
fected by lactation stage. Energy intake, in the form 
of GEI and digestible energy intake, was lower (P ≤ 
0.001) at 27 DIM compared with 55, 83, and 111 DIM. 
Metabolizable energy intake was lower (P = 0.016) at 
27 DIM compared with 55 DIM. Energy in manure fol-

lowed that same pattern (P ≤ 0.001), whereas energy 
excreted via milk decreased (P < 0.001) from 27 DIM 
to 83 DIM to 111 DIM. Overall, this resulted in lower 
(P ≤ 0.006), and sometimes negative, total energy re-
tained and energy retained as protein and fat at 27 
DIM compared with 55, 83, and 111 DIM. Days in milk 
also affected multiple N retention variables. The N in-
take and N balance were lower (P ≤ 0.006) at 27 DIM 
compared with 55, 83, and 111 DIM. The N trapped in 
condensed water and in the sulfuric acid solution were 
lower (P = 0.019) at 27 DIM compared with 111 DIM.

Gaseous Exchange

Hydrogen yield (as g/kg of DMI and as g/kg of di-
gestible OM intake; DOMI), CH4 production (g/d), 
and CH4 intensity (as g/kg of FPCM and as g/kg of 
ECM) were affected (P ≤ 0.039; Table 6), and the ra-
tio between CH4 and CO2 tended to be affected (P 
= 0.058), by treatment × DIM interactions. For both 
units of H2 yield, no differences between DIM were ob-
served for the CON treatment, whereas for the 3-NOP 
treatment, H2 yield at 27 DIM was higher (P ≤ 0.034) 
compared with 55, 83, and 111 DIM. This interaction 
for H2 yield (g/kg of DMI) is also illustrated in Figure 
1. For all stages of lactation, H2 yield was higher for the 
3-NOP treatment compared with the CON treatment; 
H2 yield of 3-NOP compared with CON was 15 times 
greater at 27 DIM, and declined to a range of 9 to 11 
times greater at 55 to 111 DIM. For CH4 production 
(g/d), 27 DIM was lower (P = 0.005) than 55, 83, and 
111 DIM for the CON treatment, but CH4 production 
was not affected by DIM for the 3-NOP treatment. This 
resulted in a difference in CH4 production between the 
CON treatment and the 3-NOP treatment at 55 and 
111 DIM, but not at 27 and 83 DIM (Figure 2). Despite 
the interaction observed for CH4 intensity, both as g/
kg of FPCM and g/kg of ECM, CH4 intensity did not 
differ significantly between the 3-NOP treatment and 
the CON treatment at any lactation stage.

The emissions of H2, as production and as intensity, 
were affected by treatment, with higher (P < 0.001) 
emissions for the 3-NOP treatment compared with the 
CON treatment. Methane yield (expressed in g/kg of 
DMI, g/kg of DOMI, g/kg of digestible NDF intake, 
and as % of GEI) was lower (P ≤ 0.001) for the 3-NOP 
treatment compared with the CON treatment. The H2 
to CH4 ratio was higher (P < 0.001) for the 3-NOP 
treatment compared with the CON treatment. The 
production of CO2 and the respiratory quotient were 
lower at 27 DIM (P < 0.001) compared with 55, 83, 
and 111 DIM. Of the H2 emissions, only H2 intensity 
(both as g/kg of FPCM and g/kg of ECM) was affected 
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by DIM, with a higher (P ≤ 0.043) H2 intensity at 111 
DIM compared with only 27 DIM.

BW Change

Body weight change (expressed in % of BW) between 
27 and 55 DIM, between 55 and 83 DIM, and between 
83 and 111 DIM was not affected by a treatment × 
between-DIM interaction (P = 0.532), tended (P = 
0.062) to be affected by between-DIM, and was (P = 
0.035) lower for the CON treatment compared with 
the 3-NOP treatment (Figure 3). Average BW change 

between 2 consecutive stages of lactation was 0.01% of 
BW with CON and 0.90% of BW with 3-NOP.

DISCUSSION

Nutrient Intake and Digestibility

No significant effects of feeding 3-NOP on DMI and 
nutrient intake of dairy cattle were found, which agrees 
with other studies (e.g., Hristov et al., 2015; Lopes et 
al., 2016). Only Melgar et al. (2020) reported a de-
creased DMI upon feeding 3-NOP to early lactation 
dairy cattle. The increased apparent total-tract digest-

van Gastelen et al.: 3-NITROOXYPROPANOL, LACTATION STAGE, AND METHANE EMISSIONS

Table 5. Energy (kJ/kg of BW0.75 per day, unless otherwise stated) and N balance (mg/kg of BW0.75 per day) of early lactation dairy cows fed 
diets with (3-NOP) or without (CON) 3-nitrooxypropanol supplementation

Item

Treatment (T)1

 

DIM2

SEM

P-value

CON 3-NOP 27 55 83 111 T DIM T × DIM

Metabolic BW3 (BW0.75) 123 123 122 123 123 124 3.2 0.993 0.248 0.297
Energy balance
 GEI4 3,151 3,198 2,931a 3,257b 3,240b 3,269b 110.0 0.718 <0.001 0.122
 CH4 production5 193 164 165 185 180 184 8.3 0.011 <0.001 0.021
 Energy in manure 949 941 854a 955b 982b 989b 37.2 0.865 <0.001 0.126
 DEI6 2,261 2,349 2,170a 2,378b 2,286ab 2,388b 81.9 0.381 0.001 0.109
 MEI7 2,008 2,092 1,911a 2,115b 2,077ab 2,094ab 70.9 0.297 0.016 0.259
 MEI to GEI ratio (%) 63.7 65.4 65.2 64.9 64.1 64.1 0.43 0.005 0.256 0.959
 Heat production8 1,071 1,090 1,056 1,078 1,093 1,094 23.7 0.499 0.062 0.162
 Energy in milk 959 977 1,020a 988ab 962b 901c 38.5 0.706 <0.001 0.723
 Energy retention (ER) total9 −24 26 −164a 49b 20b 99b 41.6 0.408 <0.001 0.393
 ER protein10 45 45 13a 53b 59b 55b 9.3 0.962 0.006 0.678
 ER fat11 −70 −19 −177a −4b −39b 43b 38.3 0.382 <0.001 0.409
N balance           
 N intake 4,649 4,711 4,238a 4,786b 4,832b 4,866b 162.0 0.743 <0.001 0.136
 N manure 2,770 2,788 2,631 2,808 2,826 2,850 120.8 0.918 0.104 0.144
  N feces12 1,610 1,544 1,440a 1,571ab 1,732b 1,566ab 74.7 0.256 0.005 0.441
  N urine13 1,159 1,241 1,180 1,239 1,098 1,283 87.4 0.528 0.161 0.372
 N milk 1,470 1,510 1,469 1,516 1,482 1,493 55.4 0.522 0.713 0.657
 N condense + N acid 88 105 73a 86ab 102ab 126b 12.1 0.306 0.019 0.645
 N balance 304 308 90a 359b 400b 374b 86.1 0.962 0.006 0.678
N efficiency14 31.9 32.2 34.9 31.8 30.7 30.7 0.83 0.807 <0.001 0.026
a–cValues with a different superscript letter indicate a significant difference between 27, 55, 83, and 111 DIM.
1Values reported as LSM for the CON and 3-NOP treatments, averaged over 27, 55, 83, and 111 DIM.
2Values reported as LSM for 27, 55, 83, and 111 DIM, averaged over the CON and 3-NOP treatments.
3The mean BW per cow per balance period was used to calculate BW0.75.
4GEI = gross energy intake.
5T × DIM interaction; control 27 DIM = 171, control 55 DIM = 204*, control 83 DIM = 194, control 111 DIM = 203*, 3-NOP 27 DIM = 160, 
3-NOP 55 DIM = 166*, 3-NOP 83 DIM = 166, 3-NOP 111 DIM = 165*. * denotes CON is different (P < 0.05) from 3-NOP at that stage of 
lactation.
6DEI (digestible energy intake) = GEI × apparent total-tract digestibility of GE (% of intake).
7MEI (metabolizable energy intake) = GEI − methane production − energy in feces + urine.
8Heat production (kJ/d) = 16.175 × VO2 (L/d) + 5.021 × VCO2 (L/d), where VO2 = volumes of O2 consumed, and VCO2 = volumes of CO2 
produced (Gerrits et al., 2015).
9ER total = MEI − heat production − energy in milk.
10ER protein = protein gain (N × 6.25) × 23.6 kJ/g (energetic value of protein).
11ER fat = ER total − ER protein.
12N feces = N intake × [100 − apparent total-tract digestibility of N (% of intake)].
13N urine = N manure − N feces.
14N efficiency = N milk/N feed (%). T × DIM interaction; CON 27 DIM = 36.0, CON 55 DIM = 31.1, CON 83 DIM = 30.3, CON 111 DIM = 
30.1, 3-NOP 27 DIM = 33.7, 3-NOP 55 DIM = 32.5, 3-NOP 83 DIM = 31.2, 3-NOP 111 DIM = 31.4.
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ibility of several nutrients upon feeding 3-NOP in the 
present study is in line with the findings of Haisan et 
al. (2017; significant improved digestibility of DM and 
NDF with the high, but not with the low level of feed-
ing 3-NOP), Hristov et al. (2015; significant quadratic 
effect of 3-NOP on digestibility of DM, CP, and ADF), 

and Melgar et al. (2020; significant improved digestibil-
ity of CP with 3-NOP). It may be hypothesized (feed-
ing behavior as such was not measured in the present 
study) that this improved digestibility is related to a 
more efficient ruminal fermentation with 3-NOP due 
to a different feeding pattern. Others have reported 
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Figure 1. Hydrogen production (g/d; upper panel), hydrogen yield 
(g/kg of DMI; middle panel), and hydrogen intensity (g/kg of fat- and 
protein-corrected milk, FPCM; lower panel) of early lactation dairy 
cows treated with (3-NOP) or without (CON) 3-nitrooxypropanol at 
different stages of lactation (27 DIM, 55 DIM, 83 DIM, and 111 DIM). 
Data are treatment least squares means and bars represent SE; n = 
8. In the case of a significant treatment × DIM interaction, * denotes 
CON is different (P < 0.05) from 3-NOP at that stage of lactation.

Figure 2. Methane production (g/d; upper panel), methane yield 
(g/kg of DMI; middle panel), and methane intensity (g/kg of fat- and 
protein-corrected milk, FPCM; lower panel) of early lactation dairy 
cows treated with (3-NOP) or without (CON) 3-nitrooxypropanol at 
different stages of lactation (27 DIM, 55 DIM, 83 DIM, and 111 DIM). 
Data are treatment least squares means and bars represent SE; n = 
8. In the case of a significant treatment × DIM interaction, * denotes 
CON is different (P < 0.05) from 3-NOP at that stage of lactation.
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increased propionate proportions at the expense of ac-
etate proportions in rumen fluid upon feeding 3-NOP 
(Haisan et al., 2014; Reynolds et al., 2014; Hristov et 
al., 2015). Propionate concentrations in blood affect 
satiety (Allen, 2000). This may change feeding behav-
ior, possibly resulting in shorter meals, but more meals 
per day for the 3-NOP fed cows compared with the 
CON fed cows to reach the same DMI. Subsequently, 
the increased feeding frequency of the 3-NOP fed cows 
may result in a more stable ruminal pH (French and 
Kennelly, 1990), potentially resulting in a more effi-
cient ruminal fermentation. However, Kim et al. (2019) 
recently demonstrated that dietary supplementation of 
3-NOP did not affect feeding behavior of beef steers 
fed a high forage or high grain diet. Effects of 3-NOP 
on feed intake pattern and meal size, as well as the 
mechanisms by which beneficial effects on digestibility 
were exerted in some studies, remain to be investigated 
in dairy cattle.

Generally, feed intake capacity of multiparous dairy 
cattle increases rapidly during the first 2 mo after calv-
ing, followed by a slower increase until approximately 
100 DIM, followed by a gradual decline toward the end 
of lactation (Zom et al., 2012). In accordance, nutri-
ent intake in the current study was lower at 27 DIM 
compared with 55, 83, and 111 DIM. However, nutrient 
intake did not increase further from 55 DIM up to 111 
DIM.

The decreased apparent total-tract digestibility of 
DM, OM, CP, and GE at 83 DIM compared with 27 
and 55 DIM was unexpected. An increase in feed intake 
can potentially result in a decrease in digestibility (Co-
lucci et al., 1989) as a result of a shorter retention time 
in the rumen, increased fractional passage rate, and 

decreased ruminal fermentation. However, DMI did not 
increase after 55 DIM in the current study and, hence, 
cannot explain the decreased digestibility observed at 
83 DIM. Dietary composition (e.g., concentrate propor-
tion) did not change with advanced lactation stage dur-
ing the experiment. In other trials, changes in apparent 
total-tract digestibility at different stages of lactation 
occurred, but these changes were related to changes in 
dietary forage to concentrate ratio (Hartnell and Sat-
ter, 1979). The chemical composition of the TMR fed 
at 83 DIM did not appear to differ from the TMR fed 
at 27, 55, and 111 DIM (Table 1), and therefore the 
observed change in total-tract digestibility is unlikely 
to be caused by poorer quality of the silages or con-
centrate fed to cattle at 83 DIM compared with 27, 55, 
and 111 DIM.

Lactation Performance

No effects of feeding 3-NOP on milk production and 
feed efficiency were found, which agrees with other 
studies on 3-NOP in dairy cattle. Only Melgar et al. 
(2020) reported an increased feed efficiency, relative to 
both milk yield (kg/d) and ECM (kg/d), upon feeding 
3-NOP to dairy cattle in early lactation. The increased 
milk protein content and milk fat content upon feed-
ing 3-NOP observed in the present study agrees with 
Reynolds et al. (2014), who reported a positive effect 
of 3-NOP on milk protein content, and with Lopes et 
al. (2016), who reported a positive effect of 3-NOP on 
milk fat content.

The decreased milk yield from 27 DIM to 111 DIM 
is in line with the generally accepted lactation curve 
(Grossman and Koops, 1988). The high milk yield, in 
combination with the relatively low DMI at 27 DIM, 
explains the highest feed efficiency at 27 DIM. This 
may result from a genetic potential for high milk pro-
duction accompanied by a delay in feed intake post-
partum, resulting in a negative energy balance in high 
production dairy cows in early lactation (Veerkamp et 
al., 2003). At 27 DIM, cows were in negative energy 
balance, using body reserves for maintenance and milk 
production, which also helps to explain the high feed 
efficiency at 27 DIM. From 55 DIM onwards, feed ef-
ficiency decreased due to the decreasing milk yield and 
unchanged DMI; this is also reflected in a change in 
energy balance (a change from negative at 27 DIM to 
positive at 55 to 111 DIM). The increase in milk urea 
content with advancing lactation stage is in agreement 
with literature (Carlsson et al., 1995; Arunvipas et al., 
2003; Jílek et al., 2006) and may result from the inabil-
ity of dairy cows to ingest or digest a sufficient amount 
of feed during the initial weeks of lactation, resulting in 
a low intake of protein relative to milk protein output 
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Figure 3. Body weight change (%) of early lactation dairy cows 
treated with (3-NOP) or without (CON) 3-nitrooxypropanol between 
27 and 55 DIM, between 55 and 83 DIM, and between 83 and 111 
DIM. Data are treatment least squares means and bars represent SE; 
n = 8.
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(Carlsson et al., 1995; Table 2) and likely low AA oxi-
dation (Shalit et al., 1991; Maltz and Silanikove, 1996). 
Milk urea concentration may serve as an indicator of 
N excretion and milk N efficiency, but the relationship 
between milk urea and N excretion is variable (Spek et 
al., 2013). Results of the present experiment indicate 
that milk urea concentration is not necessarily a sound 
indicator of milk N efficiency. The general decrease in 
milk N efficiency with advancing lactation stage was 
reflected in increased milk urea levels, but the interac-
tion between treatment and DIM for milk N efficiency 
was not present for milk urea content.

Milk Fatty Acid Profile

Treatment × DIM interactions were observed for 
C17:0, C17:0 iso, and C17:1 cis-9. Propionate, pro-
duced in the rumen, is a substrate for de novo synthesis 
of C17:0 in the mammary gland (van Gastelen and 
Dijkstra, 2016). Additionally, milk OBCFA (includ-
ing C17:0 and C17:0 iso) are of microbial origin in the 
rumen. Fibrolytic bacteria are generally enriched in 
iso FA, whereas amylolytic bacteria contain relatively 
high amounts of linear odd-chain FA and anteiso FA 
(Vlaeminck et al., 2006). The C17:1 cis-9 originates 
from C17:0 and Δ9-desaturase enzymes, adding a cis-9 
double bond (Pereira et al., 2003). It is unclear why 
these processes would be affected by treatment × DIM 
interactions, but it might be related to an adapting 
microbiota. Changes in the microbiome with time as 
lactation advances can result in changes in the fermen-
tation profile, as well as propionate production.

The individual short- and even-chain FA (<16C) 
and the ratio of de novo synthesized FA relative to 
preformed FA (reflecting mammary synthase activity; 
Garnsworthy et al., 2006) were higher for the 3-NOP 
treatment compared with the CON treatment. This is 
largely in agreement with Hristov et al. (2015) and Mel-
gar et al. (2020), but contrary to Reynolds et al. (2014), 
who reported no effects of feeding 3-NOP on short- and 
even-chain FA in milk. Milk short- and even-chain FA 
are synthesized de novo in the mammary gland primar-
ily from acetate (Bauman and Griinari, 2003) and indi-
rectly from butyrate (Dijkstra et al., 2011), originating 
from ruminal fermentation. Ruminal VFA proportions 
were not measured in the current study, but other stud-
ies consistently report increased propionate proportions 
at the expense of acetate proportions in rumen fluid 
with feeding of 3-NOP (Haisan et al., 2014; Reynolds 
et al., 2014; Hristov et al., 2015). A decrease in ruminal 
acetate may also be accompanied with an increase in 
ruminal butyrate. Although not measured in the pres-
ent study, other studies report an increased ruminal 
butyrate and decreased acetate proportion upon feed-

ing of 3-NOP (Melgar et al., 2020). Ruminal butyrate 
is absorbed through the rumen wall and is mostly me-
tabolized by rumen epithelial cells as an energy source 
or converted into β-hydroxybutyrate, when it becomes 
a source of carbon in the mammary gland, and can be 
used as a primer for short- and even-chain milk FA syn-
thesis (Bergman, 1990; Bauman and Griinari, 2003).

Milk iso OBCFA were generally lower with the 
3-NOP treatment compared with the CON treatment. 
Milk OBCFA are of microbial origin in the rumen, with 
iso OBCFA more abundant in fibrolytic bacteria (Vlae-
minck et al., 2006). Lopes et al. (2016) reported de-
creased relative abundance of fibrolytic bacteria, such 
as Ruminococcus spp., upon feeding 3-NOP, which may 
explain the MFA findings of the present study. How-
ever, a decline in the relative abundance of fibrolytic 
bacteria is not in line with the observed improvement of 
total-tract NDF digestion, although relative abundance 
does not necessarily reflect the absolute abundance and 
its potential effect on NDF digestion.

The long-chain MFA (≥18C) were generally unaf-
fected upon feeding 3-NOP, with the exception of some 
cis C18:1 isomers, C18: 2n -6, and C18: 3n -3, which were 
lower for the 3-NOP treatment compared with the CON 
treatment. This is contrary to the findings of Reynolds 
et al. (2014) and Melgar et al. (2020), who found no 
effects of 3-NOP on these MFA, and Hristov et al. 
(2015), who reported effects mainly on trans C18:1 
isomers upon feeding 3-NOP. The decrease in the pro-
portion of long-chain MFA in the current study might 
be due to reporting the MFA profile in g/100 g of FA. 
The relative increase of de novo synthesized FA with 
3-NOP compared with CON (as reported above) may 
have resulted in the decrease of the proportion of long-
chain MFA in milk fat. However, milk fat yield did not 
differ between the CON and 3-NOP treatments, mak-
ing the proportional changes similar to yield changes. 
Alternatively, long-chain MFA originate from dietary 
FA and their biohydrogenation products formed in the 
rumen, and may originate from mobilized body fat re-
sources during negative energy balance, in particular. 
Given that diet composition, and therefore dietary sup-
ply, of C18: 2n -6 and C18: 3n -3 did not differ between 
the CON and 3-NOP treatments, and that the energy 
balance of the cows receiving CON or 3-NOP did not 
differ, the decreased proportions of these FA in milk 
fat with 3-NOP indicate a different biohydrogenation 
activity in the rumen with 3-NOP. Biohydrogenation 
serves to alleviate toxicity of PUFA; certain dietary 
strategies, such as low-fiber diets and high-concentrate 
diets, can alter the rumen environment, resulting in 
a lower ruminal pH and, subsequently, in changes in 
the microbial population and microbial processes. 
These changes involve alterations in the biohydrogena-
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tion pathways, potentially resulting in the formation 
of C18:1 trans-10 and related intermediates (Bauman 
and Griinari, 2003). Ruminal pH was not measured in 
the present study, but Haisan et al. (2017) and Lopes 
et al. (2016) reported no effects of 3-NOP on ruminal 
pH, and Melgar et al. (2020) observed a higher ruminal 
pH upon feeding 3-NOP. These reported pH responses 
in other studies are contrary to the theory potentially 
explaining the observed decrease in the proportion of 
long-chain MFA in the current study.

Palmquist et al. (1993) and Auldist et al. (1998) re-
ported lower proportions of short- and even-chain FA 
(<16C) in milk of cows in early lactation compared 
with cows in mid lactation, and concluded that de novo 
synthesis of these FA was negatively related to long-
chain FA derived from body fat mobilization. This was 
also observed in the current study, where the proportion 
of short- and even-chain MFA, and the ratio reflect-
ing mammary synthase activity, were lower at 27 DIM 
compared with 55, 83, and 111 DIM. Only C4:0 was 
higher at 27 DIM compared with 55, 83, and 111 DIM, 
which is in agreement with Garnsworthy et al. (2006). 
This could be related to body fat mobilization and, con-
sequently, higher plasma β-hydroxybutyrate concentra-
tions (van Knegsel et al., 2007b). Approximately 50% 
of C4:0 in the milk is produced from ruminal acetate, 
and the other 50% of C4:0 in the milk is produced from 
β-hydroxybutyrate (Moore and Christie, 1981). Thus, 
it is possible that the elevated C4:0 proportions in milk 
at 27 DIM reflects an elevated substrate supply.

Several studies have shown that dairy cows are usu-
ally in negative energy balance in early lactation and 
mobilize considerable amounts of body fat (Garnswor-
thy and Topps, 1982; van Knegsel et al., 2007a). In 
adipose tissue, C16:0, C18:0, and C18:1 cis-9 account 
for nearly 90% of FA in roughly equal molar propor-
tions (Christie, 1981). When body fat mobilization oc-
curs, increased incorporation of these FA into milk fat 
is expected. This was observed in the current study for 
C18:0 and C18:1 cis-9, but not for C16:0, which is in 
agreement with Stoop et al. (2009). The latter is prob-
ably because de novo synthesis of C16:0 was reduced or 
C16:0 was catabolized for other purposes (Garnsworthy 
et al., 2006). Similar to Kay et al. (2005), C18 isomers 
generally decreased with advancing lactating stage, 
likely due to a decrease in body fat mobilization. The 
lower proportion of long-chain MFA with >20 carbons 
at 27 DIM might be related to a reduced activity of 
elongases (Pereira et al., 2003).

Energy and Nitrogen Retention

The production of CH4 is a determinant of energy 
balance, and will be discussed in the Gaseous Exchange 

section. The interaction between treatment and DIM 
for milk N efficiency is difficult to explain based on bio-
logical reasoning, but is likely the result of the relative 
lower N intake (i.e., numerical larger difference) for the 
CON treatment at 27 DIM compared with 55, 83, and 
111 DIM, and compared with N intake achieved with 
the 3-NOP treatment at 27 DIM.

The MEI to GEI ratio was greater with 3-NOP than 
with CON. Haisan et al. (2017) reported that the total 
net energy expenditure for maintenance and lactation, 
calculated as per NRC (2001), was unaffected by feed-
ing 3-NOP. Reynolds et al. (2014), who provided a pulse 
dose of 3-NOP directly into the rumen, found none of 
the energy balance variables to be affected by 3-NOP, 
with the exception of lower CH4 production (low and 
high 3-NOP levels) and total energy balance (only at 
high 3-NOP level). Decreases in CH4 production may 
provide more MEI for productive purposes, such as milk 
energy production or tissue energy retention (Blaxter 
and Czerkawski, 1966). However, reductions in CH4 
production are not always accompanied by increases in 
energy balance in lactating dairy cows, even when di-
gestible energy intake is not affected (van Zijderveld et 
al., 2011). Although energy retention was numerically 
higher (positive value) for the 3-NOP treated cows com-
pared with placebo treated cows (negative value) in the 
present study, this remained statistically insignificant. 
To be consistent with the published calculations of ME 
(van Knegsel et al., 2007a; Reynolds et al., 2014; van 
Gastelen et al., 2015), we did not subtract energy losses 
in H2 from DE. In terms of energy, these H2 losses are 
on average 0.64 MJ/d, and were only a minor propor-
tion (0.3%) of ME intake.

The N balance was not affected by the 3-NOP treat-
ment compared with the CON treatment in the present 
study. This is contrary to the findings of Reynolds et al. 
(2014), who observed an increase in fecal N excreted, 
as well as a tendency of decreased milk N efficiency 
upon feeding 3-NOP. The findings of Reynolds et al. 
(2014) might originate from the way 3-NOP was sup-
plied to the cows, twice daily directly into the rumen 
at feeding time. However, Melgar et al. (2020) reported 
a decreased N excretion in feces, as well as in total N 
excretion upon feeding 3-NOP, although N secretion in 
milk was unaffected.

The energy balance changes with lactation stage are 
according to expectations and in agreement with van 
Knegsel et al. (2007a). The dairy cows were in negative 
energy balance at 27 DIM and were mobilizing body 
fat reserves. Energy retained as protein was positive 
for all lactation stages, which agrees with Tamminga 
et al. (1997), who estimated changes in body composi-
tion with time after parturition. They reported that 
for protein, mobilization changed to retention at 5 
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wk postpartum. The unaffected N excreted via urine 
suggests that the amount of protein catabolized is, on 
average, 26% of N for all stages of lactation intake. This 
illustrates that AA oxidation was not enhanced when 
cows were in negative energy balance at 27 DIM, which 
appears to be contrary to other studies (Shalit et al., 
1991; Maltz and Silanikove, 1996).

Gaseous Exchange

The production of CH4 (both as g/d and as kJ/kg of 
BW0.75/d) and CH4 intensity (both as g/kg of FPCM 
and as g/kg of ECM) were affected by a treatment 
× DIM interaction. This interaction appears to result 
from the difference in feed intake observed between the 
different stages of lactation, and DMI as a major de-
terminant for both CH4 emissions and milk production. 
When correcting for these differences in feed intake and 
expressing CH4 as yield (relative to DMI, digestible 
OM intake, digestible NDF intake, or as % of GEI), 
CH4 emissions were persistently lower throughout the 
whole early lactation period with 3-NOP compared 
with CON. This is similar to the findings of Melgar et 
al. (2020), who reported no interaction between CH4 
production (g/d) and the week of the study.

The interaction observed for H2 yield (g/kg of DMI 
and g/kg of DOMI) appeared to result from adapta-
tion mechanisms upon feeding 3-NOP. The H2 yield 
at 27 DIM for the 3-NOP treatment is 6%, 9%, and 
11% higher than the H2 yield at 55, 83, and 111 DIM, 
respectively, whereas H2 yield did not differ between 
the different stages of lactation for the CON treatment. 
Similarly, Hristov et al. (2015) observed decreasing 
H2 emissions from 6 wk after introducing 3-NOP to 
the end of the experiment (wk 12). The decrease in 
H2 yield after 27 DIM can be the result of a change 
in the Archaea populations or of a redirection of H2 
to alternative H2 sinks. Duin et al. (2016) indicated 
that both archaeal growth and methanogenesis stopped 
almost immediately upon the addition of 3-NOP in 
vitro, but growth and CH4 formation resumed after the 
addition of 3-NOP was stopped. Methanogens contain 
a repair system that can reactivate methyl-coenzyme 
M reductase (Zhou et al., 2013; Prakash et al., 2014). 
Hence, inhibition of methanogenesis appears to be 
reversible in vivo (Duin et al., 2016). However, this 
adaptation mechanism was not apparent in the pres-
ent study because CH4 emissions were not affected by 
treatment × DIM interactions (except CH4 production 
and intensity, most likely caused by differences in feed 
intake as described earlier). Propionate formation is an 
alternative electron-accepting pathway to H2 formation 
(Janssen, 2010). Therefore, 3-NOP supplementation 
is not only associated with an increase in H2 forma-

tion and accumulation in the rumen, but may also be 
associated with an increase in the proportion of pro-
pionate as an end product of fermentation. Hence, we 
speculate that over time a redirected rumen fermenta-
tion—toward more propionate as an alternative to H2 
formation—was activated; further studies with respect 
to VFA molar proportions and their development in 
time upon 3-NOP addition to the diet are required to 
evaluate this hypothesis.

Similar to previous studies in dairy cattle (Haisan et 
al., 2014; 2017; Hristov et al., 2015; Lopes et al., 2016; 
Melgar et al., 2020), including 3-NOP in diet decreased 
cattle CH4 emissions. On average (considering all CH4 
emission units), we observed a 15.8% reduction in CH4 
emissions for 3-NOP compared with CON. Other stud-
ies reported mitigation percentages ranging from 7% 
(Reynolds et al., 2014) to 60% (Haisan et al., 2014). 
The lower mitigation in Reynolds et al. (2014) seems to 
be the result of the method of 3-NOP supplementation 
to the cows: pulse dosing twice daily at feeding time 
directly into the rumen through the rumen fistula. In 
most other studies, 3-NOP was mixed into the TMR, 
and mitigation percentages were on average 30% with 
the same target concentration of 3-NOP (60 mg/kg of 
DM) in the daily ration. The smaller decrease in CH4 
emission in the present study can be partially explained 
by the greater NDF content of the diet, the observed 
increase of the apparent total-tract digestibility of sev-
eral nutrients with 3-NOP, as well as by the dose of 
3-NOP fed to the dairy cows. The average NDF content 
of the present study was 358 g/kg of DM, which is con-
siderably higher than that of Lopes et al. (2016; 309 g 
of NDF/kg of DM), Hristov et al. (2015; 276 g of NDF/
kg of DM), and Haisan et al. (2017; 308 g of NDF/kg of 
DM). This represents, on average, a difference of some 
60 g of NDF/kg of DM. According to the meta-analysis 
of Dijkstra et al. (2018), the effect of feeding 3-NOP 
on CH4 emission is negatively related to dietary NDF 
content, where a greater dietary NDF content reduced 
the 3-NOP effect on CH4 yield by 1.52 ± 0.406% per 10 
g/kg of DM increase in NDF content. Hence, the differ-
ence in dietary NDF content between the current study 
and other studies can result in an additional difference 
of 9% in CH4 mitigation. Additionally, an increased 
apparent total-tract digestibility suggests that the di-
gestion of certain nutrients increased in the rumen or 
large intestine, with extra enteric CH4 production per 
kilogram of DM ingested. Another explanation for the 
smaller decrease in CH4 emission than expected is the 
recovery of 3-NOP in the dietary treatment. The target 
inclusion level of 3-NOP was 60 mg/kg of DM. How-
ever, the average 3-NOP recovery was 86.8%, which 
equals an inclusion level of 51 mg/kg of DM. Dijkstra 
et al. (2018) concluded, based on a meta-analysis, that 
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the effect of feeding 3-NOP on CH4 emission is dose 
dependent. From our present experiment with average 
3-NOP and NDF concentrations of 51 mg/kg of DM 
and 358 g/kg of NDF, respectively, the model from Di-
jkstra et al. (2018) predicts a decline in CH4 emission of 
16.4% (CH4 production) and 17.1% (CH4 yield), which 
is slightly greater than that observed (CH4 production, 
decline of 15.1%; CH4 yield, decline of 16.3%).

The increased H2 emission of the present study is 
in line with the findings of Hristov et al. (2015) and 
Lopes et al. (2016), although the observed increase in 
H2 production (7.5 g/d) in our respiration chambers 
was far greater than that measured using the Green-
Feed system in Hristov et al. (2015; 3-NOP = 80 mg/
kg of DM) and Lopes et al. (2016; 3-NOP = 60 mg/
kg of DM) (both 1.3 g/d) as well as in Melgar et al. 
(2020; 0.47 g of H2/d). In general, accumulation of H2 
in the rumen may result in the production of relatively 
more propionate as a fermentation end product, acting 
as a net sink for H2 (van Lingen et al., 2016). In the 
current study, we did not analyze ruminal VFA con-
centrations. However, the more than 10-fold increase 
in H2 emissions, as well as the high recovery of H2 in 
the CRC facilities (on average 96%), indicates that 
H2 was measured accurately. Additionally, the lack of 
a negative effect on fiber digestibility or feed intake 
indicates that the rumen microbiota were able to cope 
with excess of H2 formed with 3-NOP addition. With a 
strong increase in H2 concentration in the rumen, it is 
likely that the proportion of propionate in total VFA 
was strongly elevated as well (van Lingen et al., 2016). 
The amount of H2 emitted from the rumen was only 
a fraction of the stoichiometric amount involved with 
the decrease in CH4 production as H2 sink. This was 
also observed by Hristov et al. (2015). The difference 
in CH4 emissions between the cows receiving the CON 
treatment and the cows receiving the 3-NOP treatment 
was 64 g/d, which equals 4 mol of CH4/d. On a molar 
basis, per mol of CH4 decrease, 4 mol of H2 remains 
unused (Czerkawski, 1986). Hence, 16 mol of H2/d, 
which equals 32.2 g of H2/d, remained unused with the 
observed decrease in CH4 emission in the present study. 
This is a far greater amount than the extra H2 emission 
(7.48 g/d) observed for cows receiving the 3-NOP treat-
ment. This increase accounts for 23% of the calculated 
amount of unused H2 due to decreased CH4 produc-
tion. When using a similar calculation with the data 
from Hristov et al. (2015) for the highest 3-NOP level, 
only 1.6% of theoretically unused H2 is accounted for. 
The much lower fraction accounted for in Hristov et 
al. (2015) compared with our results may be related 
to the measurement system, where rapidly occurring 
peaks in H2 emission are measured in the respiration 

chamber system, but may not be measured in the spot-
sampling GreenFeed system. This suggests that next to 
3-NOP reducing CH4 emissions, the secondary effects 
of 3-NOP include a redirection of H2 to alternative H2 
sinks, such as a redirected rumen fermentation profile 
toward propionate fermentation in particular (Haisan 
et al., 2014; Hristov et al., 2015).

The effects of lactation stage on gaseous exchange 
were relatively limited and if effects were detected, 
these could generally be linked to the observed changes 
in feed intake and lactation performance. The respira-
tion quotient (RQ), for example, is lower or equal to 
1.0 when only substrate oxidation occurs (Gerrits et al., 
2015). However, de novo synthesis of FA and ruminal 
anaerobic fermentation of dietary carbohydrates can 
result in a RQ larger than 1.0 (Gerrits et al., 2015). 
The lower RQ at 27 DIM agrees with the lower propor-
tions of short- and even-chain FA in milk (i.e., de novo 
synthesis of FA inhibited by body fat mobilization; see 
above) and the lower feed and nutrient intake (resulting 
in relatively less ruminal anaerobic fermentation) at 27 
DIM. The increasing H2 intensity (g/kg of FPCM and 
g/kg of ECM) with advancing lactation stage is due to 
the unaffected H2 production in combination with the 
decreased yields of FPCM and ECM, according to the 
lactation curves.

BW Change

Treatment did not affect metabolic BW, but cows 
receiving the CON treatment gained less BW (on aver-
age 0.01% of BW) than the cows receiving the 3-NOP 
treatment (on average 0.90% of BW; Figure 3). This is 
contrary to Melgar et al. (2020), who reported no effect 
of 3-NOP on BW change. This difference in BW change 
in the current study might be related to the shift in the 
rumen fermentation profile. As mentioned before, oth-
ers reported increased proportions of ruminal propio-
nate upon feeding 3-NOP (Haisan et al., 2014, 2017). 
Propionate is classified as glucogenic and may result in 
increased insulin blood levels reducing mobilization of 
body reserves (van Knegsel et al., 2007b). Although not 
significant, there was a numerical difference in energy 
balance, with a negative energy balance for the CON 
treatment and positive for the 3-NOP treatment. Previ-
ously, in mid to late lactation cows, Haisan et al. (2017) 
did not observe differences in BW gain between CON 
and 3-NOP, whereas Haisan et al. (2014) and Hristov 
et al. (2015) observed a greater BW gain with 3-NOP 
compared with CON. In line with the latter 2 experi-
ments, our results suggest a positive effect of 3-NOP 
to prevent loss of BW in early lactation, but further 
research is required to confirm this.
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CONCLUSIONS

Feeding 3-nitrooxypropanol (51 mg/kg of DM real-
ized; 60 mg/kg of DM target) to dairy cattle in early 
lactation decreased CH4 emissions by an average of 
15.8% (averaged over multiple units of CH4 emis-
sion). Differences in feed intake between the different 
stages of lactation appeared to affect the decrease in 
CH4 emissions upon feeding 3-NOP. Feeding 3-NOP 
increased H2 emissions by an average of 11-fold, where 
H2 emissions were 15-fold greater at 27 DMI declining 
to 9-fold greater at 111 DIM, and did not affect DMI, 
milk yield and composition, or feed efficiency. The ap-
parent total-tract digestibility of DM, OM, NDF, and 
GE was higher with 3-NOP. Energy and N balance 
were not affected by 3-NOP, but BW gain (in % of 
BW) was greater with 3-NOP compared with the CON 
treatment. It is concluded that feeding 3-NOP is an ef-
fective strategy to decrease methane emissions in early 
lactation Holstein-Friesian cows with positive effects on 
apparent total-tract digestibility of nutrients. 
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