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ABSTRACT

The objective of this study was to investigate
whether the CH4 mitigation potential of 3-nitrooxypropanol (3-NOP) in dairy cattle was affected by basal
diet (BD) composition. The experiment involved 64
Holstein-Friesian dairy cows (146 ± 45 d in milk at the
start of trial; mean ± SD) in 2 overlapping crossover
trials, each consisting of 2 measurement periods. Cows
were blocked according to parity, d in milk, and milk
yield, and randomly allocated to 1 of 3 diets: a grass
silage-based diet (GS) consisting of 30% concentrates
and 70% grass silage (DM basis), a grass silage- and
corn silage-mixed diet (GSCS) consisting of 30% concentrates, 42% grass silage, and 28% corn silage (DM
basis), or a corn silage-based diet (CS) consisting of
30% concentrates, 14% grass silage, and 56% corn
silage (DM basis). Two types of concentrates were
formulated, viz. a concentrate for the GS diet and a
concentrate for the CS diet, to meet the energy and
protein requirements for maintenance and milk production. The concentrate for the GSCS diet consisted of
a 50:50 mixture of both concentrates. Subsequently,
the cows within each type of BD received 2 treatments
in a crossover design: either 60 mg of 3-NOP/kg of
DM (NOP60) and a placebo with 0 mg of 3-NOP/kg
of DM (NOP0) in one crossover or 80 mg of 3-NOP/
kg of DM (NOP80) and NOP0 in the other crossover.
Diets were provided as total mixed ration in feed bins,
which automatically recorded feed intake. Additional
concentrate was fed in the GreenFeed system that was
used to measure emissions of CH4 and H2. The CS diets
resulted in a reduced CH4 yield (g/kg DMI) and CH4
intensity (g/kg milk). Feeding 3-NOP resulted in a
decreased DMI. Milk production and composition did
not differ between NOP60 and NOP0, whereas milk
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yield and the yield of major components decreased for
NOP80 compared with NOP0. Feed efficiency was not
affected by feeding 3-NOP. Interactions between BD
and supplementation of 3-NOP were observed for the
production (g/d) and yield (g/kg DMI) of both CH4
and H2, indicating that the mitigating effect of 3-NOP
depended on the composition of the BD. Emissions of
CH4 decreased upon 3-NOP supplementation for all
BD, but the decrease in CH4 emissions was smaller for
GS (−26.2% for NOP60 and −28.4% for NOP80 in CH4
yield) compared with both GSCS (−35.1% for NOP60
and −37.9% for NOP80 for CH4 yield) and CS (−34.8%
for NOP60 and −41.6% for NOP80 for CH4 yield),
with no difference between the latter 2 BD. Emissions
of H2 increased upon 3-NOP supplementation for all
BD, but the H2 yield (g/kg DMI) increased 3.16 and
3.30-fold, respectively, when NOP60 and NOP80 were
supplemented to GS, and 4.70 and 4.96 fold, respectively, when NOP60 and NOP80 were supplemented to
CS. In conclusion, 3-NOP can effectively decrease CH4
emissions in dairy cows across diets, but the level of
CH4 mitigation is greater when supplemented in a corn
silage-based diet compared with a grass silage-based
diet.
Key words: dairy cattle, methanogen inhibitor, feed
additive, silage-based diet
INTRODUCTION

Enteric CH4 production is among the main targets of
greenhouse gas mitigation practices for the dairy industry (Hristov et al., 2013), and multiple 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 enteric CH4 production,
including improvement of forage quality, feeding different forage types, supplementing lipids, and using feed
additives. Duin et al. (2016) described the characteristics of the feed additive 3-nitrooxypropanol (3-NOP).
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By molecular docking of 3-NOP at the site of methylcoenzyme M binding, 3-NOP specifically targets the
nickel enzyme, methyl-coenzyme M reductase, which
catalyzes the last step in the CH4-forming pathway of
rumen archaea (Duin et al., 2016). Several studies have
investigated the effects of 3-NOP on CH4 emission in
dairy cattle (e.g., Hristov et al., 2015a; Lopes et al.,
2016; van Gastelen et al., 2020). In a recent study,
where the efficacy of several dietary strategies across
studies and between different ruminant types was
compared, van Gastelen et al. (2019) concluded that
3-NOP was an effective CH4 mitigating feed additive
for dairy cattle. This conclusion was based on the unaffected DMI with substantial reductions in CH4 production (g/d; on average mitigated by 35%), CH4 yield (g/
kg of DMI; on average mitigated by 35%), and CH4
intensity (g/kg of milk; on average mitigated by 25%)
across studies. The CH4 mitigating effect of 3-NOP is
also persistent throughout the early lactation period,
starting from onset of lactation until 105 (Melgar et al.,
2020b) or 115 DIM (van Gastelen et al., 2020) and in
later lactation for 12 (Hristov et al., 2015a) or 15 wk
(Melgar et al., 2021).
However, variation in the CH4 mitigating response
to the addition of 3-NOP has been reported across
dairy cattle studies; namely, a decrease of between
29% (Hristov et al., 2015a) and 16% (van Gastelen et
al., 2020) in CH4 yield (g/kg of DMI) for a dosage of
60 mg of 3-NOP/kg of DM compared with a control
diet. In a recent meta-analysis, Dijkstra et al. (2018)
quantitatively evaluated factors that could explain heterogeneity in the response to 3-NOP. It was concluded
that the CH4 mitigation effect of 3-NOP increased with
increasing 3-NOP dose and decreased with increasing
dietary NDF content, whereas other dietary composition variables, such as dietary forage proportion and
CP content, were not related to the efficacy of 3-NOP
(Dijkstra et al., 2018). Vyas et al. (2018) reported a
greater CH4 mitigating response in beef cattle when
3-NOP was supplemented to high-grain diets than to
high-forage diets, and suggested that this was due to
dietary starch content and subsequently ruminal starch
fermentation. Starch fermentation generally results in a
low ruminal pH (Van Kessel and Russell, 1996), which
has an inhibiting effect on the number of protozoa and
methanogens (Grainger and Beauchemin, 2011), subsequently resulting in a lower concentration of methylcoenzyme M reductase, reduced fiber digestion and consequently the amount of CH4 produced on a daily basis.
Hence, adding 3-NOP to high-starch diets might inhibit
methyl-coenzyme M reductase with greater efficacy
compared with low-starch diets, potentially resulting in
a greater mitigation potential of 3-NOP in high-starch
diets. This suggests that the composition of the basal
Journal of Dairy Science Vol. 105 No. 5, 2022

diet (BD) might affect the CH4 mitigation potential of
3-NOP. However, the effect of dietary composition has
not been explored previously for dairy cattle receiving 3-NOP. The objective of this study was therefore
to investigate whether the CH4 mitigation potential of
3-NOP in dairy cattle is affected by BD composition.
We hypothesized that 3-NOP supplementation to a
corn silage-based diet would result in a greater CH4
mitigating response than when 3-NOP is supplemented
to a grass silage-based diet.
MATERIALS AND METHODS
Experimental Design

The experiment was conducted from November 2019
to February 2020 at the research facilities Dairy Campus (Wageningen Livestock Research, Leeuwarden, the
Netherlands). The use of 3-NOP (DSM Nutritional
Products Ltd.) in animal feed was preapproved by the
Veterinary Drugs Directorate Division (Utrecht, the
Netherlands), and no withdrawal period was implemented.
The experiment involved 64 Holstein-Friesian dairy
cows (146 ± 45 DIM at the start of trial; mean ± SD).
Of the 64 dairy cows, 18 were first-lactation cows, 18
cows were in their second lactation, and 28 cows in
their third lactation or higher. The cows were blocked
according to parity, DIM, and milk yield, resulting in
11 blocks in total, with 10 blocks of 6 cows and 1 block
of 4 cows. One block contained only 4 cows instead of
6, because we could not enroll 66 dairy cows (11 blocks
of 6 cows) due to the restrictions of the barn (e.g.,
number of lying cubicles and feeding places) and we
preferred to enroll the greatest number of dairy cows
possible (i.e., 64 instead of only 60 dairy cows). Within
each block, cows were randomly allocated to 1 of the 3
experimental BD and to a 3-NOP dose sequence.
Dietary Treatments

The experiment started with a covariate period,
during which all cows received the same BD according
to standard operating procedures at the experimental
facilities, consisting of 42% grass silage, 28% corn silage, and 30% concentrates on a DM basis. This diet
contained 151 g of protein/kg of DM, 167 g of starch/
kg of DM, and 369 g of NDF/kg of DM. After the
covariate period, the cows were assigned to an experimental BD. The chemical composition of the individual
feed ingredients is presented in Table 1. The ingredient
and chemical composition of the experimental BD are
presented in Table 2. The targeted compositions of the
BD were as follows (all on a DM basis); 30% concen-
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Table 1. Chemical composition (g/kg of DM, unless otherwise stated) of the individual feed ingredients
Item

Grass
silage1

Corn
silage2

Concentrate
GS3

Concentrate
CS4

Premix
NOP05

Premix
NOP606

Premix
NOP807

GreenFeed
bait8

DM (g/kg of product)
OM
CP
Crude fat
Gross energy (MJ/kg of DM)
NDF
ADF
ADL
Starch
Sugar
NEL10 (MJ/kg of DM)
DVE11
OEB12

358
883
198
37
19.0
380
233
7.6
—9
85
6.6
61
52

354
954
68
30
18.7
365
210
9.2
368
—9
6.8
52
−47

876
943
180
32
18.2
200
105
24.4
373
92
7.8
121
−23

886
907
362
31
18.6
236
147
33.1
15
141
7.4
159
112

878
930
264
33
18.6
213
122
27.6
212
121
6.7
92
0

876
929
267
29
18.6
216
124
29.8
208
115
6.7
92
0

876
928
272
31
18.6
213
120
28.0
206
116
6.7
92
0

879
924
145
30
17.8
362
230
17.1
103
110
7.0
86
−6

1

Ensiling characteristics: acetic acid = 18 g/kg of DM, lactic acid = 81 g/kg of DM, ammonia-n = 7% total N, and pH = 4.1.
Ensiling characteristics: acetic acid = 20 g/kg of DM, lactic acid = 68 g/kg of DM, ammonia-n = 10% total N, and pH = 3.7.
3
GS = grass silage. Ingredient composition (g/kg DM): corn = 360, rumen-protected rapeseed meal (MervoBest, Nuscience) = 252, wheat =
214, sugarbeet pulp = 174.
4
CS = corn silage-based diet. Ingredient composition (g/kg DM): rapeseed meal = 450, soybean meal = 330, sugarbeet pulp = 220.
5
NOP0 = 0 mg of 3-NOP/kg of DM. Ingredient (g/kg DM): rapeseed meal = 222, sugarbeet pulp = 191, corn = 180, soybean meal = 163,
rumen-protected rapeseed meal (MervoBest, Nuscience) = 124, wheat = 105, supplement = 16. The supplement consisted of 100% placebo
supplement.
6
NOP60 = 60 mg of 3-NOP/kg of DM. Ingredient (g/kg DM): rapeseed meal = 222, sugarbeet pulp = 191, corn = 180, soybean meal = 163,
rumen-protected rapeseed meal (MervoBest, Nuscience) = 124, wheat = 105, supplement = 16. The supplement consisted of 25% placebo
supplement + 75% 3-NOP supplement.
7
NOP80 = 80 mg of 3-NOP/kg of DM. Ingredient (g/kg DM): rapeseed meal = 222, sugarbeet pulp = 191, corn = 180, soybean meal = 163,
rumen-protected rapeseed meal (MervoBest, Nuscience) = 124, wheat = 105, supplement = 16. The supplement consisted of 100% 3-NOP
supplement.
8
Ingredient composition (g/kg DM): sugarbeet pulp = 300, soybean meal = 221, corn gluten meal = 87, wheat = 72, alfalfa = 70, sunflower
meal = 70, molasses = 50, barley = 50, corn = 49, rapeseed meal = 21, NaCl = 10.
9
Not determined.
10
Van Es, 1978.
11
Intestinal digestible protein (Van Duinkerken et al., 2011).
12
Rumen-degradable protein balance (Van Duinkerken et al., 2011).
2

trates and 70% grass silage for the grass silage-based
diet (GS); 30% concentrates, 42% grass silage, and
28% corn silage for the grass silage- and corn silagemixed diet (GSCS); and 30% concentrates, 14% grass
silage, and 56% corn silage for the corn silage-based
diet (CS). The chop length of grass silage was 15 mm
and that of corn silage 7 mm, for all BD. To each of
these diets, water was added to target a DM content
of 400 g/kg to enhance feed intake. The concentrate
meals (i.e., concentrate GS and concentrate CS) were
designed by Agrifirm (Apeldoorn, the Netherlands;
Table 1) to meet the requirements for maintenance and
milk production [i.e., net energy for lactation (Van Es,
1978); intestinal digestible protein and rumen degraded
protein balance (Van Duinkerken et al., 2011)] of the
dairy cows on the complete ration level. Hence, 2 types
of concentrates were used: a concentrate for the GS diet
and a concentrate for the CS diet. The concentrate for
the GSCS diet consisted of a 50:50 mixture of both concentrates. The cows were assigned to 1 of the 3 basal
experimental diets and received this diet from the start
Journal of Dairy Science Vol. 105 No. 5, 2022

of the adaptation period until the end of the experiment, supplemented with variable doses of 3-NOP.
All 3 BD were subsequently supplemented with 3 different dosages of 3-NOP: a placebo (i.e., silicon dioxide
+ 1,2 propanediol; NOP0), 3-NOP (i.e., 10% 3-NOP
on silicon dioxide + 1,2-propanediol) with a target
inclusion level of 60 mg 3-NOP/kg of DM (NOP60),
and 3-NOP (i.e., 10% 3-NOP on silicon dioxide +
1,2-propanediol) with a target inclusion level of 80 mg
3-NOP/kg DM (NOP80). To achieve the 3-NOP inclusion levels, 15% of the concentrates was replaced by
a premix containing 3-NOP (Table 2). These premixes
were in meal form, produced by Research Diet Services (RDS BV, Wijk bij Duurstede, the Netherlands),
and contained either only the placebo supplement for
NOP0, a mixture of the placebo supplement (25%) and
3-NOP (75%) for NOP60, or only 3-NOP for NOP80
(Table 1). By using this approach, the same amount of
supplement could be added to the different premixes
and achieve a different 3-NOP dose. Also, to achieve
the target 3-NOP inclusion levels, we corrected for a
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Table 2. Ingredient and chemical composition (g/kg of DM, unless otherwise stated) of the treatments, where the GreenFeed bait is not included
in the calculation of the chemical composition of the treatments1
GS
Composition
Ingredient composition
Grass silage
Corn silage
Concentrate GS
Concentrate CS
Premix NOP0
Premix NOP60
Premix NOP80
Chemical composition
DM (g/kg of product)
OM
CP
Crude fat
Gross energy (MJ/kg of DM)
NDF
ADF
ADL
Starch
Sugar
NEL2 (MJ/kg of DM)
DVE3
OEB4

NOP0

NOP60

GSCS
NOP80

NOP0

NOP60

CS
NOP80

NOP0

NOP60

NOP80

700
0
256
0
44
0
0

701
0
255
0
0
44
0

699
0
257
0
0
0
44

425
267
131
132
45
0
0

427
267
130
131
0
45
0

425
267
131
132
0
0
45

145
545
0
264
46
0
0

146
545
0
263
0
46
0

145
544
0
265
0
0
46

397
901
196
36
18.8
326
195
12.8
98
88
6.9
78
31

398
901
195
36
18.8
329
197
12.9
97
88
6.9
78
31

395
900
197
36
18.8
323
194
12.8
98
88
6.9
78
31

391
915
186
34
18.7
326
194
14.5
154
70
6.8
79
21

392
915
185
33
18.7
326
194
14.6
155
69
6.8
79
21

389
914
186
34
18.7
325
193
14.4
153
69
6.8
79
21

382
930
174
31
18.7
326
192
16.2
213
50
6.7
81
11

383
930
173
31
18.7
324
191
16.3
215
49
6.7
81
11

381
930
174
31
18.7
328
193
16.1
210
50
6.7
81
11

1
GS = grass silage-based diet; CS = corn silage-based diet; GSCS = grass silage- and corn silage-mixed diet; NOP0 = 0 mg of 3-NOP/kg of DM;
NOP60 = 60 mg of 3-NOP/kg of DM; NOP80 = 80 mg of 3-NOP/kg of DM.
2
Van Es, 1978.
3
Intestinal digestible protein (Van Duinkerken et al., 2011).
4
Rumen-degraded protein balance (Van Duinkerken et al., 2011).

pre-experiment estimated intake of 1.11 kg/cow/d of
nonsupplemented bait pellets in the GreenFeed stations
and an estimated total DMI (i.e., bait and TMR) of
22 kg of DM/d. Hence, the targeted 3-NOP inclusion
levels in the diets were slightly greater (i.e., 63 instead
of 60 mg of 3-NOP/kg of DM, and 84 instead of 80 mg
of 3-NOP/kg of DM) to achieve an overall target inclusion level of 60 and 80 mg of 3-NOP/kg of DM on total
DMI including intake of the GreenFeed bait.
Timeline Experiment

The experiment started with a covariate period of 2
wk in which baseline measurements took place. After
the covariate period, animals were adapted to their assigned BD without 3-NOP supplementation (i.e., GS,
GSCS, or CS) for a week. The dosages of 3-NOP were
subsequently arranged in 2 crossovers, because it was
possible to mix only 2 doses of 3-NOP in the barn at
any time point (i.e., 6 different diets). To have NOP0
present always, the second dose was either NOP60 and
NOP80. The 3-NOP dose sequence was therefore initiated with NOP0 and NOP60, consisting of an adaptation period of 2 wk, followed by a measurement period
of wk 1 (i.e., crossover 1, period 1; Figure 1). Then the
Journal of Dairy Science Vol. 105 No. 5, 2022

cows that received NOP0 continued as such, whereas
the cows that received NOP60 were switched to NOP80.
Cows were adapted to the new 3-NOP dose for 1 wk,
after which a new 1-wk measurement period started
(crossover 2, period 1). The above time-sequence took
place once more to complete the experiment and retrieve the second measurement period of each crossover
(Figure 1).
The length of the adaptation periods varied and depended on the change in 3-NOP dose. When the change
in 3-NOP dose was relatively large (i.e., from no 3-NOP
supplementation to NOP60 or from NOP0 to NOP80
and vice versa), we incorporated a 2-wk adaptation
period. When the change in 3-NOP dose was relatively
small (i.e., from NOP60 to NOP80 and vice versa), we
incorporated a 1-wk adaptation period.
Feeding and Housing

The cows were fed by using an automated feeding
system, consisting of the Trioliet feed mixing robot
(Triomatic HP 2 300, Trioliet) for mixing the experimental diets, and Insentec feed bins (FB; RIC system,
Hokofarm Group BV) to measure feed intake for each
individual cow. The Trioliet mixed all experimen-
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tal diets (n = 6 during the measurement periods) 3
times daily in equal portions. Measures to avoid crosscontamination were taken by first mixing the placebo
containing treatments (NOP0), followed by a rinsing
diet (which was not fed to the cows in the experiment),
then mixing the 3-NOP containing treatments (NOP60
or NOP80), followed again by a rinsing diet (which was
again not fed to the cows in the experiment). This was
repeated 3 times daily.
The different dietary components were stored in bunkers (used for forages), silos (used for concentrates),
and mini-silos (used for premixes). The operator of the
system determined on a weekly basis (based on the DM
content from the previous week of each individual dietary component, measured daily) how much of each of
these components was required to prepare the experimental diets. The dietary components were taken automatically from their bunker, silo or mini-silo, weighed,
and transported into the Trioliet feed mixing robot.
The bunkers and silos, in which the forages and concentrate were respectively stored, could weigh with an
accuracy of ± 2 kg of product. The mini-silos, in which
the premixes were stored, could weigh with an accuracy
of ± 2 g of product. The order in which the dietary

components were added to the Trioliet was grass silage,
premix portion 1, concentrates, water, premix portion
2, and corn silage (if applicable). The premixes (containing 3-NOP) were added to the Trioliet in 2 equal
portions while mixing was ongoing to achieve a greater
homogeneity of 3-NOP in the complete mixture. After
the last dietary component was added to the Trioliet,
the experimental diets were mixed for an extra 10 min
and transported to the FB. The Trioliet recorded the
weight of the dietary components that were added to
the experimental diets, as well as the amount that was
distributed across the FB. The experimental diets were
offered at 10% excess to the ad libitum feed intake. To
achieve this, the amount of experimental diet provided
by the Trioliet to the FB was determined daily, taking
into account the amount of feed provided the previous
day in combination with the feed orts remaining in the
FB in the morning (before first feed provided).
The dairy cows were housed as one group in a
freestall barn with 64 cubicles, 32 FB for feeding (i.e.,
1 FB for 2 cows), and 3 GreenFeed units (C-Lock Inc.)
for CH4 and H2 measurements. The assignment of the
cows to the FB was established at the start of trial and
remained similar throughout the trial. Hence, upon a

Figure 1. Scheme of the experimental setup. The experimental basal diets were a grass silage-based diet (GS; green), a grass silage- and
corn silage-mixed diet (GSCS; orange), and a corn silage-based diet (CS; blue). These diets were supplemented with different dosages of 3-nitrooxypropanol (3-NOP); namely, 0, 60, or 80 mg of 3-NOP/kg of DM (NOP0, NOP60, and NOP80, respectively). The first 14 d represents the
covariate period in which baseline measurements took place. The experiment consisted of 2 crossovers, each with two 1-wk measurement periods.
Journal of Dairy Science Vol. 105 No. 5, 2022
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change in dietary composition (e.g., 3-NOP dosage),
the Trioliet supplied different experimental diets to the
FB and the cows did not have to switch to another FB.
The FB were equipped with an automated identification system (monitor ID system based on transponders
within the collar of the dairy cows) to enable access.
The experimental diets were equally distributed over
the FB across the barn to eliminate potential barn
location effects. For each visit of a cow to a FB bin,
the start and end time of the visit as well as the start
and end weight of the FB bin were recorded. Visits
without feed intake (i.e., a weight difference of 100 g or
less recorded by the FB because a cow is passing by or
pushing against the FB) were discarded. Weekly, the
FB were calibrated by using a standard weight. The
lying cubicles were covered with commercially available rubber mats and with wood shavings as bedding,
and were cleaned daily. The dairy cows were exposed
to light from 0500 to 2300 h, had free access to clean
drinking water, and were milked twice daily at around
0700 and 1700 h during the entire experiment. Cows
were milked in a milking carrousel suited for 40 cows
with automatic cow identification, milk recording, and
milk cluster removal (AutoRotor PerFormer, Gea Farm
Technologies). The dairy cows received no concentrate
feeding during milking.
Sample Collection and Measurements

Samples of grass silage, corn silage, concentrates,
GreenFeed bait, and premixes were taken once weekly
and stored at −20°C pending analysis. Once weekly,
during 1 morning and 1 evening milking event, a milk
sample (10 mL) was collected in a tube containing sodium azide (5 μL) for preservation, stored no longer than
1 d at 4°C, and analyzed for fat, protein, lactose, and
urea content. A weighted average daily milk composition was calculated from milk composition and milk
yield of both milking events. An additional milk sample
(100 mL) was collected at a morning milking event of a
measurement period and stored at −20°C pending milk
fatty acid (MFA) composition. The BW of each cow
(identified via a monitor ID system) was recorded twice
daily during the entire study. Cows were weighed as
they exited the milking carrousel using a Gea weighing
scale (Gea Farm Technologies).
Gas Emissions

Emissions of CH4, H2, and CO2 were measured on an
individual animal level for the duration of the trial by
using the GreenFeed system (C-Lock Inc.; Zimmerman
et al., 2011). The GreenFeed system measures airflow
Journal of Dairy Science Vol. 105 No. 5, 2022

as well as CH4, H2, and CO2 concentrations in exhaust
air. Each GreenFeed unit was equipped with a head
position sensor, and gas emission data were rejected
when the head position criteria were not met. Unlike
the FB to which the cows were specifically assigned,
each GreenFeed unit could be visited by any cow. Each
individual cow could visit the GreenFeed units every
2 h (with a maximum of 12 times/d), and data collection was dependent on the cows’ voluntary visits
to the GreenFeed units. The number of visits to the
GreenFeed units resulting in reliable CH4, H2, and CO2
measurements was 44 ± 15.1 (mean ± SD) per cow
per week, and hence, no cow was excluded from the
data set because of insufficient number of visits to the
GreenFeed units (i.e., minimum of 20 measurements;
Manafiazer et al., 2017). A sweet, palatable concentrate
was offered as bait (Table 1) at the GreenFeed units
for enticement and to encourage the cow to maintain a
suitable head position for accurate measurements. This
GreenFeed bait was provided from a hopper above the
GreenFeed hood by using a computer controlled rotating cup dispenser, with a maximum of 8 so-called cup
drops per visit, 1 cup drop per 30 s, and 35.7 ± 2.22 g
of feed per cup drop.
The emissions of CH4, H2, and CO2 were calculated
by subtracting the recorded background gas concentration from the gas concentrations recorded during
the animal’s time in the GreenFeed. This difference
in concentration was subsequently multiplied by the
airflow to come to an emission rate in g/d, using the
ideal gas law and correcting for temperature and pressure. The GreenFeed units measure CH4, H2, and CO2
gas concentrations using a nondispersive near-infrared
analyzer (NDIR). The NDIR requires calibration using
an air mixture to zero the analyzer, and then using a
known certified gas concentration to adjust the span of
the NDIR. Hence, the NDIR was calibrated every third
day by using a zero-baseline gas (20% O2 and 80% N2;
Linde Gas Benelux B.V.) and a span gas mixture of N2
containing 10 ppm H2, 1,000 ppm CH4, 1% CO2, and
21% O2 (Linde Gas Benelux B.V.). This calibration was
used to remove signal drift in the NDIR analyzer over
time (managed by C-Lock Inc.), which was found to
be negligible. To check the recovery of expired gases,
a known amount of CO2 gas was released every month
in the GreenFeed units near where the animal's nose
would be when consuming the bait during a GreenFeed
visit. The average recovery of CO2 was 99.2% (for individual GreenFeed units between 94.7 and 102.7%).
Based on the recovery tests performed, the flow coefficient was adjusted (managed C-Lock Inc.). The procedure followed for the calibration and recovery test
was carried out according to Hristov et al. (2015b).
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A detailed description of how CH4 and H2 production
(mass per unit of time) is measured by the GreenFeed
system is provided by Hammond et al. (2015). Data
from the GreenFeed units were available every 24 h
by using communication through a web-based data
management system provided by C-Lock Inc. The final
data management was performed by C-Lock Inc. and
we subsequently performed statistical analyses on the
validated data set.
Chemical Analysis

At the end of the experiment, all feed samples were
thawed at room temperature, freeze-dried until constant
weight, and ground to pass a 1-mm screen by using a
cross beater mill for both silages (Peppink 100AN) and
an ultracentrifugal mill for the GreenFeed bait, concentrates and premix samples (Retsch ZM200, Retsch
GmbH). The samples were subsequently analyzed by
using wet chemistry for DM, ash, N, starch (except
for grass silage), reducing sugars (i.e., all carbohydrates
with reducing properties and soluble in 40% ethanol;
except for corn silage), crude fat, NDF, ADF, and ADL
as described by Abrahamse et al. (2008a). Bomb calorimetry (ISO 9831; International Organization for Standardization, 1998) was used to determine gross energy.
Crude protein was calculated as N × 6.25, where N
was determined using the Kjeldahl method with CuSO4
as catalyst (ISO 5983; International Organization for
Standardization, 2005). The N concentrations in both
forages were determined in fresh material according
to Klop et al. (2016). Milk samples were analyzed for
fat, protein, lactose, and urea content by mid-infrared
spectroscopy (ISO 9622; International Organization for
Standardization, 2013; Qlip B.V.). Fat- and proteincorrected 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, 2018).
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
was determined using GC (Thermo Electron Corporation) by Qlip (Qlip B.V.) with a split/splitless injector
and H2 as carrier gas as described by van Gastelen
et al. (2015). Samples of the experimental diets were
collected 4 times during the study (representing each
measurement period), frozen at −20°C and at the end
of the study transported to DSM Nutritional Products
(Kaiseraugst, Switzerland) on dry ice for analysis of
3-NOP content, as described by van Gastelen et al.
(2020).
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Statistical Analysis

The final data set included 63 dairy cows. Due to
persistent stealing behavior by 1 cow (i.e., stealing on
average 9% of her daily DMI from FB other than from
the FB to which the cow was assigned) throughout the
trial despite presence of measures that prevent such behavior, this cow had to be excluded from the data set.
All parameters related to feed intake, lactation performance, and gaseous exchange were averaged per cow
per period (i.e., covariate period and 4 measurement
periods). Data were subsequently split into 2 data sets:
(1) crossover with 0 and 60 mg of 3-NOP/kg of DM,
consisting of measurement period 1 and 4 (including the
covariate period as baseline measurement), (2) crossover with 0 and 80 mg of 3-NOP/kg of DM, consisting
of measurement period 2 and 3 (including the covariate
period as well as baseline measurement). Because it
was possible to mix only 2 doses of 3-NOP in the barn
at any time point (i.e., 6 different diets), NOP60 and
NOP80 were never fed simultaneously. Hence, statistical comparisons were performed for each 3-NOP dose
(NOP60 and NOP80) versus NOP0 only.
Per crossover, data were subjected to ANOVA in
a crossover with a 2 period × 2 treatment design
by using the MIXED procedure in SAS (edition 9.4,
SAS Institute Inc.). The BD (GS, GSCS, and CS),
the 3-NOP dose (0 and 60 mg/kg of DM for the first
crossover and 0 and 80 mg/kg of DM for the second
crossover; NOP), the BD × 3-NOP dose interaction,
treatment sequence (i.e., order in which the 3-NOP
dosages were supplemented within crossover), period,
as well as the baseline measurement from the covariate period were considered fixed effects. The model
included block and cow as random factors. The covariance structure variance components provided the
best fit with the lowest overall Akaike’s information
criterion values. The Kenward-Roger option was used
to estimate the denominator degrees of freedom. Multiple comparisons among treatment means were made
by using the Tukey-Kramer method when an effect of
BD or BD × 3-NOP dose interaction was detected at P
≤ 0.05. Additionally, within each crossover, we calculated the decrease in CH4 and increase in H2 emissions
for NOP60 or NOP80 relative to NOP0 for each cow.
These data were subsequently subjected to ANOVA
using the MIXED procedure in SAS, where the BD
and treatment sequence were considered fixed effects.
The model included block and cow as random factors.
All results are reported as least squares means with
significance of effects declared at P ≤ 0.05 and trends
at 0.05 < P ≤ 0.10.
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RESULTS

The average 3-NOP recovery of the experimental
diets in the crossover with 63 mg of 3-NOP/kg of DM
as target, was 104 ± 8.4% (i.e., 95% for GS, 110%
for GSCS, and 108% for CS). When corrected for the
DMI of the GreenFeed bait (not supplemented with
3-NOP), the overall inclusion levels of 3-NOP for total
daily DMI were on average 62 mg of 3-NOP/kg of DM;
namely 56, 66, and 65 mg/kg of DM for GS_NOP60,
GSCS_NOP60, and CS_NOP60, respectively. The average 3-NOP recovery of the experimental diets in the
crossover with 84 mg of 3-NOP/kg of DM as target,
was 101 ± 7.3% (96% for GS, 97% for GSCS, and 109%
for CS). When corrected for the DMI of the GreenFeed
bait (not supplemented with 3-NOP), the overall inclusion levels of 3-NOP for total daily DM intake were on
average 80 mg of 3-NOP/kg of DM; namely 75, 78, and
87 mg/kg of DM for GS_NOP80, GSCS_NOP80, and
CS_NOP80, respectively.
Gas Emissions

In the crossover with 60 mg of 3-NOP/kg of DM,
CH4 production (g/d) was affected (P = 0.01) by a BD
× NOP interaction and CH4 yield (g/kg DMI) tended
to be affected (P = 0.07) by a BD × NOP interaction
(Table 3). In the crossover with 80 mg of 3-NOP/kg of
DM, all measures of CH4 emission were affected (P ≤
0.05; Table 4) by a BD × NOP interaction. The BD

× NOP interactions are the result of the difference in
the mitigating effect of 3-NOP with the different BD.
Figure 2 shows the reduction (% relative to NOP0) of
CH4 production, CH4 yield, and CH4 intensity (g/kg
FPCM) with the 3 different BD for both NOP60 and
NOP80. The mitigating effect of NOP60 was smaller
(P < 0.01) when supplemented to GS (−28.2, −26.2,
and −26.5% for CH4 production, yield, and intensity,
respectively) compared with both GSCS (−37.0, −35.1,
and −35.5% for CH4 production, yield, and intensity,
respectively) and CS (−38.0, −34.8, and −38.2% CH4
production, yield, and intensity, respectively), with no
difference between the latter 2 BD (Figure 2). Also,
the mitigating effect of NOP80 was smaller (P < 0.01)
when supplemented to GS (−31.4, −28.4, and −27.9%
for CH4 production, yield, and intensity, respectively)
compared with both GSCS (−42.0, −37.9, and −39.1%
for CH4 production, yield, and intensity, respectively)
and CS (−45.1, −41.6, and −44.3% CH4 production,
yield, and intensity, respectively), with no difference
between the latter 2 BD (Figure 2). In the crossover
with 0 and 60 mg of 3-NOP/kg of DM, CH4 yield and
both measures of CH4 intensity were affected by BD (P
< 0.01) as well as 3-NOP dose (P < 0.01). All 3 measures of CH4 emissions decreased from GS to GSCS to
CS, and were smaller for NOP60 compared with NOP0.
In the crossover with 60 mg of 3-NOP/kg of DM,
both H2 production (g/d) and H2 yield (g/kg DMI) were
affected (P ≤ 0.02), and both measures of H2 intensity
(g/kg ECM and g/kg FPCM) tended to be affected (P

Table 3. Methane and hydrogen emission of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet, GSCS =
grass silage- and corn silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 60 mg of 3-nitrooxypropanol/kg of DM (NOP)
3-NOP dose
(mg/kg DM)

BD
Item

GS

CO2 emissions
Production (g/d)
14,527
Yield (g/kg of DMI)
684a
CH4 emissions
375
Production (g/d)1
Yield (g/kg of DMI)
17.6a
Intensity (g/kg of ECM)
12.0a
Intensity (g/kg of FPCM)
13.1a
H2 emissions
5.08
Production (g/d)2
0.237
Yield (g/kg of DMI)3
Intensity (g/kg of ECM)
0.169ab
Intensity (g/kg of FPCM)
0.182

GSCS
14,863
667a

a–c

362
16.4b
11.3b
12.3b
5.49
0.252
0.174a
0.191

CS

0

60

14,596
623b

14,647
649

14,677
667

350
14.8c
10.4c
11.4c
5.22
0.224
0.147b
0.164

439
19.5
13.5
14.8
2.31
0.104
0.072
0.079

285
13.1
9.0
9.8
8.22
0.372
0.254
0.278

P-value
SEM
112.8
9.8
5.4
0.21
0.21
0.23
0.186
0.0086
0.0066
0.0076

BD

NOP

BD × NOP

0.14
<0.01

0.79
<0.01

0.37
0.79

0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01

0.01
0.07
0.13
0.13

0.32
0.12
0.04
0.11

<0.01
<0.01
<0.01
<0.01

0.01
0.02
0.06
0.06

Values with a different superscript indicate a significant (P < 0.05) difference between the BD.
BD × NOP interaction; GS NOP0 = 438v, GS NOP60 = 311w, GSCS NOP0 = 445v, GSCS NOP60 = 279x, CS NOP0 = 434v, and CS NOP60
= 265x. Different superscripts indicate a significant (P < 0.05) difference.
2
BD × NOP interaction; GS NOP0 = 2.57v, GS NOP60 = 7.59w, GSCS NOP0 = 2.45v, GSCS NOP60 = 8.54x, CS NOP0 = 1.91v, and CS NOP60
= 8.53x. Different superscripts indicate a significant (P < 0.05) difference.
3
BD × NOP interaction; GS NOP0 = 0.120v, GS NOP60 = 0.354x, GSCS NOP0 = 0.112vw, GSCS NOP60 = 0.393y, CS NOP0 = 0.079w, and
CS NOP60 = 0.369xy. Different superscripts indicate a significant (P < 0.05) difference.
1
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Table 4. Methane and hydrogen emission of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet, GSCS =
grass silage- and corn silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 80 mg of 3-nitrooxypropanol/kg of DM (NOP)
3-NOP dose
(mg/kg of DM)

BD
Item
CO2 emissions
Production (g/d)
Yield (g/kg DMI)
CH4 emissions
Production (g/d)1
Yield (g/kg DMI)2
Intensity (g/kg ECM)3
Intensity (g/kg FPCM)4
H2 emissions
Production (g/d)5
Yield (g/kg DMI)6
Intensity (g/kg ECM)7
Intensity (g/kg FPCM)8

GS
14,403
671a
369
17.1
11.3
12.4

GSCS
14,768
654a
345
15.3
10.5
11.5

5.11
0.239
0.163
0.176

5.75
0.267
0.180
0.197

CS

0

80

14,529
621b

14,703
635

14,431
663

336
14.1
9.6
10.5
5.73
0.248
0.157
0.174

438
18.9
12.8
14.0

263
12.1
8.1
8.8

2.34
0.101
0.069
0.075

8.73
0.401
0.265
0.289

P-value
SEM
141.2
10.9
5.7
0.26
0.21
0.23
0.217
0.0107
0.0065
0.0072

BD

NOP

BD × NOP

0.27
<0.01

0.02
<0.01

0.14
0.66

<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01

<0.01
0.05
0.01
0.01

0.04
0.16
0.09
0.10

<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01

a,b

Values with a different superscript indicate a significant (P < 0.05) difference between 0, 40, and 80% corn silage of the forage.
BD × NOP interaction; GS NOP0 = 439v, GS NOP80 = 298w, GSCS NOP0 = 438v, GSCS NOP80 = 253x, CS NOP0 = 436v, and CS NOP80
= 237x. Different superscripts indicate a significant (P < 0.05) difference.
2
BD × NOP interaction; GS NOP0 = 20.0u, GS NOP80 = 14.2v, GSCS NOP0 = 18.9w, GSCS NOP80 = 11.8x, CS NOP0 = 17.8y, and CS NOP80
= 10.4z. Different superscripts indicate a significant (P < 0.05) difference.
3
BD × NOP interaction; GS NOP0 = 13.2v, GS NOP80 = 9.4x, GSCS NOP0 = 13.0vw, GSCS NOP80 = 8.0y, CS NOP0 = 12.3w, and CS NOP80
= 6.9z. Different superscripts indicate a significant (P < 0.05) difference.
4
BD × NOP interaction; GS NOP0 = 14.5v, GS NOP80 = 10.2x, GSCS NOP0 = 14.2vw, GSCS NOP80 = 8.7y, CS NOP0 = 13.4w, and CS NOP80
= 7.6z. Different superscripts indicate a significant (P < 0.05) difference.
5
BD × NOP interaction; GS NOP0 = 2.49v, GS NOP80 = 7.74w, GSCS NOP0 = 2.33v, GSCS NOP80 = 9.17x, CS NOP0 = 2.20v, and CS NOP80
= 9.27x. Different superscripts indicate a significant (P < 0.05) difference.
6
BD × NOP interaction; GS NOP0 = 0.113v, GS NOP80 = 0.365w, GSCS NOP0 = 0.103v, GSCS NOP80 = 0.431x, CS NOP0 = 0.088v, and CS
NOP80 = 0.407x. Different superscripts indicate a significant (P < 0.05) difference.
7
BD × NOP interaction; GS NOP0 = 0.079v, GS NOP80 = 0.247w, GSCS NOP0 = 0.071v, GSCS NOP80 = 0.288x, CS NOP0 = 0.055v, and CS
NOP80 = 0.259w. Different superscripts indicate a significant (P < 0.05) difference.
8
BD × NOP interaction; GS NOP0 = 0.085v, GS NOP80 = 0.268w, GSCS NOP0 = 0.078v, GSCS NOP80 = 0.315x, CS NOP0 = 0.062v, and CS
NOP80 = 0.285w. Different superscripts indicate a significant (P < 0.05) difference.
1

= 0.06) by a BD × NOP interaction. In the crossover
with 80 mg of 3-NOP/kg of DM, all measures of H2
emission were affected (P ≤ 0.01) by a BD × NOP
interaction. The BD × NOP interactions are the result
of the difference in the fold increase in H2 emissions
in response to 3-NOP with the different BD. Figure 3
shows the fold increase in H2 production (g/d), H2 yield
(g/kg DMI), and H2 intensity (g/kg FPCM) with the
3 BD for both NOP60 and NOP80. The fold increase
in H2 emissions in response to NOP60 increased from
GS (i.e., 3.10, 3.16, and 3.15 for H2 production, yield,
and intensity, respectively) to GSCS (i.e., 3.71, 3.76,
and 3.84 for H2 production, yield, and intensity, respectively) and further to CS (i.e., 4.48, 4.70, and 4.54
for H2 production, yield, and intensity, respectively).
Similarly, the fold increase in H2 emissions in response
to NOP80 increased from GS (i.e., 3.18, 3.30, and 3.35
for H2 production, yield, and intensity, respectively) to
both GSCS (i.e., 4.10, 4.43, and 4.36 for H2 production,
yield, and intensity, respectively) and CS (i.e., 4.63,
4.96, and 4.73 for H2 production, yield, and intensity,
respectively), with no difference between the latter 2
Journal of Dairy Science Vol. 105 No. 5, 2022

BD. In the crossover with 0 and 60 mg of 3-NOP/kg
of DM, H2 intensity (g/kg FPCM) was affected by the
BD, being smaller (P = 0.04) for CS compared with
GSCS. Both measures of H2 intensity were larger (P <
0.01) for NOP60 compared with NOP0.
No BD × NOP interactions were observed for CO2
emissions. In both crossovers, BD did not affect production of CO2, but CO2 yield was smaller (P < 0.01)
for CS compared with GS. In the crossover with 60
mg of 3-NOP/kg of DM, 3-NOP supplementation only
resulted in a greater (P < 0.01) CO2 yield, whereas in
the crossover with 80 mg of 3-NOP/kg of DM, 3-NOP
supplementation decreased (P = 0.02) CO2 production
and increased (P < 0.01) CO2 yield.
Feed Intake

No BD × NOP interactions were observed for any of
the feed intake characteristics (Tables 5 and 6). In the
crossover with 60 mg of 3-NOP/kg of DM, the number
of visits to the GreenFeed was larger (P < 0.01) for
GS compared with both GSCS and CS, with no dif-
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Figure 2. The decrease (%) in CH4 production (g/d; upper panel),
CH4 yield (g/kg of DMI; middle panel), and CH4 intensity [g/kg of fatand protein-corrected milk (FPCM); lower panel] of dairy cows treated
with 60 mg (NOP60) or with 80 mg (NOP80) of 3-nitrooxypropanol/
kg of DM compared with a placebo for 3 basal diets: a grass silagebased diet (GS), a grass silage- and corn silage-mixed diet (GSCS),
and a corn silage-based diet (CS). Bars with no common letters differ
within NOP60 (a, b) and within NOP80 (x, y) (P < 0.05). Data are
treatment LSM ± SD.

Figure 3. The fold increase in H2 production (g/d; upper panel),
H2 yield (g/kg DMI; middle panel), and H2 intensity [(g/kg fat- and
protein-corrected milk (FPCM); lower panel] of dairy cows treated
with 60 mg of 3-nitrooxypropanol/kg of DM (NOP60) and with 80 mg
of 3-nitrooxypropanol/kg of DM (NOP80) compared with a placebo
for 3 different basal diets: a grass silage-based diet (GS), a grass silageand corn silage-mixed diet (GSCS), and a corn silage-based diet (CS).
Bars with no common letters differ within NOP60 (a–c) and within
NOP80 (x, y) (P < 0.05). Data are treatment LSM ± SD.

ference between the latter 2 BD (Table 5). The DMI
of the GreenFeed bait decreased (P < 0.01) from GS
to GSCS, with CS in between. The latter pattern was

also observed for the number of GreenFeed visits in the
crossover with 80 mg of 3-NOP/kg of DM (Table 6),
where the number of GreenFeed visits decreased (P <
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Table 5. Feed intake of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet, GSCS = grass silage- and corn
silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 60 mg of 3-nitrooxypropanol/kg of DM (NOP)
3-NOP dose
(mg/kg of DM)

BD
Item
Visits to the GreenFeeds (number/d)
DMI GreenFeed bait (kg/d)
DMI partially mixed ration (kg/d)
DMI total (kg/d)
Feed efficiency (kg of ECM1/kg of
DMI total)
Feed efficiency (kg of FPCM2/
kg of DMI total)

GS

GSCS

a

b

CS

0

60

b

SEM

P-value
BD

NOP

BD × NOP

6.3
1.32a
20.0a
21.3a
1.49

4.8
1.01c
21.2b
22.2b
1.48

5.4
1.16b
22.4c
23.6c
1.45

5.5
1.15
21.5
22.7
1.46

5.6
1.17
20.9
22.1
1.48

0.22
0.038
0.20
0.20
0.021

<0.01
<0.01
<0.01
<0.01
0.41

0.21
0.40
<0.01
<0.01
0.50

0.21
0.27
0.32
0.32
0.39

1.36

1.35

1.32

1.34

1.35

0.019

0.40

0.50

0.39

a–c

Values with a different superscript indicate a significant (P < 0.05) difference between the BD.
ECM = [milk yield (kg/d) × 0.327] + [fat yield (kg/d) × 12.95] + [protein yield (kg/d) × 7.25] (Tyrrell and Reid, 1965).
2
Fat- and protein-corrected milk = [0.337 + 0.116 × fat (g/100 g) + 0.06 × protein (g/100 g)] × milk yield (kg/d) (CVB, 2018).
1

0.01) from GS to GSCS, with CS in between. The DMI
of the GreenFeed bait in the crossover with 80 mg of
3-NOP/kg of DM was smaller (P < 0.01) for GSCS
compared with both GS and CS. In both crossovers, the
DMI of the partially mixed ration as well as total DMI
increased (P < 0.01) from GS to GSCS and further to
CS. Feed efficiency was not affected by BD.
The DMI of the partially mixed ration as well as total DMI were smaller (P < 0.01) for NOP60 compared
with NOP0 (Table 5), as well as for NOP80 compared
with NOP0 (Table 6). Number of visits to the GreenFeed, DMI of GreenFeed bait, and feed efficiency were
not affected by NOP.
Body Weight and Lactation Performance

Milk urea content tended (P = 0.06; Table 7) to be
affected by a BD × NOP interaction in the crossover
with 60 mg of 3-NOP/kg of DM. The sum of the SFA,
UFA, PUFA, and trans MFA (all relative to total

amount of fatty acids) were affected (P ≤ 0.03), and
the sum of MUFA tended to be affected (P = 0.07)
by a BD × NOP interaction, but only in the crossover
with 80 mg of 3-NOP/kg of DM (Table 8). The sum of
SFA increased (P = 0.02) with NOP80 compared with
NOP0, but only with GS. The sum of UFA decreased
(P = 0.03) with NOP80 compared with NOP0 for both
GS and GSCS, but not for CS. The sum of PUFA and
of all trans MFA increased (P < 0.01) with NOP80
compared with NOP0, but only with CS.
In both crossovers, milk yield (kg/d) was larger (P <
0.01) for CS compared with both GS and GSCS, with
no difference between the latter 2 BD. The content of
the major milk components was not affected by BD in
the crossover with 60 mg of 3-NOP/kg of DM, but in
the crossover with 80 mg of 3-NOP/kg of DM, milk fat
content was greater (P < 0.01) for GS compared with
both GSCS and CS (with no difference between the
latter 2 BD). The increase in milk yield in combination
with an unaffected milk composition resulted, in the

Table 6. Feed intake of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet, GSCS = grass silage- and corn
silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 80 mg of 3-nitrooxypropanol (NOP)/kg of DM
3-NOP dose
(mg/kg of DM)

BD
Item
Visits to the GreenFeeds (number/d)
DMI GreenFeed bait (kg/d)
DMI partially mixed ration (kg/d)
DMI total (kg/d)
Feed efficiency (kg of ECM1/
kg of DMI total)
Feed efficiency (kg of FPCM2/
kg of DMI total)

GS
a

GSCS
c

CS

P-value

0

80

SEM

BD

NOP

BD × NOP

b

6.4
1.35a
20.2a
21.5a
1.53

5.0
1.05b
21.5b
22.5b
1.50

5.7
1.23a
22.4c
23.6c
1.50

5.6
1.19
22.0
23.2
1.50

5.8
1.23
20.7
21.9
1.52

0.20
0.037
0.26
0.25
0.021

<0.01
<0.01
<0.01
<0.01
0.56

0.30
0.15
<0.01
<0.01
0.16

0.85
0.90
0.20
0.18
0.45

1.40

1.37

1.37

1.37

1.39

0.020

0.55

0.17

0.45

a–c

Values with a different superscript indicate a significant (P < 0.05) difference between the BD.
ECM = [milk yield (kg/d) × 0.327] + [fat yield (kg/d) × 12.95] + [protein yield (kg/d) × 7.25] (Tyrrell and Reid, 1965).
2
Fat- and protein-corrected milk = [0.337 + 0.116 × fat (g/100 g) + 0.06 × protein (g/100 g)] × milk yield (kg/d) (CVB, 2018).
1
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crossover with 60 mg of 3-NOP/kg of DM, in greater
(P ≤ 0.04) yields of all major milk components, ECM,
and FPCM for CS compared with GS. The same was
observed for the crossover with 80 mg of 3-NOP/kg
of DM (P ≤ 0.02), with the exception for fat yield
(tendency only; P = 0.08) because of the increased milk
yield in combination with decreased milk fat content.
The sum of all trans MFA was larger (P < 0.01) for CS
compared with GS, but only in the crossover with 60
mg of 3-NOP/kg of DM.
None of the lactation characteristics were affected by
3-NOP in the crossover with 60 mg of 3-NOP/kg of
DM, with the exception of MFA. The sum of odd- and
branched-chain fatty acids (OBCFA), SFA, and trans
MFA were larger (P < 0.01) for NOP60 compared with
NOP0, whereas both the sum of UFA and MUFA were
smaller (P < 0.01) for NOP60 compared with NOP0.
In the crossover with 80 mg of 3-NOP/kg of DM, both
milk fat content and milk protein content tended to be
greater (P ≤ 0.07) and milk urea content was greater
(P < 0.01) for NOP80 compared with NOP0. Body
weight, milk production, daily yield of the major milk
components, ECM, and FPCM were smaller (P < 0.01)
for NOP80 compared with NOP0. The sum of OBCFA
was larger (P < 0.01) whereas the sum of MUFA was

smaller (P < 0.01) for NOP80 compared with NOP0.
The effect of BD and NOP on the individual MFA constituting the aggregated groups of MFA are presented
in Supplemental Tables S1 and S2 (https://doi.org/10
.17632/98ybrw5zjw.1; van Gastelen, 2022b).
DISCUSSION

Differences in the BD composition in the present
study were achieved by replacing grass silage with
corn silage and associated types of concentrates. We
are aware that by doing this, the change in forage
composition is confounded by a change in concentrate
composition. However, this is a practical and relevant
approach, normally applied in the dairy sector, and the
size and impact of the confounding effect must have
been relatively small as the diet was composed of 30%
concentrates on a DM basis only and changes in dietary
composition are to be attributed mainly to change in
forage type.
Inhibition of methanogenesis by 3-NOP is considered
to be directly and rapidly reversible both in vitro (Duin
et al., 2016) and in vivo (Reynolds et al., 2014; Muetzel
et al., 2019). Even though several studies (e.g., Lopes
et al., 2016; Haisan et al., 2016; Van Wesemael et al.,

Table 7. Body weight and lactation characteristics of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet,
GSCS = grass silage- and corn silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 60 mg of 3-nitrooxypropanol (NOP)/
kg of DM1
3-NOP dose
(mg/kg DM)

BD
Item
BW (kg)
Lactation performance
Milk yield (kg/d)
Milk fat content (g/100 g)
Milk protein content (g/100 g)
Milk lactose content (g/100 g)
Urea content (mg/dL)
Fat yield (g/d)
Protein yield (g/d)
Lactose yield (g/d)
ECM yield (kg/d)2
Fat- and protein-corrected milk
  yield (kg/d)3
Milk fatty acids (g/100 g of fat)
Σ OBCFA4
Σ SFA
Σ UFA
Σ MUFA
Σ PUFA
Σ Trans fatty acids

GS
680
25.1a
4.72
4.09
4.45
19.3
1,206a
1,050a
1,135a
31.6a
28.9a
4.36
72.8
25.1
22.3
2.77
1.59a

a,b

GSCS
666
26.2a
4.77
4.07
4.48
20.7
1,256ab
1,071a
1,182a
32.7ab
29.9ab
4.40
72.6
25.4
22.6
2.83
1.60a

CS

P-value

0

60

SEM

678

681

669

6.1

27.9b
4.62
4.05
4.46
21.1
1,295b
1,139b
1,260b
34.2b
31.3b

26.5
4.70
4.06
4.47
20.7
1,260
1,090
1,203
33.0
30.2

26.3
4.71
4.08
4.46
20.0
1,245
1,083
1,182
32.7
29.9

4.21
72.5
25.7
22.8
2.83
1.64

4.45
73.0
25.0
22.2
2.82
1.73

4.24
72.8
25.5
22.6
2.89
1.87b

BD

NOP

BD × NOP

0.22

0.10

0.61

0.41
0.050
0.026
0.014
0.50
22.0
20.1
21.0
0.55
0.50

<0.01
0.14
0.63
0.32
0.08
0.04
0.03
<0.01
0.02
0.02

0.55
0.85
0.26
0.13
0.12
0.55
0.67
0.30
0.53
0.52

1.00
0.13
0.83
0.66
0.06
0.56
1.00
0.99
0.83
0.84

0.094
0.35
0.32
0.28
0.050
0.036

0.34
0.89
0.64
0.74
0.39
<0.01

<0.01
<0.01
<0.01
<0.01
0.65
<0.01

0.82
0.64
0.60
0.54
0.85
0.20

Values with a different superscript indicate a significant (P < 0.05) difference between the BD.
Milk yield (kg/d) was determined daily. Milk composition (content as well as yield of major components), ECM yield, and fat- and proteincorrected milk yield were determined on a weekly basis.
2
ECM = [milk yield (kg/d) × 0.327] + [fat yield (kg/d) × 12.95] + [protein yield (kg/d) × 7.25] (Tyrrell and Reid, 1965).
3
Fat- and protein-corrected milk = [0.337 + 0.116 × fat (g/100 g) + 0.06 × protein (g/100 g)] × milk yield (kg/d) (CVB, 2018).
4
Sum of all odd- and branched-chain fatty acids (i.e., iso C14:0, iso C15:0, anteiso C15:0, C15:0, iso C16:0, iso C17:0, anteiso C17:0, and C17:0).
1
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Table 8. Body weight and lactation characteristics of lactating dairy cows fed different basal diets (BD; where GS = grass silage-based diet,
GSCS = grass silage- and corn silage-mixed diet, CS = corn silage-based diet) supplemented with 0 or 80 mg of 3-nitrooxypropanol (NOP)/
kg of DM1
3-NOP dose
(mg/kg of DM)

BD
Item
BW (kg)
Lactation performance
Milk yield (kg/d)
Milk fat content (g/100 g)
Milk protein content (g/100 g)
Milk lactose content (g/100 g)
Urea content (mg/dL)
Fat yield (g/d)
Protein yield (g/d)
Lactose yield (g/d)
ECM yield (kg/d)2
Fat- and protein-corrected milk
  yield (kg/d)3
Milk fatty acids (g/100 g fat)
Σ OBCFA4
Σ SFA5
Σ UFA6
Σ MUFA
Σ PUFA7
Σ Trans fatty acids8

GS
687
24.8a
5.04a
4.11
4.46
21.0
1,294
1,060a
1,141a
32.9a
30.1a
4.36
73.0
24.8
22.1
2.66
1.52

GSCS
663
26.0a
4.87b
4.05
4.47
21.0
1,301
1,088a
1,201a
33.6a
30.7a
4.35
73.0
25.0
22.3
2.77
1.56

CS
680
28.3b
4.80b
4.04
4.49
21.2
1,373
1,158b
1,292b
35.5b
32.5b
4.26
73.1
25.2
22.5
2.74
1.89

P-value

0

80

SEM

681

672

9.6

27.0
4.87
4.06
4.48
20.0
1,349
1,126
1,244
34.7
31.8

25.8
4.95
4.09
4.46
22.2
1,297
1,078
1,179
33.3
30.4

4.16
72.9
25.3
22.5
2.71
1.62

4.48
73.2
24.8
22.0
2.74
1.69

BD

NOP

BD × NOP

0.27

<0.01

0.84

0.44
0.053
0.026
0.015
0.54
22.2
20.5
21.4
0.55
0.50

<0.01
<0.01
0.20
0.35
0.96
0.08
0.02
<0.01
0.02
0.01

<0.01
0.05
0.07
0.15
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.34
0.11
0.54
0.90
0.22
0.77
0.63
0.38
0.74
0.73

0.104
0.35
0.31
0.28
0.048
0.033

0.62
0.97
0.70
0.75
0.36
<0.01

<0.01
0.09
<0.01
<0.01
0.21
<0.01

0.17
0.02
0.03
0.07
<0.01
0.02

a,b

Values with a different superscript indicate a significant (P < 0.05) difference between the BD.
Milk yield (kg/d) was determined daily. Milk composition (content as well as yield of major components), ECM yield, and fat- and proteincorrected milk yield were determined on a weekly basis.
2
ECM = [milk yield (kg/d) × 0.327] + [fat yield (kg/d) × 12.95] + [protein yield (kg/d) × 7.25] (Tyrrell and Reid, 1965).
3
Fat- and protein-corrected milk = [0.337 + 0.116 × fat (g/100 g) + 0.06 × protein (g/100 g)] × milk yield (kg/d) (CVB, 2018).
4
Sum of all odd- and branched-chain fatty acids (i.e., iso C14:0, iso C15:0, anteiso C15:0, C15:0, iso C16:0, iso C17:0, anteiso C17:0, and C17:0).
5
BD × NOP interaction; GS NOP0 = 72.6v, GS NOP80 = 73.5w, GSCS NOP0 = 72.7vw, GSCS NOP80 = 73.3vw, CS NOP0 = 73.3vw, and CS
NOP80 = 72.9vw. Different superscripts indicate a significant (P < 0.05) difference.
6
BD × NOP interaction; GS NOP0 = 25.3vx, GS NOP80 = 24.3w, GSCS NOP0 = 25.4x, GSCS NOP80 = 24.7vw, CS NOP0 = 25.1vwx, and CS
NOP80 = 25.3vwx. Different superscripts indicate a significant (P < 0.05) difference.
7
BD × NOP interaction; GS NOP0 = 2.68vw, GS NOP80 = 2.64v, GSCS NOP0 = 2.78vw, GSCS NOP80 = 2.76vw, CS NOP0 = 2.67v, and CS
NOP80 = 2.81w. Different superscripts indicate a significant (P < 0.05) difference.
8
BD × NOP interaction; GS NOP0 = 1.52v, GS NOP80 = 1.53v, GSCS NOP0 = 1.54v, GSCS NOP80 = 1.58v, CS NOP0 = 1.80w, and CS NOP80
= 1.97x. Different superscripts indicate a significant (P < 0.05) difference.
1

2019; van Gastelen et al., 2020) reported no significant effects of 3-NOP on lactation characteristics and
feed intake, the time needed to alter these variables
by a change in 3-NOP dose could be longer than that
needed to alter CH4 emission. Hence, we ensured that
an adaptation period of 1 wk or more was adopted
upon a change in 3-NOP dose. This short step up and
adaptation approach has been used previously in beef
studies with 3-NOP (Alemu et al., 2021).
CH4 Emissions

From 2014 onward, many studies reported that
3-NOP effectively reduces CH4 emissions in dairy cattle
(e.g., Haisan et al., 2014, 2017; Hristov et al., 2015a;
Lopes et al., 2016; Melgar et al., 2020b), as well as
that the CH4 mitigation of 3-NOP in dairy cattle is
persistent over time (Hristov et al., 2015a; Melgar et
Journal of Dairy Science Vol. 105 No. 5, 2022

al., 2020b, 2021; van Gastelen et al., 2020). In the present study, 3-NOP supplementation (either 60 or 80 mg/
kg of DM) resulted in reduced CH4 emissions relative
to NOP0 for all 3 different BD. For both dosages of
3-NOP and for all 3 measures of CH4 emission, the
mitigating effect of 3-NOP was, however, smaller when
supplemented to the GS diet compared with the GSCS
and CS diets. In the present study, dietary starch content increased from, on average taking both crossovers
into account, 98 g/kg of DM in the GS diet, to 154 g/kg
of DM in the GSCS diet, to 212 g/kg of DM in the CS
diet. Vyas et al. (2018) hypothesized that feeding diets
with a greater starch content would result in smaller
concentrations of methyl-coenzyme M reductase in
the rumen. Greater levels of dietary starch generally
result in a low ruminal pH (Van Kessel and Russell,
1996), inhibiting methanogens and inducing changes in
the methanogenic populations present (Grainger and
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Beauchemin, 2011), contributing to smaller levels of
methyl-coenzyme M reductase. Consequently, it can be
proposed that adding 3-NOP might inhibit methyl-coenzyme M reductase with a greater efficacy, resulting in
a greater mitigation potential of 3-NOP, in diets with a
greater starch content (although the precise mechanism
behind this remains unclear).
It should be noted that not only the dietary starch
content differed between the BD, but also the dietary
CP content and the 3-NOP dose (and subsequently intake of 3-NOP). Metabolizable protein allowance was,
however, above calculated requirements for the dairy
cows and the diets were designed to have a similar metabolizable protein content across the diets. Hence, the
difference in dietary CP content among the 3 BD in the
present study is not expected to significantly affect CH4
emission or the CH4 mitigation potential of 3-NOP. The
3-NOP dose in the present study was slightly smaller
for the GS diets compared with the GSCS and CS diets in both crossovers. Although Hristov et al. (2015a;
3-NOP doses tested were 40, 60, and 80 mg/kg of DM)
reported no effect of 3-NOP dose on CH4 mitigation,
both Reynolds et al. (2014; 3-NOP doses tested were
500 and 2,500 mg/d) and Melgar et al. (2020a; 3-NOP
doses tested were 40, 60, 80, 100, 150, and 200 mg/kg of
DM) reported that reduction in CH4 emissions was dose
dependent. Hence, it is expected that a smaller 3-NOP
dose may have resulted in a less pronounced decline in
CH4 emissions. Dijkstra et al. (2018) concluded that
CH4 yield was decreased by 2.48 ± 0.734% per 10 mg/
kg of DM increase in the 3-NOP dose from its mean. In
the present study, the 3-NOP dose was 9 and 12 mg/kg
of DM lower for the GS diet compared with the CS diet
in the crossovers with NOP60 and NOP80, respectively.
According to Dijkstra et al. (2018), these differences in
3-NOP dose would result in a 2.2 to 3.0% difference,
respectively, in CH4 mitigation between the GS and CS
diet. This is not sufficient, however, to account for the
actual observed declines in CH4 emissions between the
GS, GSCS and CS diets for both NOP60 and NOP80.
H2 and CO2 Emissions

The measured increase in H2 emission upon 3-NOP
supplementation was only a fraction of the stoichiometric amount involved with the decrease in CH4 production as H2 sink. This may have been caused by the
method used to measure H2 emission. Van Lingen et
al. (2017) showed that H2 emissions were a factor 100
greater in the first hour after a meal. If an animal does
not visit the GreenFeed units in this first hour after a
meal, we miss this large amount of H2 emission in our
daily estimate. Hence, we may have underestimated H2
production, because of the large (i.e., 100-fold) fluctuaJournal of Dairy Science Vol. 105 No. 5, 2022

tion in H2 production within a day. However, a smaller
measured increase in H2 emission than the calculated
amount of unused H2 due to decreased CH4 production was also observed by studies using different H2
measurement techniques, namely Hristov et al. (2015a;
used the GreenFeed system and SF6-tracer technique)
and van Gastelen et al. (2020; used climate respiration
chambers). This suggests that next to 3-NOP reducing
CH4 emissions, the secondary effects of 3-NOP likely
include a redirection of H2 to alternative H2 sinks, with
a redirection of the rumen fermentation profile toward
propionate fermentation being most likely (Haisan et
al., 2014; Lopes et al., 2016).
The BD × NOP interaction observed for the fold
increase in H2, indicating a greater fold increase when
3-NOP was supplemented to CS compared with GS,
is generally in line with the CH4 emissions results
discussed earlier. The increase in H2 emissions upon
3-NOP supplementation is in line with the findings of
Hristov et al. (2015a), Lopes et al. (2016), Melgar et al.
(2020a, 2020b), and van Gastelen et al. (2020). The observed absolute increase in H2 production (g/d) in the
present study with 3-NOP supplementation ranged between 5.91 g/d (NOP60) and 6.39 g/d (NOP80). These
levels are, when expressed relative to DMI, somewhat
less than those reported by van Gastelen et al. (2020;
3-NOP = 60 mg/kg of DM), but far greater than those
measured by Hristov et al. (2015a; 3-NOP = 80 mg/kg
of DM), Lopes et al. (2016; 3-NOP = 60 mg/kg of DM),
Melgar et al. (2020a; 3-NOP = 80 mg/kg of DM), and
Melgar et al. (2020b; 3-NOP = 60 mg/kg of DM). van
Gastelen et al. (2020), the only study using climate respiration chambers rather than the GreenFeed system,
suggested that these differences were most likely caused
by the measurement technique and the experimental
design. This, however, appears not to be the only
reason, because in the present study we also used the
GreenFeed system to measure H2 production and we obtained results more comparable, though still somewhat
less pronounced, to those obtained with the climate
respiration chambers. We therefore presume that the
feeding schedule as well as the sampling scheme must
have played an essential role in the level of H2 emissions
measured. Fresh feed was offered 3 times daily in equal
portions in the current study, whereas it was delivered
once daily (but pushed up to the cows several times
daily) in the above-mentioned studies (i.e., Hristov
et al., 2015a; Lopes et al., 2016; Melgar et al., 2020a,
2020b). Additionally, all above-mentioned studies used
the fixed sampling scheme as proposed by Hristov et
al. (2015a) 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) to obtain a representative sample
of a 24-h feeding cycle. In the current study, the dairy
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cows had free access to the GreenFeed units throughout
the day and each day of the experiment (i.e., 13 wk).
In Supplemental Figures S1 and S2 (https://doi.org/
10.17632/2nfwrtc44s.1; van Gastelen, 2022a), we illustrate that the voluntary visits to the GreenFeed units
are well spread over a 24-h period in both crossovers.
Nevertheless, it remains unclear how these visits relate
to the FB visits and feeding behavior (e.g., meal size)
of the dairy cows as well as to the measured emissions
of H2. To a far smaller extent such effects are to be
expected on CH4 emissions, because fluctuation in CH4
production within a day are considerably smaller than
those in H2 production (van Lingen et al., 2017).
In both crossovers, the production of CO2 was not affected by BD despite differences in DMI. The decreased
CO2 yield for the CS diet compared with the GS diet
is not in line with the observed response in CH4 yield,
and cannot be explained because the measured CO2
emission is a sum of many different processes. The
decreased CO2 production for NOP80 compared with
NOP0 may have been caused by the lower DMI, and is
in agreement with Melgar et al. (2020b) who observed
a decreased CO2 production upon 3-NOP supplementation in early-lactation dairy cows, but contrary to
Hristov et al. (2015a) who did not observe differences
in CO2 emissions upon 3-NOP supplementation in midto late-lactation dairy cows. The increased CO2 yield
for NOP60 as well as NOP80 compared with NOP0
is likely related to CO2 being used in CH4 formation.
Assuming that in methanogenesis 1 mol CO2 is used to
form 1 mol CH4 (McAllister and Newbold, 2008), the
6.2 g of CH4/kg of DMI decrease at NOP60 compared
with NOP0, corresponds in theory with an increase of
17 g of CO2/kg of DMI at NOP60. We observed that
CO2 yield increased with 18 g/kg of DMI. Similarly, at
NOP80, an increase of 19 g of CO2/kg of DMI compared
with NOP0 could be expected, where we observed an
increase of 28 g of CO2/kg of DMI. Hence, it is safe to
say that a large part of the observed increase in CO2
yield may be explained by the lower CH4 yield.
Feed Intake

Irrespective of the BD, feeding 3-NOP, at both 60
and 80 mg/kg of DM, resulted in a decreased total DMI
as well as DMI of the partially mixed ration compared
with 0 mg 3-NOP/kg of DM. Kim et al. (2020) performed a meta-analysis and reported that the DMI of
beef cattle tended to decrease when the dose of 3-NOP
increased, whereas no significant effect on DMI was
found for dairy cattle. The latter is because none of the
individual studies used for that meta-analysis reported
a significant change of DMI by 3-NOP. Melgar et al.
(2020a) reported that overall DMI was not different beJournal of Dairy Science Vol. 105 No. 5, 2022

tween 3-NOP and control, but did observe that increasing the 3-NOP dose tended to linearly decrease DMI.
Melgar et al. (2020b) reported, similar to the present
study, a decreased DMI upon 3-NOP supplementation.
The decreased DMI might be the result of an increased
ruminal propionate production at the expense of ruminal acetate upon feeding 3-NOP, as indicated by the
differences in rumen molar proportions of these acids
reported by others (e.g., Reynolds et al., 2014; Haisan et al., 2016; Lopes et al., 2016). Increased portal
vein propionate concentrations, arising from increased
production of VFA as well as an increased propionate
molar proportion, can promote satiety, resulting in a
decrease in DMI (Allen, 2000; Stocks and Allen, 2012).
Alternatively, the decreased DMI may also indicate
that the rumen microbiota were not able to cope with
excess of H2 formed with NOP80, because an increased
partial pressure of H2 in the rumen is expected to inhibit metabolism of rumen microorganisms (McAllister
and Newbold, 2008; Morgavi et al., 2010). Although
such an inhibitory effect of H2 cannot be excluded, it is
worth reminding that normal postprandial fluctuations
in rumen H2 are also large (a factor of 100; van Lingen
et al., 2017).
The CS diet resulted in increased total DMI as well
as DMI of the partially mixed ration compared with
GS. Even though studies differ in experimental design
(i.e., some studies replaced grass silage with corn silage
without changing the composition of the concentrate
and other studies changed the composition of both
the ratio between grass silage and corn silage and the
composition of concentrates), many reported positive
effects of CS on feed intake (e.g., Abrahamse et al.,
2008b; Kliem et al., 2008; van Gastelen et al., 2015;
Günal et al., 2019). The reason behind the effect of BD
on DMI of the GreenFeed bait and the number of visits
to the GreenFeed units remains unclear, but could be
related to the content difference in glucogenic precursors or rapidly fermentable substrates in the BD.
Body Weight and Lactation Performance

Irrespective of the BD, dairy cows in the present
study had a lower BW when 3-NOP was fed compared
with when no 3-NOP was fed (for NOP60, tendency
only), likely related to the smaller DMI with subsequently less feed in the GIT and digesta weight content.
It is interesting that NOP60 did not affect milk yield
and composition, whereas almost all milk performance
characteristics were affected by NOP80. Although
we statistically should not compare the 2 dosages of
3-NOP because of the design of the experiment (i.e.,
NOP60 and NOP80 were not fed simultaneously), these
results suggest a negative dose response relationship
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between 3-NOP dose and milk performance. Hristov
et al. (2015a) reported a quadratic response of 3-NOP
on milk protein and lactose yield, which were smaller
for 80 mg of 3-NOP/kg of DM (high dose) compared
with 60 mg of 3-NOP/kg of DM (medium dose). Additionally, Melgar et al. (2020a) reported a trend for
a linear decrease in milk yield as well as a significant
linear increase in milk fat yield with increase of 3-NOP
dose (ranging from 40 to 200 mg of 3-NOP/kg of DM).
In the recent study, the observed decrease in the yield
of the major milk components (i.e., fat, protein, and
lactose) as well as ECM and FPCM at NOP80 appears to be the direct result of the decrease in milk
yield, and a rather unaffected milk composition. The
effect of 3-NOP on milk yield is likely related to the
decreased dietary energy supply observed upon feeding
3-NOP. Compared with no 3-NOP supplementation,
the decrease in total DMI was 0.6 kg/d for NOP60,
representing a decrease of 2.5%. For NOP80, total
DMI decreased with 1.3 kg/d, representing a decrease
of 6.5%. The difference in DMI decrease may explain
the observed effects of 3-NOP on the lactational performance with NOP80 and lack of these effects with
NOP60. Melgar et al. (2020b) reported increased milk
urea nitrogen concentrations when 3-NOP was fed (60
mg/kg of DM), whereas Reynolds et al. (2014; 27 and
135 mg of 3-NOP/kg of DM), Lopes et al. (2016; 60
mg of 3-NOP/kg of DM), Haisan et al. (2016; 68 and
132 mg of 3-NOP/kg of DM) and van Gastelen et al.
(2020; 60 mg of 3-NOP/kg of DM) reported no effect of
3-NOP on milk urea nitrogen. It remains unclear why
in the present study the larger 3-NOP dose resulted
in increased milk urea content, whereas the smaller
3-NOP dose did not.
The total concentration of SFA in MFA increased
when NOP60 was supplemented to all BD, but for
NOP80 only when supplemented to GS. The increase
in SFA with <16C agrees with Hristov et al. (2015a),
Melgar et al. (2020a), and van Gastelen et al. (2020),
but is contrary to Reynolds et al. (2014). The SFA
with <16C are generally synthesized de novo in the
mammary gland primarily from acetate (Bauman and
Griinari, 2003) and indirectly from butyrate (Dijkstra
et al., 2011). Others consistently report increased molar proportions of propionate at the expense of molar
proportions of acetate in rumen fluid with feeding of
3-NOP [e.g., Haisan et al., (2014) and Lopes et al.
(2016), both studies reported no effect of 3-NOP on
total VFA]. A decrease in ruminal molar proportion of
acetate may be accompanied with an increase in molar
proportions of ruminal butyrate, as reported by Melgar
et al. (2020b), and may have been used as primer for
synthesis of SFA with <16C (Bauman and Griinari,
2003). Irrespective of the BD composition, the total
Journal of Dairy Science Vol. 105 No. 5, 2022

concentration of OBCFA in milk fat increased with
3-NOP supplementation, with in general iso-C14:0 and
iso-C16:0 decreasing and with C15:0, anteiso-C15:0,
C17:0, and anteiso-C17:0 increasing (Supplemental
Tables S1 and S2). Lopes et al. (2016) reported an increase in ruminal molar proportions of propionate and
in the relative abundance of propionate producing bacteria when 3-NOP was fed to dairy cows. Propionate is
a substrate for de novo synthesis of several odd-chain
fatty acids, including C15:0 and C17:0 in the mammary
gland (van Gastelen and Dijkstra, 2016). Additionally,
milk OBCFA are of microbial origin in the rumen, with
anteiso OBCFA more abundant in amylolytic bacteria
and iso OBCFA more abundant in fibrolytic bacteria
(Vlaeminck et al., 2006). Upon feeding 3-NOP to dairy
cows, Lopes et al. (2016) reported increased relative
abundance of amylolytic bacteria, such as Butyrivibrio,
and decreased relative abundance of fibrolytic bacteria,
such as Ruminococcus spp. The changes upon 3-NOP
supplementation in anteiso and iso MFA observed in
the present experiment are in line with these shifts in
abundance of amylolytic and fibrolytic bacteria. The
increase of the sum of trans MFA upon 3-NOP supplementation (for NOP60 with all BD and for NOP80 only
for CS) suggest that the biohydrogenation pathway has
been modified or that the biohydrogenation activity
in the rumen has changed upon 3-NOP supplementation, potentially because of changes in ruminal pH.
The effects of 3-NOP on ruminal pH are, however, not
consistently reported in literature. Haisan et al. (2016)
and Lopes et al. (2016) reported no effects of 3-NOP on
ruminal pH, whereas Melgar et al. (2020b) observed a
greater ruminal pH upon feeding 3-NOP.
The increased milk yield, ECM, and FPCM for CS
compared with GS is contrary to some studies (e.g.,
Abrahamse et al., 2008b; Brask et al., 2013; Günal et
al., 2019; studies where grass silage was replaced with
corn silage, without changing concentrate composition), but in agreement with Kliem et al. (2008; study
where composition of both forage and concentrate was
changed). The observed effects of BD on lactational
performance is likely related to the observed increase
in DMI for CS compared with GS, which represents
an increased feed energy availability for milk production. The observed increase in milk protein yield with
CS compared with GS appears to be the result of the
increased milk yield in combination with an unaffected
milk protein content. Generally, an increased intake of
readily digestible carbohydrates, such as starch, and
decreased intake of fibrous components is associated
with a reduction in milk fat production (Lock and
Shingfield, 2004; Nielsen et al., 2006). This is due to
the decrease in the molar proportion of acetate and increase in that of propionate (Bannink et al., 2006), and
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a lower ruminal pH which also favors a smaller acetate
to propionate ratio (van Soest, 1994), and formation
of specific trans fatty acids in the rumen (Bauman
and Griinari, 2003). Feeding corn silage-based diets
compared with grass silage-based diets is, however, not
always associated with a significant reduction of milk
fat production, probably due to variation in feeding
quality of these silages. Fitzgerald and Murphy (1999)
for example reported no effect on milk fat production,
which according to the authors was partly caused by
the reduction in digestibility for the corn silage-based
diet compared with the grass silage-based diet. Kliem
et al. (2008), on the other hand, reported no effect on
milk fat production, which according to the authors
was related to the relatively low dietary starch content
and high NDF content in the corn silage-based diet.
The latter also seems valid for the present study, where
the dietary NDF content was rather similar for all diets
and the dietary starch content was only slightly above
200 g/kg of DM for CS. This may explain why milk
fat yield actually increased in both crossovers and why
milk fat content was only smaller for CS compared with
GS in the crossover with 0 and 80 mg of 3-NOP/kg of
DM (i.e., −4.8% only).
The BD composition did not affect the groups of
MFA, except for trans fatty acids, which is in agreement with Kliem et al. (2008), and van Gastelen et al.
(2015). The increase in trans MFA for CS compared
with GS is likely a result of reduced ruminal pH upon
feeding high levels of dietary starch (Brask et al., 2013),
affecting shifts in the ruminal microbial population
that are associated with modifications in the biohydrogenation pathways. The unaffected SFA suggest that
de novo synthesis of milk fatty acids in the mammary
gland was unaffected. This could indicate that ruminal
acetate and butyrate, the major carbon sources for de
novo synthesized FA (Bauman and Griinari, 2003), remained unaffected by the BD composition.
CONCLUSIONS

Interactions between the BD and 3-NOP were observed for the production (g/d) and yield (g/kg DMI)
of both CH4 and H2, indicating that the mitigating effect of 3-NOP depended on the composition of the BD.
Emissions of CH4 decreased upon 3-NOP supplementation for all BD, but the decrease in CH4 emissions was
smaller for GS compared with GSCS and CS, with no
difference between the latter 2 BD. The increase in H2
emissions upon 3-NOP supplementation followed a similar pattern. The CS diet resulted in larger DMI, milk
yield, and the yield of major milk components. Feeding
3-NOP resulted in a decreased DMI, but did not affect feed efficiency (both for NOP60 and NOP80). Milk
Journal of Dairy Science Vol. 105 No. 5, 2022

yield and composition did not differ between NOP60
and NOP0, whereas milk yield and the yield of major
components were smaller for NOP80 compared with
NOP0. It is therefore concluded that 3-NOP can effectively decrease CH4 emissions in dairy cows across
diets, but the level of CH4 mitigation is greater when
supplemented in CS compared with a GS.
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