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ABSTRACT

Essential oils (EO) from oregano may have antimi-
crobial properties, potentially representing a methane 
mitigation strategy suitable for organic production. This 
study aimed to (1) examine the potential of oregano in 
lowering enteric methane production of dairy cows fed 
differing levels of dried oregano (Origanum vulgare ssp. 
hirtum) plant material containing high levels of EO; 
(2) determine whether differing levels of dried oregano 
plant material of another subspecies (Origanum vulgare 
ssp. vulgare) with naturally low levels of EO in feed 
affected enteric methane production; and (3) evaluate 
the effect of various levels of the 2 oregano subspecies 
(containing high or low levels of EO) in feed on rumen 
fermentation, nutrient digestibility, and milk fatty acids. 
Each experiment had a 4 × 4 Latin square design using 
4 lactating Danish Holstein dairy cows that had rumen, 
duodenal, and ileal cannulas and were fed 4 different 
levels of oregano. Experiment 1 used low EO oregano 
[0.12% EO of oregano dry matter (DM)] and evaluated 
a control (C) diet with no oregano and 3 oregano diets 
with 18 (low; L), 36 (medium; M), and 53 g of oregano 
DM/kg of dietary DM (high; H). Experiment 2 used 
high EO oregano (4.21% EO of oregano DM) with 0, 7, 
14, and 21 g of oregano DM/kg of dietary DM for C, 
L, M, and H, respectively. Oregano was added to the 
diets by substituting grass/clover silage on a DM basis. 
Low or high EO oregano in feed did not affect dry mat-
ter intake (DMI) or methane production (grams per 
day, grams per kilogram of DMI, grams per kilogram of 
energy-corrected milk, and percentage of gross energy 
intake). Rumen fermentation was slightly affected by 
diet in experiment 1, but was not affected by diet in 
experiment 2. In both experiments, the apparent total-

tract digestibility of DM, organic matter, and neutral 
detergent fiber decreased linearly and cubically (a cubic 
response was not observed for neutral detergent fiber) 
with increasing dietary oregano content, while milk 
fatty acids were slightly affected. In conclusion, dried 
oregano plant material with either high or low levels of 
EO did not lower the methane production of dairy cows 
over 4 consecutive days, and no substantial effects were 
observed on rumen fermentation or nutrient digestibil-
ity. This conclusion regarding methane production is in 
contrast with literature and requires further study.
Key words: oregano, essential oil, methane, dairy cow, 
rumen fermentation

INTRODUCTION

The emission of enteric methane, especially from 
dairy production, constitutes a significant part of the 
contribution of agriculture to global warming, account-
ing for 17% of global methane emissions (Knapp et al., 
2014). Consequently, the potential of plant-based feed 
additives, such as essential oils (EO), is being investi-
gated because they could represent a suitable methane 
mitigation strategy for ruminants. Plant-based feed 
additives are of particular interest for organic animal 
production because feed additives of natural origin fit 
better with the organic mindset than feed additives of 
synthetic origin. Essential oils are derived from herbs 
or medicinal plants (Benchaar and Greathead, 2011), 
including oregano (Origanum vulgare), garlic (Allium 
sativum), or horseradish (Armoracia rusticana). Es-
sential oils are volatile plant secondary metabolites 
that give plants their characteristic odor and flavor. 
They protect plants from damage by microorganisms, 
herbivores, and UV-B radiation (Bosabalidis, 2002). 
Essential oils have strong and nonspecific antimicrobial 
properties; however, microbes exhibit differing levels 
of sensitivity to EO (Benchaar and Greathead, 2011). 
Thus, EO could potentially alter rumen microbial 
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metabolism (fermentation and methanogenesis) by di-
rectly reducing the abundance of rumen archaea or by 
inhibiting fibrolytic bacteria that provide a substrate 
(e.g., hydrogen) for methanogenic archaea (Cobellis et 
al., 2016b). However, a decline in the digestibility of 
nutrients, especially fiber, is not desirable, because it 
could reduce the performance of animals; thus, it is 
important to consider this issue when examining the 
methane-mitigating potential of EO or bioactive plant 
material in general.

Oregano is a perennial herb that grows in Eurasia 
and North Africa. The EO content in Greek oregano 
(Origanum vulgare ssp. hirtum) is high and around 4% 
of DM (Vokou et al., 1993; Veres et al., 2003; Lukas et 
al., 2015). A different subspecies of oregano, wild mar-
joram (Origanum vulgare ssp. vulgare), has naturally 
lower levels of EO compared with Greek oregano, with 
concentrations as low as 0.2% of DM and up to 1% of 
DM (Veres et al., 2003; Lukas et al., 2015). Only 2 previ-
ous studies have investigated the effect of feeding dried 
oregano leaf material as a methane mitigation strategy 
for dairy cows. Tekippe et al. (2011) reported a 40% 
decline in hourly methane production when individual 
cows were fed 500 g (approximately 17.3 g of oregano 
DM/kg of dietary DM and 1.40% EO in oregano DM) 
of oregano leaf material (O. vulgare L.) daily. Similarly, 
Hristov et al. (2013) observed a linear decline in methane 
production per kilogram of DMI across oregano doses 
(0, 250, 500, and 750 g of O. vulgare L. leaf material per 
day corresponding to approximately 8.1, 16.6, and 25.8 
g of oregano DM/kg of dietary DM, respectively, and 
1.58% EO in oregano DM), with the highest reduction 
(36%) being documented for the 500 g/d dose. In both 
studies, methane production was measured for 8 h post 
feeding. Therefore, the methane mitigation observed in 
those studies may have been overestimated and effects 
of oregano should also be evaluated over the course of 
full consecutive days.

The current study used 2 subspecies of oregano with 
differing EO content and measured methane emission 
over a 4-d period. The overall aim was to evaluate the 
potential of adding dried oregano plant materials to 
feed as a methane mitigation strategy for dairy cows. 
In the first experiment (Exp. 1), we examined the ef-
fects of oregano plant material (O. vulgare ssp. vulgare) 
containing naturally low EO contents. We hypothesized 
that the low levels of EO would not lead to lowered 
methane production or altered rumen fermentation 
because EO are assumed to be the active compounds 
altering rumen fermentation through antimicrobial ef-
fects. In the second experiment (Exp. 2) we used dried 
oregano (O. vulgare ssp. hirtum) plant material with 
naturally high EO content and examined its effects on 
methane production, rumen fermentation, apparent 

nutrient digestibility, and milk fatty acid (FA) com-
position of lactating dairy cows. We hypothesized that 
methane production would be lowered, rumen fermen-
tation would be altered, apparent nutrient digestibility 
(especially NDF) would be reduced, and milk FA com-
position would be altered by lowered concentrations of 
short-chain FA when diets containing high EO oregano 
were fed to lactating dairy cows.

MATERIALS AND METHODS

Experimental Design

The experiments were conducted in accordance with 
the Danish Ministry of Justice Law No. 726 (Septem-
ber 9, 1993) for experimental animals. Experiment 1 
was conducted from February 12 to June 3, 2016, and 
Exp. 2 from January 13 to May 5, 2017. In Exp. 1, 
dried oregano (O. vulgare ssp. vulgare) plant material 
(leaves, stalks, and flowers; grown in the Fyn Region of 
Denmark; location: 55°32′2.5″N, 10°8′12.8″E) contain-
ing naturally low levels of EO was used (Table 1). In 
Exp. 2, dried oregano (O. vulgare ssp. hirtum) plant 
material, with naturally high levels of EO, grown at 2 
locations in Europe was used. The dried oregano from 
the 2 locations was mixed as is, with 27% originating 
from the Fyn Region of Denmark (leaves, stalks, and 
flowers; location: 55°18′35.9″N, 10°26′32.6″E) and 73% 
originating from the Argolis Region of Greece (leaves 
and flowers; location: 37°38′21.5″N, 22°42′18.2″E). 
Oregano plant material from all locations was har-
vested when near to full flowering and was then dried 
and ground. Care was taken during drying, grinding, 
and storage of the material to ensure the high quality of 
high EO oregano. The EO content of high EO oregano 
was routinely determined every 2 wk over the experi-
ment to monitor the stability of the EO content. From 
this point forward, the dried oregano plant material is 
referred to as oregano.

Each experiment involved a 4 × 4 Latin square de-
sign with 4 lactating Danish Holstein dairy cows fed 
4 rations with differing oregano content. Each cow 
received each diet once: control (C), low (L), medium 
(M), and high (H). In Exp. 1 with low EO oregano, the 
feed contained 0, 18, 36, and 53 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively. In Exp. 2 
with high EO oregano, the feed contained 0, 7, 14, and 
21 g of oregano DM/kg of dietary DM, for C, L, M, and 
H, respectively. Oregano was incorporated into the diet 
by replacing grass/clover silage on a DM basis. The 2 
experiments covered a 28-d period, and were divided 
into adaptation to the diet (from d 1 to 16), digesta col-
lection (from d 17 to 21), and gas measurements (from 
d 24 to 28). No samples were collected on d 22 and 23.



9904 OLIJHOEK ET AL.

Journal of Dairy Science Vol. 102 No. 11, 2019

Animals and Housing

Cows were fitted with a rumen cannula, as well as 
duodenal and ileal simple T-cannulas, to allow for the 
collection of digesta. The animals were housed in in-
dividual tie-stalls covered with mats and sawdust. In 
Exp. 1, 2 cows were in first parity, 1 cow in second 
parity, and 1 cow in third parity. At the start of the 
experiment, average ± SD milk yield was 35.6 ± 5.4 
kg/d, DIM was 158 ± 81 d, BW was 541 ± 22 kg, and 
BCS was 2.81 ± 0.13. In Exp. 2, 1 cow was in first par-
ity, 1 cow in second parity, and 2 cows in third parity. 
Cows had an average milk yield of 27.5 ± 11.1 kg/d, 
were 328 ± 217 DIM, had an average BW of 712 ± 117 
kg, and had an average BCS of 3.06 ± 0.38.

Diet and Feeding

Cows were fed TMR consisting of primary growth 
grass/clover silage (perennial ryegrass and white clo-
ver), maize silage, concentrates, and oregano (C diet 
without oregano; Table 2). The forage: concentrate ratio 

for all diets in both experiments was 63:37 on a DM 
basis, with oregano being part of the forage compo-
nent. The diets were formulated using NorFor (Volden, 
2011) and based on an expected milk yield of 9,500 kg 
of ECM per year. All rations had a minimum protein 
content of 15 g of amino acid N absorbed in the intes-
tine per megajoule of NEL (Volden, 2011). Oregano was 
integrated into TMR by substituting grass/clover silage 
on a DM basis (chemical compositions are presented in 
Table 3). Cows were fed ad libitum with approximately 
equal portions of TMR at 0800 and 1700 h. At the be-
ginning of each period, cows were gradually introduced 
to increasing amounts of oregano in the diet to limit 
the risk of reduced DMI. The oregano content in the 
diets increased with 17.8 g/kg of DM per day up to 
the desired levels for Exp. 1 and 7.0 g/kg of DM per 
day for Exp. 2. This stepwise increase took 1, 2, and 
3 d for the L, M, and H oregano diets, respectively. 
When cows changed diet from a higher oregano dose 
to a lower oregano dose, the decrease was not gradual, 
but immediate. Chromic oxide (Cr2O3) and titanium 
dioxide (TiO2) were used as external markers to deter-

Table 1. Essential oil (EO) composition1 of dried oregano plant material and grass/clover silage

Item

Experiment 1: Low EO oregano2

 

Experiment 2: High EO oregano3

Oregano4 Grass/clover silage Oregano5 Grass/clover silage

Total EO concentration, % of DM 0.12 0.039  4.21 0.026
Compound, % of total EO      
 Carvacrol 31.1 16.1  35.0 10.2
 Thymol 22.7 20.6  41.0 13.7
 Sabinene 7.37 0.0  0.017 0.0
 β-Caryophyllene 3.32 0.0  0.84 6.56
 p-Cymene 1.47 0.0  6.72 0.0
 trans-β-Ocimene 1.15 0.0  0.016 0.0
 γ-Terpinene 0.96 0.0  6.24 0.0
 Myrcene 0.78 0.0  2.16 0.0
 1,8-Cineole 0.72 4.28  0.13 3.96
 α-Humulene 0.69 8.53  0.15 17.7
 Terpinen-4-ol 0.51 0.0  0.35 0.0
 α-Thujene 0.46 2.52  0.63 9.24
 α-Pinene 0.44 4.98  0.64 8.64
 α-Terpinene 0.19 0.0  1.44 0.0
 d-Limonene 0.18 0.0  0.16 0.0
 β-Pinene 0.15 0.0  0.084 0.0
 cis-β-Ocimene 0.11 0.0  0.16 0.0
 Bornyl acetate 0.0 34.3  0.014 21.0
 β-Bisabolene 0.0 0.0  1.31 0.0
 Borneol 0.0 0.0  0.38 0.0
 Camphen 0.0 0.0  0.083 0.0
 Verbenone 0.0 0.0  0.012 0.0
 Unidentified 27.7 8.75  2.48 8.97
1Essential oils were also analyzed in maize silage, spring barley, and soybean meal for both experiments. Traces of EO were only found in the 
maize silage (0.0003% EO of DM) and soybean meal (0.0006% EO of DM) used in Experiment 1; EO were absent in the spring barley used in 
Experiment 1 and from all feed ingredients in Experiment 2.
2Diets contained 0, 18, 36, and 53 g of oregano DM/kg of dietary DM for the control, low, medium, and high oregano diets, respectively.
3Diets contained 0, 7, 14, and 21 g of oregano DM/kg of dietary DM for control, low, medium, and high oregano diets, respectively.
4Origanum vulgare ssp. vulgare.
5Origanum vulgare ssp. hirtum.
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mine nutrient flow in the digestive tract. Markers were 
weighed in degradable paper bags (10 g of Cr2O3 and 
13 g of TiO2) and were placed in the rumen twice a day 
during milking at 0700 and 1630 h.

Gas Measurements and Sampling

Gas exchange was measured for 4 d using 4 indi-
vidual transparent polycarbonate respiration chambers 
based on open circuit indirect calorimetry, as described 
by Hellwing et al. (2012). The system measured air flow 
using a mass flow meter (HFM-200 with laminar flow 
element, Teledyne Hastings Instruments, Hampton, VA; 
average ± SD airflow was 1,952 ± 60 L/min in Exp. 
1 and 2,024 ± 55 L/min in Exp. 2), concentrations of 
gases (methane, carbon dioxide, oxygen, and hydrogen; 
Columbus Instruments, Columbus, OH), and tempera-
ture, humidity, and pressure (Veng Systems, Roslev, 
Denmark). The chambers were placed in a square to 
allow visual contact between cows. Cows were allocated 

to a specific respiration chamber (same chamber for 
each cow throughout the experiment) for the first 48 h 
of gas measurements and were changed to the chamber 
along the diagonal for the latter 48 h of gas measure-
ments. This procedure was implemented to counteract 
eventual differences in background air composition.

The chamber was cleaned at the same times as the 
cows were fed and milked. Data measured during open-
ing times were deleted and replaced by the average for 
all other measurements per cow per period. After the 
respiration chambers were closed, the feed bins inside 
the chambers were kept closed for 30 min to stabilize 
gas concentrations before the onset of feeding. A scale 
in the feed bin of the respiration chamber logged feed 
intake continuously throughout the day from which 
hourly feed intake could be obtained.

Standard conditions for temperature (0°C) and pres-
sure (101.325 kPa) were used to calculate gas exchange, 
and 1 L of methane was considered to weigh 0.716 g. 
Recovery of gases was measured before, during, and 

Table 2. Dietary composition and analyzed chemical composition (grams per kilogram of DM, unless stated otherwise) of the experimental 
diets fed to dairy cows

Item

Experiment 1: low EO oregano1

 

Experiment 2: high EO oregano2

C L M H C L M H

Dietary composition          
 Oregano 0.0 17.8 35.5 53.3  0.0 7.0 13.9 20.9
 Grass/clover silage3 513 495 478 460  514 507 500 493
 Maize silage 116 116 116 116  116 116 116 116
 Spring barley 195 195 195 195  195 195 195 195
 Soybean meal, dehulled 159 159 159 159  159 159 159 159
 Mineral premix4 10.2 10.2 10.2 10.2  10.2 10.2 10.2 10.2
 Vitamin premix5 2.2 2.2 2.2 2.2  2.2 2.2 2.2 2.2
 Calcium carbonate 2.5 2.5 2.5 2.5  2.5 2.5 2.5 2.5
 Salt 1.7 1.7 1.7 1.7  1.7 1.7 1.7 1.7
Chemical composition          
 DM, g/kg of fresh matter 463 470 477 483  436 437 441 443
 Ash 70.7 70.0 70.9 70.5  73.8 75.6 72.9 74.0
 CP 182 182 181 181  192 197 194 193
 Crude fat 22.5 22.7 22.8 22.1  27.6 27.8 27.5 27.4
 NDF 289 291 292 292  281 272 275 277
 Starch 154 157 151 156  144 142 145 145
 Gross energy, MJ/kg of DM6 18.6 18.6 18.6 18.6  18.7 18.7 18.7 18.7
 In vitro OM degradability, % 81.8 81.3 80.9 80.5  83.1 83.5 83.1 82.8
 Total EO7 0.201 0.216 0.230 0.244  0.134 0.426 0.717 1.009
 Carvacrol7 0.032 0.038 0.043 0.049  0.014 0.116 0.219 0.322
 Thymol7 0.042 0.045 0.048 0.052  0.018 0.139 0.258 0.379
1Experiment 1 used Origanum vulgare ssp. vulgare with an EO content of 0.12% of DM. EO = essential oil; C = control; L = low; M = medium; 
H = high.
2Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM.
3Grass/clover silage consisted of perennial ryegrass and white clover.
4Concentration of vitamins and minerals per kilogram DM of feedstuff: 176 g of chloride, 140 g of magnesium, 120 g of calcium, 120 g of sodium, 
1.5 g of potassium, 0.5 g of sulfur, 4,500 mg of zinc, 4,000 mg of manganese, 1,500 mg of copper, 225 mg of iodine, 50 mg of selenium, 25 mg of 
cobalt, 600,000 IU of vitamin A, 190,000 IU of vitamin D3, and 4,000 IU of vitamin E.
5Concentration of vitamins and minerals per kg of DM of feedstuff: 10 mg of selenium, 5,000,000 IU of vitamin A, 200,000 IU of vitamin D, and 
10,000 IU of vitamin E.
6Calculated according to NorFor (Volden and Nielsen, 2011).
7Calculated EO, carvacrol, and thymol content based on the EO, carvacrol, or thymol content in feed ingredients and dietary proportion of feed 
ingredients.
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after the experiments by infusing a known amount of 
pure carbon dioxide or methane into the chambers and 
comparing it with the amount of accumulated gases 
measured by the system. Average recovery values ± SD 
were used to correct the measured gas concentrations 
(Exp. 1: 99.9 ± 0.66% for methane and 98.0 ± 0.77% 
for carbon dioxide; Exp. 2: 98.7 ± 1.71% for methane 
and 98.0 ± 1.11% for carbon dioxide).

Feed intake was determined on a daily basis by col-
lecting refusals. Samples of TMR and refusals were 
collected daily during digesta collection and gas mea-
surements to determine DM content. Samples of TMR 
and refusals were collected daily in the digesta sam-
pling week, feed ingredients were collected weekly, and 
samples were stored at −20°C. Pooled samples of TMR, 
grass/clover silage, and oregano were analyzed for nu-
trients, and in vitro OM degradability was determined.

Duodenal and ileal content and feces were sampled 
12 times over 5 d: at 1000 and 1800 h on d 1; at 0200, 
1200, and 2000 h on d 2; at 0400, 1400, and 2200 h on 
d 3; at 0600 and 1600 h on d 4; and at 0000 and 0800 h 
on d 5. Pooled samples were stored at −20°C. In Exp. 
1 with low EO, the digesta of 1 cow fed the M diet in 
period 2 could not be collected due to illness (infection 
in the intestines). Rumen liquid was collected in con-
nection with digesta sampling at 0600, 1200, 1800, and 
0000 h. Rumen liquid (30–40 mL) was sampled from 
the ventral ruminal sac using a 50-mL syringe attached 
to a 90-cm steel rumen sampler (Bar Diamond Inc., 
Parma, ID). Rumen pH was measured directly after 
collection by a digital pH meter (Meterlab PHM 220, 
Radiometer, Brønshøj, Denmark), and samples were 
stored frozen until further analysis for VFA, lactate, 
and ammonia concentration. Rumen liquid (2 L) was 
also collected on the last day in the digesta collection 

week at 1100 h to harvest microbes. Rumen liquid was 
collected from the liquid phase using a cup, filtered over 
2 layers of cheesecloth, and transferred to prewarmed 
thermos bottles. Samples were handled directly in the 
laboratory according to Brask et al. (2015). In brief, 
feed particles and protozoa were removed by a double 
centrifugation at 500 × g for 5 min at 3°C. Next, the 
supernatant was collected and centrifuged at 17,300 × 
g for 20 min at 3°C. The pellet was then collected and 
resuspended in 200 mL of NaCl (9%) and centrifuged 
at 17,300 × g for 20 min at 3°C. The resulting pellet 
(microbial matter) was stored at −20°C. Finally, the 
microbial matter was freeze-dried and analyzed for ash, 
nitrogen, and purine content. The 12 duodenal (0.5 L) 
and ileal (0.2 L) samples were collected by mounting 
a plastic bag on the cannula, and the bags were filled 
by bowel movement. Samples were pooled at the time 
of collection. The 12 fecal (~350 g) samples were col-
lected during voluntary defecation or from the rectum. 
Grab samples of rumen material of the cows in Exp. 2 
(16 observations) were taken to investigate the rumen 
bacterial community structure. Grab samples of rumen 
material were taken from 8 locations in the rumen and 
pooled on the last day of each experimental period at 
1100 h.

Milk yield was recorded at each milking (0700 and 
1630 h) during digesta collection and gas measure-
ments. Milk samples were collected from consecutive 
morning and afternoon milkings (6 milkings for Exp. 1 
and 4 milkings for Exp. 2) during the digesta collection 
week and for all other weeks at 2 subsequent milkings. 
Milk was analyzed for fat, protein, and lactose content.

Body weight was measured at a platform scale at the 
start of the experiments, in each period before cows 
entered the respiration chambers, and after cows left 

Table 3. Chemical composition (grams per kilogram of DM, unless stated otherwise) of dried oregano plant 
material and grass/clover silage1 fed to dairy cows

Item

Experiment 1: low EO oregano2

 

Experiment 2: high EO oregano3

Oregano Grass/clover silage Oregano Grass/clover silage

DM, g/kg of fresh matter 882 369  891 339
Ash 85.7 84.0  108 80.5
CP 81.9 139  140 163
Crude fat 18.9 24.4  44.1 30.2
NDF 440 406  243 374
iNDF4 289 50.4  112 44.0
Starch 13.3 1.96  11.3 2.13
In vitro OM degradability 43.6 77.6  50.2 81.0
1Grass/clover silage consisted of perennial ryegrass and white clover.
2Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets 
contained 0, 18, 36, and 53 g of oregano DM/kg of dietary DM for control, low, medium, and high oregano 
diets, respectively.
3Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 
14, and 21 g of oregano DM/kg of dietary DM for control, low, medium, and high oregano diets, respectively.
4iNDF = indigestible neutral detergent fiber.
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the chambers. Body condition score was determined on 
the day the cows left the chambers and assessed by the 
same person throughout each experiment.

Laboratory Analyses

Dry matter content of fresh feed and residue samples 
was determined by drying at 60°C for 48 h (AOAC 
International, 2000). Feed and digesta samples were 
freeze-dried and ground on a 1-mm screen, except for a 
0.5-mm screen used for analysis of starch and a 1.5-mm 
screen on a cutter mill for the analysis of indigestible 
neutral detergent fiber (iNDF). Ash content was deter-
mined by combustion at 525°C for 6 h. Nitrogen content 
was analyzed by the Dumas method (Hansen, 1989), 
using a Vario MAX CN (Elementar Analysensysteme 
GmbH, Hanau, Germany). Nitrogen × 6.25 was used 
to obtain CP. Crude fat was analyzed by hydrolyzing 
the samples with hydrochloric acid (Stoldt, 1952) and 
extraction of crude fat using petroleum ether and a 
Soxtec 2050 (Foss Analytical, Hillerød, Denmark). 
Starch was digested with heat-stable α-amylase and 
amyloglucosidase, and the reaction was subsequently 
assayed for glucose (Kristensen et al., 2007) by using 
a YSI model 2900 analyzer (YSI Inc., Yellow Springs, 
OH). Neutral detergent fiber was treated with heat-
stable amylase and sodium sulfite using a Fibertec 
M6 System (Foss Analytical, Hillerød, Denmark) and 
reported as ash-free NDF (Mertens, 2002). Indigestible 
NDF was determined after incubation for 288 h (12 d) 
in the rumen of 3 dry cows, using Dacron bags (1 bag 
per cow for each sample) with a pore size of 12 μm, and 
was expressed as residual NDF (Krämer et al., 2012). 
Dry cows were fed a standard ration at maintenance 
level, as described by Brask et al. (2013). The in vitro 
OM degradability of TMR, oregano, and grass/clover 
silage as separate substrates (0.5 g per sample) was 
determined in duplicate by 48 h of incubation in rumen 
liquid of donor cows (55 mL of solution consisting of 1 
part rumen liquid and 5 parts buffer) followed by 48 h 
of digestion in pepsin and hydrochloric acid (Tilley and 
Terry, 1963).

The total EO content and individual EO compounds 
(volatile terpenes, i.e., lipophilic terpenoids, phen-
ylpropanoids, or short-chain aliphatic hydrocarbon 
derivatives) in oregano, fresh silage, and concentrates 
were assayed using original standards (Sigma-Aldrich, 
Darmstadt, Germany) and gas chromatographic 
analyses. The volatile terpenes were extracted and 
quantified according to Grevsen et al. (2009) using a 
Focus gas chromatograph (Thermo Fisher Scientific, 
Waltham, MA) equipped with a Chrompack WCOT 
fused silica capillary column (50 m × 0.25 mm i.d., 
film thickness = 0.2 μm liquid phase: CP-Wax 52 CB; 

Chrompack, Middelburg, the Netherlands) and a split/
splitless injector and flame ionization detector (Thermo 
Fisher Scientific). Chromic oxide in digesta and feces 
was analyzed by oxidation to chromate and afterward 
determined spectrophotometrically, using Lamba 900 
equipment (PerkinElmer Inc., Waltham, MA; Schürch 
et al., 1950). Titanium dioxide in digesta and feces 
was analyzed according to Myers et al. (2004). In 
brief, titanium dioxide was treated with sulfuric acid 
and hydrogen peroxide, with absorbance being subse-
quently measured spectrophotometrically (Lamba 900, 
PerkinElmer Inc.). A modification to the method of 
Myers et al. (2004) was made by adding 15 mL of 30% 
hydrogen peroxide instead of 10 mL, and 5 additional 
drops were added before absorbance was measured. 
Titanium dioxide was also analyzed in feed, but a cor-
rection for titanium dioxide with feed was not made, 
because the titanium dioxide concentration in most 
samples of both experiments was below the detection 
limit of the analysis (detection limit of 0.10 g of TiO2/
kg of DM). The total purine content in microbial mat-
ter and duodenal content was analyzed according to 
Zinn and Owens (1986), as modified by Thode (1997). 
Perchloric acid was added to the samples to hydrolyze 
the nucleotides into purines, after which purines were 
precipitated into complexes with silver nitrate and 
measured spectrophotometrically (Lamba 900, Perkin-
Elmer Inc.). For analysis of ammonia concentration in 
rumen liquid, samples were alkalinized with potassium 
hydroxide, distilled, and titrated using a Kjeltec 2400 
(Foss Analytical; Brask et al., 2013). Concentrations of 
VFA and lactate in rumen liquid were analyzed accord-
ing to Jensen et al. (1995) and Canibe et al. (2007), 
respectively, using a Hewlett Packard gas chromato-
graph model 6890 (Agilent Technologies Inc., Wilming-
ton, DE) with a flame ionization detector and a 30-m 
SGE BP1 column (Scientific Instrument Services Inc., 
Ringoes, NJ). Grab samples of rumen material were 
freeze-dried to determine the rumen bacterial commu-
nity structure, and DNA was extracted and profiled 
by Illumina amplicon sequencing of the 16S rRNA 
gene (V3-V4), using universal primers (Bac341F and 
Bac805R; Klindworth et al., 2013). A total of 479,307 
sequences were analyzed with the QIIME2 pipeline 
(Bolyen et al., 2018). After quality filtering, merging, 
denoising, and chimera removal through use of DADA2 
(Callahan et al., 2016), 254,590 good quality sequences 
were clustered into 3,000 features.

Milk protein, lactose (as lactose monohydrate), and 
fat content were determined using an infrared analyzer 
(MilkoScan Msc4000, Foss Analytical) at Eurofins 
Steins Laboratories (Vejen, Denmark). Fatty acids in 
milk were analyzed by isolating milk fat by centrifuga-
tion and methylation using sodium methylate accord-
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ing to Larsen et al. (2013), with the modification of 
using heptane as the solvent instead of pentane. Methyl 
esters were analyzed using a gas chromatograph (Agi-
lent 7890A) with a flame ionization detector (Agilent 
Technologies Inc., Santa Clara, CA) and Rtx-65TG 
column (2.5 m, 0.25 mm i.d., 0.10-μm film thickness; 
Restek, Bellefonte, PA).

Calculations and Statistical Analyses

Dry matter intake was calculated as the amount of 
DM of refusals subtracted from the DM offered. Nutri-
ent intakes of OM, CP, crude fat, and NDF were calcu-
lated by multiplying DMI with the respective nutrient 
content in feed. The duodenal, ileal, and fecal DM flow 
was calculated for both markers separately by dividing 
the marker dosage with the marker concentration in 
duodenal, ileal, and fecal content, respectively (Owens 
and Hanson, 1992), and was averaged across markers. 
The nutrient flow of CP, crude fat, and NDF in the 
duodenum, ileum, and feces was calculated from the 
DM flow and respective nutrient concentration in each 
section of the digestive tract. Nutrient intake and flow 
were used to calculate apparent nutrient digestibility in 
different sections of the digestive tract. Gross energy 
intake was calculated according to NorFor (Volden and 
Nielsen, 2011). Microbial CP synthesis was calculated 
from the nitrogen and purine concentration in rumen-
isolated bacteria, purine concentration in duodenal 
content, and DM flow in the duodenum (Lund et al., 
2003). Microbial efficiency was calculated as microbial 
CP flow in the duodenum divided by true rumen di-
gested OM, which was calculated as OM intake with 
feed minus duodenal OM flow (corrected for microbial 
OM flow at duodenum). Energy-corrected milk yield 
(3.14 MJ/kg) was calculated as ECM yield (kg/d) = 
milk yield (kg/d) × {[38.3 × milk fat (g/kg) + 24.2 × 
milk protein (g/kg) + 15.71 × milk lactose (g/kg) + 
20.7]/ 3,140}, where lactose was lactose monohydrate 
(Sjaunja et al., 1991).

Observations of all variables were averaged within 
cow and period to obtain 16 observations for the statis-
tical analysis in total, except for some variables in Exp. 
1 for which some observations were missing. Due to the 
illness (infection in the intestines) of 1 cow receiving the 
M diet in Exp. 1, 15 observations in total (4, 4, 3, and 4 
observations for the C, L, M, and H diet, respectively) 
were used for measures obtained during the digesta 
collection week (DMI and nutrient intake). Fourteen 
observations in total (4, 4, 3, and 3 observations for the 
C, L, M, and H diet, respectively) were used for appar-
ent nutrient digestibility, because of an erroneously low 
duodenal DM flow caused by marker problems after ill-
ness of the same cow fed the H diet in Exp. 1 (samples 

were identified based on a high restricted likelihood 
distance and internally studentized residuals above 2). 
For the apparent NDF digestibility in the small and 
large intestine, 13 observations in total (4, 4, 2, and 3 
observations for the C, L, M, and H diet, respectively) 
were used due to an erroneously low NDF content in 
the ileal content of another cow fed the M diet (the 
sample was identified based on incorrect positive NDF 
digestibility in the small intestine and a negative NDF 
digestibility in the large intestine). Because of the low 
number of observations used for digestibility, especially 
for NDF digestibility in the small and large intestine, 
results should be interpreted with caution.

The statistical analyses were performed for each ex-
periment separately. Proc Mixed in SAS (version 9.3, 
SAS Institute Inc., Cary, NC) was used to analyze the 
effects of feeding oregano on the variables using diet 
(C, L, M, and H) and period (1–4) as fixed effects and 
cow as a random effect. The degrees of freedom (df) 
estimation method was containment. Linear, quadratic, 
and cubic orthogonal polynomial contrasts were used to 
analyze the effects of diet. Proc Mixed was also used 
to analyze the effects of diet on methane production in 
grams per hour and DMI in kilograms per hour dur-
ing 8 h post morning feeding for Exp. 2. Diet, period, 
time, and the interaction between diet and time were 
considered fixed effects and cow was considered a ran-
dom effect. The model included a repeated statement 
for time with heterogeneous first-order autoregressive 
ARH(1) as covariance structure, which was chosen 
based on the lowest Akaike information criterion val-
ues. The paired samples t-test was used to evaluate 
differences in DMI between the digesta collection week 
and gas measurement week. Beta group significance of 
the bacterial community structure was determined on 
both weighted and unweighted UniFrac matrices with 
PERMANOVA analysis (999 permutations), but these 
data are not presented because no differences in the 
major and minor bacterial community members were 
found.

Least squares means and SEM are presented in the 
tables. Significance was declared at P ≤ 0.05 and a 
tendency at 0.05 < P ≤ 0.10.

RESULTS

Feed Characteristics

The experimental diets were formulated by replacing 
part of the grass/clover silage with oregano on a DM 
basis, which produced similar DM content across treat-
ments in Exp. 2; however, the DM content of the diets 
in Exp. 1 were slightly different (Table 2). Despite the 
grass/clover silage and oregano having different chemi-
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cal compositions (Table 3), the chemical compositions 
of the diets were not markedly different across treat-
ments. In vitro OM degradability was lower for oregano 
compared with grass/clover silage (Table 3). The total 
EO content of oregano was 0.12% of oregano DM for 
Exp. 1 and 4.21% of DM for Exp. 2, with carvacrol 
and thymol being the predominant compounds in EO 
(Table 1).

Nutrient Intake and Apparent Nutrient Digestibility

Experiment 1. The level of dietary inclusion of low 
EO oregano did not affect the DMI during digesta col-
lection and OM intake (Table 4). Dry matter intake 
(mean difference ± SD) was 1.15 ± 0.66 kg/d higher 
(P < 0.001) during gas measurements compared with 
during digesta collection.

The inclusion level of oregano did not influence the 
apparent digestibility of DM and OM in the rumen, 
small intestine, and large intestine. Apparent total-tract 
digestibility of DM and OM decreased in a linear (for 
both P = 0.001) and cubic way (P = 0.04 for DM and P 
= 0.03 for OM), with the digestibility coefficients of the 
M and H diets being lower than those for C and L diets.

Apparent CP digestibility in the small intestine de-
creased linearly (P = 0.02) and tended to respond qua-
dratically (P = 0.09) with increasing doses of low EO 
oregano, with the H diet having the lowest digestibility 
coefficient. In comparison, the C, L, and M diets had 
similar digestibility coefficients. Apparent CP digest-
ibility in the large intestine responded quadratically (P 
= 0.02) with increasing doses of oregano. Moreover, 
the inclusion level of low EO oregano did not affect 
CP intake and the apparent digestibility of CP in the 
rumen and total tract.

Feeding increasing levels of low EO oregano did not 
affect the intake and apparent digestibility of NDF in 
the rumen, small intestine, and large intestine. Howev-
er, the apparent total-tract NDF digestibility decreased 
linearly (P = 0.001), with C and L diets having higher 
digestibility compared with the H diet.

Experiment 2. Increased levels of high EO oregano 
did not affect DMI during digesta collection (Table 4). 
No difference was found between DMI during digesta 
collection and DMI during gas measurements (mean 
difference ± SD of 0.038 ± 0.66 kg/d, P = 0.82). 
Hourly DMI analyzed for 8 h post morning feeding was 
affected by time (P < 0.001), but it was not affected 
by diet (P = 0.74) or the interaction between diet and 
time (P = 0.25; data not presented).

Nutrient intake of OM and CP did not differ be-
tween diets. Neutral detergent fiber intake responded 
cubically (P = 0.04) with increasing doses of dietary 
oregano. Feeding increasing doses of oregano was ac-

companied by lowered apparent total-tract digestibility 
of DM, OM, and NDF in a quadratic (for all P = 0.03) 
and cubic way (P-values of 0.05, 0.03, and 0.04 for DM, 
OM, and NDF, respectively). Apparent total-tract 
digestibility of CP was lowered linearly (P = 0.001) 
and cubically (P = 0.001), and tended to respond qua-
dratically (P = 0.06), with increasing doses of oregano. 
Furthermore, the inclusion level of high EO oregano did 
not affect the apparent nutrient digestibility of DM, 
OM, CP, and NDF in the rumen, small intestine, and 
large intestine.

Rumen Fermentation

Experiment 1. Feeding oregano with low levels of 
EO had no effect on rumen pH, rumen ammonia and 
lactate concentrations, total VFA concentration, molar 
proportions of acetate and propionate, and acetate-to-
propionate (A:P) ratio (Table 5). The butyrate molar 
proportion increased linearly (P = 0.01) and quadrati-
cally (P = 0.03) with increasing oregano content in the 
diet. Furthermore, microbial CP synthesis decreased 
linearly (P = 0.02) and tended to respond quadrati-
cally (P = 0.08), with the lowest value observed for the 
H diet. The inclusion level of low EO oregano did not 
affect microbial efficiency.

Experiment 2. The inclusion level of high EO 
oregano did not affect rumen pH; concentrations of 
total VFA, ammonia, and lactate; VFA molar propor-
tions; A:P ratio; microbial CP synthesis; and microbial 
efficiency (Table 5). In addition, no differences in the 
major and minor bacterial community members were 
found (results not presented).

Gas Exchange

Experiment 1. Feeding low EO oregano did not 
affect methane production (grams per day, grams per 
kilogram of DMI, grams per kilogram ECM, and per-
centage of gross energy intake; Table 6). Hydrogen pro-
duction increased linearly (P = 0.04) with increasing 
oregano doses. Feeding oregano did not affect carbon 
dioxide production or oxygen consumption.

Experiment 2. Feeding increasing doses of high 
EO oregano did not affect methane production (grams 
per kilogram of DMI, grams per kilogram ECM, and 
percentage of gross energy intake). However, a cubic 
response (P = 0.03) for lowest daily methane pro-
duction (grams per day) was found in the L and H 
diets (Table 6). Hourly methane production over 24 
h showed no marked differences between diets (Figure 
1). When analyzing hourly methane production for 8 h 
post morning feeding, time (P = 0.05) and the interac-
tion between diet and time (P = 0.001) affected hourly 
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Table 4. Intake and apparent digestibility of nutrients in the rumen, small intestine, large intestine, and total tract1 of dairy cows fed different 
levels of dried oregano plant material

Item

Diet2

SEM

P-value

C L M H Linear Quadratic Cubic

Experiment 1: low EO oregano3         
 DM         
  Intake during digesta collection, kg/d 19.2 19.4 19.9 19.2 0.41 0.64 0.10 0.28
  Intake during gas measurements, kg/d 20.3 20.7 20.9 20.3 0.47 0.85 0.15 0.66
  Rumen digestibility, % 40.2 39.5 39.3 42.3 1.71 0.44 0.31 0.74
  Small intestinal digestibility, % 49.5 50.0 50.5 42.3 1.95 0.06 0.07 0.35
  Large intestinal digestibility, % 17.8 17.0 11.1 20.6 2.32 0.79 0.08 0.10
  Total-tract digestibility, % 75.2 75.0 73.5 73.6 0.65 0.001 0.43 0.04
 OM         
  Intake, kg/d 17.8 18.1 18.5 17.8 0.38 0.64 0.10 0.30
  Rumen digestibility, % 50.3 49.1 48.7 50.7 1.51 0.92 0.32 0.80
  Small intestinal digestibility, % 46.7 47.3 48.6 40.3 2.00 0.10 0.07 0.28
  Large intestinal digestibility, % 11.4 11.0 3.75 14.3 2.92 0.90 0.12 0.11
  Total-tract digestibility, % 76.5 76.2 74.8 74.7 0.63 0.001 0.39 0.03
 CP         
  Intake, kg/d 3.49 3.54 3.61 3.46 0.078 0.95 0.14 0.40
  Rumen digestibility, % −6.41 −4.69 −6.52 −1.91 4.41 0.53 0.72 0.59
  Small intestinal digestibility, % 69.8 69.9 69.0 64.8 1.03 0.02 0.09 0.64
  Large intestinal digestibility, % 10.6 6.52 4.54 15.4 2.16 0.23 0.02 0.30
  Total-tract digestibility, % 71.3 70.7 68.8 69.8 0.79 0.07 0.22 0.15
 NDF         
  Intake, kg/d 5.55 5.66 5.79 5.59 0.14 0.43 0.09 0.37
  Rumen digestibility, % 69.0 63.7 65.2 63.7 1.48 0.08 0.23 0.18
  Small intestinal digestibility,1 % −48.1 −31.9 −37.4 −38.0 9.38 0.47 0.35 0.51
  Large intestinal digestibility,1 % 22.2 25.4 15.8 24.3 6.85 0.89 0.66 0.32
  Total-tract digestibility, % 64.8 64.3 62.2 61.6 1.27 0.001 0.79 0.19
Experiment 2: high EO oregano4         
 DM         
  Intake during digesta collection, kg/d 21.7 20.9 21.8 21.3 1.39 0.81 0.70 0.13
  Intake during gas measurements, kg/d 21.5 20.8 22.0 21.2 1.35 0.81 0.87 0.71
  Rumen digestibility, % 38.7 36.0 38.5 40.2 1.98 0.46 0.31 0.53
  Small intestinal digestibility, % 55.6 54.5 52.7 50.2 2.16 0.10 0.73 1.00
  Large intestinal digestibility, % 18.5 15.1 19.5 21.0 1.95 0.22 0.24 0.26
  Total-tract digestibility, % 77.9 75.7 76.6 76.5 0.48 0.10 0.03 0.05
 OM         
  Intake, kg/d 20.1 19.3 20.2 19.7 1.29 0.84 0.68 0.11
  Rumen digestibility, % 48.8 46.2 48.4 49.4 1.63 0.60 0.31 0.44
  Small intestinal digestibility, % 54.2 52.6 50.8 48.8 2.47 0.12 0.94 1.00
  Large intestinal digestibility, % 12.5 10.0 15.1 16.1 2.12 0.14 0.44 0.26
  Total-tract digestibility, % 79.6 77.4 78.5 78.3 0.50 0.15 0.03 0.03
 CP         
  Intake, kg/d 4.17 4.12 4.22 4.09 0.26 0.73 0.61 0.34
  Rumen digestibility, % −6.56 −11.0 −9.03 −4.43 3.22 0.56 0.19 0.79
  Small intestinal digestibility, % 70.5 70.9 70.9 67.7 1.80 0.17 0.20 0.62
  Large intestinal digestibility, % 11.2 7.04 9.42 12.3 1.90 0.49 0.08 0.45
  Total-tract digestibility, % 72.3 70.6 71.3 70.5 1.00 0.001 0.06 0.001
 NDF         
  Intake, kg/d 6.09 5.68 5.98 5.90 0.38 0.54 0.12 0.04
  Rumen digestibility, % 70.3 69.2 70.0 69.0 1.65 0.62 0.96 0.58
  Small intestinal digestibility, % −11.4 −22.7 −33.2 −28.5 9.44 0.14 0.36 0.70
  Large intestinal digestibility, % 14.2 13.7 24.8 23.0 3.75 0.07 0.86 0.19
  Total-tract digestibility, % 72.0 67.9 70.3 70.3 0.91 0.45 0.03 0.04
1For experiment 1: DMI during gas measurements is based on 16 observations in total and DMI during digesta collection, and nutrient intakes 
are based on 15 observations in total (4, 4, 3, and 4 observations for the C, L, M, and H diet, respectively) instead of 16. Coefficients for ap-
parent nutrient digestibility are based on 14 observations in total (4, 4, 3, and 3 observations for the C, L, M, and H diet, respectively) instead 
of 16, except for apparent NDF digestibility in the small and large intestine for which 13 observations in total (4, 4, 2, and 3 observations for 
the C, L, M, and H diet, respectively) instead of 16 were used; thus, the results should be interpreted with caution. For experiment 2, all 16 
observations were used.
2C = control diet; L = low oregano diet; M = medium oregano diet; H = high oregano diet.
3Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets contained 0, 18, 36, and 53 g of 
oregano DM/kg of dietary DM for C, L, M, and H, respectively.
4Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 14, and 21 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively.
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Table 5. Rumen fermentation characteristics of dairy cows fed different levels of dried oregano plant material

Item

Diet1

SEM

P-value

C L M H Linear Quadratic Cubic

Experiment 1: low EO oregano2         
 Rumen pH 6.27 6.17 6.26 6.28 0.070 0.52 0.23 0.30
 NH3, mmol/L 8.92 7.94 8.28 8.84 0.94 0.98 0.36 0.77
 Lactate, mmol/L 4.71 6.32 4.42 3.53 2.67 0.61 0.62 0.70
 Total VFA,3 mmol/L 114 113 106 110 4.21 0.24 0.48 0.42
 Acetate, mol/100 mol 60.2 59.9 59.9 59.5 0.73 0.31 0.96 0.71
 Propionate, mol/100 mol 20.8 20.8 20.3 20.8 0.51 0.69 0.49 0.38
 Butyrate, mol/100 mol 15.1 15.7 16.0 15.8 0.45 0.01 0.03 0.77
 Acetate: propionate ratio 2.89 2.89 2.96 2.86 0.10 0.97 0.55 0.52
 Microbial CP synthesis, kg of CP/d 1.50 1.48 1.47 1.34 0.072 0.02 0.08 0.36
 Microbial efficiency, g of microbial CP/kg of true  
  rumen digested OM

132 131 129 120 7.07 0.20 0.44 0.80

Experiment 2: high EO oregano4         
 Rumen pH 6.22 6.24 6.28 6.23 0.10 0.74 0.54 0.55
 NH3, mmol/L 11.4 11.0 11.0 11.3 0.73 0.99 0.68 0.98
 Lactate, mmol/L 3.38 4.62 4.82 3.71 1.10 0.79 0.27 0.95
 Total VFA,3 mmol/L 128 127 123 122 5.62 0.13 0.87 0.67
 Acetate, mol/100 mol 59.0 59.0 59.8 59.5 0.55 0.10 0.53 0.17
 Propionate, mol/100 mol 20.7 21.1 20.4 20.2 0.33 0.12 0.36 0.26
 Butyrate, mol/100 mol 16.2 15.9 15.9 16.4 0.76 0.85 0.38 0.89
 Acetate: propionate ratio 2.87 2.84 2.97 2.99 0.034 0.39 0.11 0.19
 Microbial CP synthesis, kg of CP/d 1.61 1.64 1.64 1.51 0.11 0.21 0.17 0.65
 Microbial efficiency, g of microbial CP/kg of true  
  rumen digested OM

132 145 133 125 5.63 0.26 0.11 0.26

1C = control diet; L = low oregano diet; M = medium oregano diet; H = high oregano diet.
2Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets contained 0, 18, 36, and 53 g of 
oregano DM/kg of dietary DM, for C, L, M, and H, respectively.
3Total VFA is the sum of acetate, propionate, butyrate, formate, valerate, iso-butyrate, iso-valerate, caproate, heptanate, benzoate, and suc-
cinate concentrations. Benzoate was not present in the rumen liquid samples of experiment 1.
4Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 14, and 21 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively.

Table 6. Gas exchange of dairy cows fed different levels of dried oregano plant material

Item

Diet1

SEM

P-value

C L M H Linear Quadratic Cubic

Experiment 1: low EO oregano2         
 CH4, g/d 461 455 464 451 11.1 0.46 0.63 0.22
 CH4, g/kg of DMI 22.8 22.0 22.2 22.2 0.71 0.27 0.22 0.37
 CH4, g/kg of ECM 16.8 15.4 15.9 16.0 0.86 0.40 0.16 0.37
 CH4, % of GEI3 6.73 6.49 6.56 6.56 0.20 0.29 0.20 0.35
 H2, L/d 11.4 12.3 12.9 14.4 1.49 0.04 0.74 0.75
 CO2 production, L/d 6,938 6,985 6,983 6,818 190 0.27 0.16 0.71
 O2 consumption, L/d 6,108 6,232 6,188 6,033 149 0.32 0.05 0.83
Experiment 2: high EO oregano4         
 CH4, g/d 502 487 520 485 32.0 0.70 0.30 0.03
 CH4, g/kg of DMI 23.4 23.4 23.6 23.0 0.46 0.60 0.47 0.71
 CH4, g/kg of ECM 21.4 21.9 21.3 22.6 3.64 0.56 0.71 0.56
 CH4, % of GEI 6.87 6.89 6.92 6.76 0.14 0.60 0.50 0.76
 H2, L/d 6.56 7.11 7.46 6.66 0.88 0.74 0.16 0.62
 CO2 production, L/d 7,974 7,759 8,099 7,848 276 0.91 0.80 0.01
 O2 consumption, L/d 7,022 6,867 7,098 6,969 229 0.73 0.78 0.01
1C = control diet; L = low oregano diet; M = medium oregano diet; H = high oregano diet.
2Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets contained 0, 18, 36, and 53 g of 
oregano DM/kg of dietary DM for C, L, M, and H, respectively.
3GEI = gross energy intake.
4Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 14, and 21 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively.
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methane production; however, diet had no effect (P = 
0.72; data not presented).

Carbon dioxide production and oxygen consumption 
responded cubically (both P = 0.01) to increasing oreg-
ano doses (Table 6). Furthermore, the inclusion level of 
oregano did not affect hydrogen production.

Milk Production, Composition, and FA Profile

Experiment 1. Milk yield responded quadratically 
(P = 0.03) with increasing doses of low EO oregano; 
however, no effect was observed on ECM yield (Table 
7). Feeding oregano also had no effect on milk composi-
tion or feed conversion efficiency. Feeding oregano with 
low levels of EO affected C18: 3n -3 in a quadratic way 
(P = 0.02) and a linear way (tendency, P = 0.06). The 
lowest values were obtained for the C diet, while the 
highest values were obtained for the L diet (Table 8). 
The concentration of C18 responded quadratically (P 
= 0.05) to increasing doses of oregano. The inclusion 
level of oregano did not affect other FA, sum of MUFA, 
or total FA.

Experiment 2. Feeding increasing doses of oregano 
high in EO did not affect the milk-related variables 
(Table 7). Feeding increasing doses of high EO oregano 
affected the sum of PUFA (P = 0.03) and C18:2 cis-
6 cubically (P = 0.05), with the highest values being 
observed for the H diet and the lowest levels being 
observed for the M diet (Table 8). Feeding high EO 
oregano did not affect total FA or sum of C4 to C14, 
MUFA, and other FA.

DISCUSSION

Oregano and Methane Production

Oregano plant material (Tekippe et al., 2012) and 
EO extracted from oregano have been shown to de-
crease methane production in a dose-dependent way 
in vitro at high doses of >300 mg/L (Benchaar and 

Figure 1. Least squares means for methane production per hour 
over a 24-h period for dairy cows fed a control diet (solid line, 0 g of 
oregano DM/kg of dietary DM) or a diet of oregano containing high 
levels of essential oils (low: long dashed line, 7 g of oregano DM/kg 
of dietary DM; medium: short dashed line, 13.9 g of oregano DM/kg 
of dietary DM; high: dotted line, 20.9 g of oregano DM/kg of dietary 
DM). Times of feeding are indicated with arrows. Each time point 
presents the average methane production for 30 min on either side of 
the time point (i.e., time point 0030 h presents the average methane 
production from 0000 to 0100 h).

Table 7. Milk yield and composition of dairy cows fed different levels of dried oregano plant material

Item

Diet1

SEM

P-value

C L M H Linear Quadratic Cubic

Experiment 1: low EO oregano2         
 Milk yield, kg/d 27.8 29.8 29.9 28.0 2.74 0.84 0.03 0.95
 ECM yield, kg/d 27.5 30.2 29.5 28.3 1.58 0.69 0.11 0.55
 Fat, % 4.22 4.34 4.03 4.23 0.47 0.65 0.77 0.17
 Protein, % 3.54 3.39 3.38 3.53 0.29 0.88 0.06 0.92
 Lactose, % 4.85 4.76 4.77 4.79 0.060 0.46 0.25 0.64
 FCE,3 kg of ECM/kg of DMI 1.40 1.51 1.44 1.43 0.077 0.88 0.39 0.44
Experiment 2: high EO oregano4         
 Milk yield, kg/d 24.1 23.2 23.3 23.2 5.17 0.53 0.64 0.74
 ECM yield, kg/d 25.6 24.4 25.7 24.8 4.57 0.74 0.81 0.21
 Fat, % 4.74 4.69 4.79 4.80 0.36 0.33 0.62 0.41
 Protein, % 3.81 3.84 3.83 3.74 0.26 0.21 0.13 0.77
 Lactose, % 4.31 4.32 4.30 4.34 0.076 0.35 0.22 0.21
 FCE, kg of ECM/kg of DMI 1.16 1.15 1.16 1.13 0.16 0.50 0.84 0.63
1C = control diet; L = low oregano diet; M = medium oregano diet; H = high oregano diet.
2Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets contained 0, 18, 36, and 53 g of 
oregano DM/kg of dietary DM for C, L, M, and H, respectively.
3FCE = feed conversion efficiency.
4Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 14, and 21 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively.
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Greathead, 2011) using cattle rumen liquid (Roy et al., 
2014; Cobellis et al., 2015, 2016a; Chaudhary et al., 
2016), which was suggested to be caused by a mode of 
action similar to that of ionophore antibiotics (Calsami-
glia et al., 2007). However, our in vivo study with high 
EO Greek oregano showed that feeding oregano plant 
material as an EO source (Exp. 2) did not lower meth-
ane emissions from dairy cows when measured over 4 
consecutive days. Thus, our hypothesis for Exp. 2 could 
not be confirmed. In Exp. 1, the Danish grown oregano 
subspecies O. vulgare ssp. vulgare with naturally low 
levels of EO also had no mitigating effect on methane 
emission, which agrees with our hypothesis; however, 
the low level of EO in oregano was unexpectedly low 
due to an unforeseen analytical error at the external 
laboratory (EO concentration was expected to be 2.9% 
of DM), which was first discovered after the experiment 
was initiated. Essential oils are the main compounds 
in oregano that are responsible for mitigating methane 
production; however, other bioactive compounds (such 

as condensed tannins and flavonoids) might also inhibit 
methanogenesis. Tannins and flavonoids have both 
been associated with the inhibition of methanogenesis, 
as reviewed by Patra and Saxena (2010). We analyzed 
the tannin content of both oregano subspecies, which 
was below the detection limit of the analysis (1.0 μg/
mg oregano DM). We did not analyze flavonoids in the 
present experiment; however, Greek oregano (O. vul-
gare ssp. hirtum) grown in Denmark has been reported 
to contain moderate levels of flavonoids (4.8–12.4 mg/g 
DM; Grevsen et al., 2009) and that grown in Greece, 
high levels (47.9–71.2 mg/g DM; Gougoulias, 2009). 
Numbers for flavonoid concentrations for Danish grown 
oregano subspecies O. vulgare ssp. vulgare are lacking 
in literature, but data are available for flavonoids in 
O. vulgare ssp. vulgare from Germany (5.1–7.4 mg/g 
DM; Röhricht and Mänicke, 2004). Neither subspecies 
of oregano used in our experiments appeared to contain 
other bioactive compounds at levels that could lower 
methane production in cows. It should be noted that 

Table 8. Fatty acids (FA) in milk (mg of FA/g of fat) of dairy cows fed different levels of dried oregano plant material

Item

Diet1

SEM

P-value

C L M H Linear Quadratic Cubic

Experiment 1: low EO oregano2         
 Total FA3 885 880 889 878 14.8 0.83 0.83 0.60
 Sum of C4 to C144 280 250 290 278 19.6 0.63 0.58 0.15
 Sum of MUFA5 154 195 157 161 20.1 0.82 0.34 0.20
 Sum of PUFA6 24.5 27.6 26.4 26.9 1.58 0.16 0.19 0.21
 C16 357 329 333 340 18.4 0.39 0.20 0.61
 C18 49.2 59.6 58.3 53.1 4.58 0.43 0.05 0.59
 C18:1 trans-11 5.32 5.78 5.80 5.50 0.98 0.88 0.68 0.98
 C18:1 cis-9 119 156 126 126 20.1 0.90 0.30 0.25
 C18:2 cis-6 15.7 17.8 17.1 17.4 1.02 0.16 0.23 0.30
 C18: 3n -3 5.85 6.62 6.57 6.36 0.42 0.06 0.02 0.39
 CLA cis-9,trans-11 2.96 3.17 2.71 3.10 0.23 0.89 0.41 0.03
Experiment 2: high EO oregano7         
 Total FA 887 885 881 906 19.6 0.48 0.44 0.70
 Sum of C4 to C14 277 273 283 282 9.15 0.45 0.84 0.41
 Sum of MUFA 176 176 168 179 9.66 0.92 0.32 0.29
 Sum of PUFA 26.8 27.9 26.2 29.0 1.42 0.13 0.23 0.03
 C16 328 326 325 334 25.1 0.57 0.45 0.81
 C18 57.4 60.2 58.2 61.1 2.83 0.37 0.97 0.33
 C18:1 trans-11 8.13 6.62 8.14 8.78 1.97 0.16 0.07 0.12
 C18:1 cis-9 134 140 129 137 7.79 0.89 0.89 0.11
 C18:2 cis-6 15.5 16.1 15.0 16.7 0.51 0.22 0.27 0.05
 C18: 3n -3 6.78 7.20 6.81 7.55 0.24 0.06 0.43 0.06
 CLA cis-9,trans-11 4.54 4.61 4.35 4.74 1.09 0.68 0.41 0.28
1C = control diet; L = low oregano diet; M = medium oregano diet; H = high oregano diet.
2Experiment 1 used Origanum vulgare ssp. vulgare with an essential oil (EO) content of 0.12% of DM. Diets contained 0, 18, 36, and 53 g of 
oregano DM/kg of dietary DM for C, L, M, and H, respectively.
3Total FA is the sum of the following FA: C4, C6, C8, C10, C11, C12, C13, C14, C14:1, C15, C16, C16:1, C17, C17:1, C18, C18:1 trans-9, C18:1 
trans-11, C18:1 cis-9, C18:2 cis-6, C20:1, C18: 3n  -3, CLA cis-9,trans-11, and C23.
4Sum of C4 to C14 is the sum of the following FA: C4, C6, C8, C10, C11, C12, C13, and C14.
5Sum of MUFA is the sum of the following FA: C14:1, C16:1, C17:1, C18:1 trans-9, C18:1 trans-11, C18:1 cis-9, and C20:1.
6Sum of PUFA is the sum of the following FA: C18:2 cis-6, C18: 3n  -3, and CLA cis-9,trans-11.
7Experiment 2 used Origanum vulgare ssp. hirtum with an EO content of 4.21% of DM. Diets contained 0, 7, 14, and 21 g of oregano DM/kg of 
dietary DM for C, L, M, and H, respectively.
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the effectiveness of the oregano subspecies on gas pro-
duction and fermentation has not been tested in vitro, 
which could have given valuable information on the 
consistency between the in vitro and in vivo results.

Our findings contrast with previous research report-
ing declines in methane production of 40% (grams 
of methane per hour; Tekippe et al., 2011) and 36% 
(grams of methane per kilogram of DMI; Hristov et al., 
2013) when 500 g of oregano leaf material (approxi-
mately 17.3 and 16.6 g of oregano DM/kg of dietary 
DM for Tekippe et al., 2011 and Hristov et al., 2013) 
was fed to dairy cows. The contrasting outcomes might 
be attributed to differences in experimental procedures 
between our study and those of Tekippe et al. (2011) 
and Hristov et al. (2013), who also investigated the 
effectiveness of oregano material, rather than EO as 
such. First, the technique to measure methane emis-
sion and measurement period differed between studies; 
however, the technique as such might not explain the 
discrepancy in conclusions between our studies and 
Tekippe et al. (2011) and Hristov et al. (2013). Tekippe 
et al. (2011) and Hristov et al. (2013) used a modified 
sulfur hexafluoride (SF6) tracer technique, for which 
gas samples of the rumen head space were collected 
as 2-hourly point samples for 8 h post-feeding. A large 
variability in methane production is reported for this 
modified SF6 technique (Tekippe et al., 2011) and the 
traditional SF6 technique, for which air is collected over 
24 h near the nostrils (Grainger et al., 2007). Despite 
this large variability, Tekippe et al. (2011) observed a 
decline in hourly methane production 8 h post-feeding. 
In comparison, we used respiration chambers to measure 
gas exchange and DMI over 4 consecutive days with 
intervals of 12.5 min for methane concentrations and 
1 min for feed intake. This approach made it possible 
to calculate methane production and DMI per hour. 
In Exp. 2, we found that hourly methane production 
and DMI were not affected by diet during 8 h post-
feeding. Therefore, measuring for 8 and 24 h yielded 
consistent conclusions in the present study. However, 
Hristov et al. (2013) observed a linear decrease in daily 
DMI with increasing oregano doses; thus, if the linear 
decrease in DMI across treatments observed by Hristov 
et al. (2013) occurred during the 8-h gas measurement 
period, then their presented values for methane produc-
tion on a daily basis and methane per kilogram of DMI 
might have been underestimated and biased, especially 
for the high oregano diet for which DMI was lowest. 
However, the authors did not specify the procedure for 
obtaining data for methane production per day and per 
kilogram of DMI from methane measurements made 
during 8 h and feed intake on a daily basis; therefore, 
our suggestion is speculative. Second, we mixed orega-

no into TMR in the present studies, whereas Tekippe 
et al. (2011) and Hristov et al. (2013) offered oregano 
mixed with part of the TMR and fed on top of the 
remaining TMR. In the latter case, a large amount of 
EO entered the rumen in a short period; thus, a larger 
and acute effect on methane production and rumen fer-
mentation could be expected post-feeding than would 
have occurred when oregano was mixed into TMR and 
entered the rumen gradually throughout the day, as 
in our experiment. Third, the EO concentrations and 
composition of oregano differed between studies. We 
fed oregano with 308 mg of carvacrol/kg of DM, 361 
mg of thymol/kg of DM, and 881 mg of EO/kg of DM 
for the H diet. The highest dose fed by Hristov et al. 
(2013) fed was 320 mg of carvacrol/kg of DM, 8 mg 
of thymol/kg of DM, and 408 mg of EO/kg of DM. 
Tekippe et al. (2011) applied EO at concentrations of 
220 mg of carvacrol/kg of DM and 242 mg of EO/kg 
of DM. The high EO oregano in our study had similar 
carvacrol content to the oregano used by Hristov et 
al. (2013); however, the total EO concentration was 
double that in our study. Further, carvacrol and thymol 
are isomeric in their molecular structure and have been 
reported to have similar antimicrobial effects (Lambert 
et al., 2001; Xu et al., 2008). Hence, we expected to ob-
serve a methane mitigating effect, at least at the level 
observed by Hristov et al. (2013). In addition, feeding 
whole oregano plant material or only oregano leaves 
might not explain the discrepancies between studies, 
because the EO composition and concentration are 
more important for mitigation than the EO distribu-
tion between the stems and leaves.

In vivo evidence on the effectiveness of oregano EO, as 
such, is not consistent (Wang et al., 2009; Hristov et al., 
2013; Lejonklev et al., 2016; Kolling et al., 2018). The 
effectiveness might depend on the dosage and mode of 
inclusion (plant material or EO). The doses of oregano 
in our study with high EO oregano could have been 
too low for providing methane mitigation compared 
with in vitro situations, in which methane mitigation 
has been observed (Benchaar and Greathead, 2011). If 
EO should be a methane mitigation tool, then further 
studies are required on dosage and the mode of inclu-
sion (EO or plant material), taking into account the 
palatability of the diet and feed costs. Other aspects to 
consider are that antimicrobial effects might be reduced 
due to loss during mastication and eructation (Welch 
and Pederson, 1981; White et al., 1982), degradation by 
rumen microbes (Malecky et al., 2012), and absorption 
into the blood from the rumen (Malecky et al., 2009). 
Moreover, rumen microbes might be able to adapt to 
EO, limiting their use in the long term (Benchaar and 
Greathead, 2011).
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Apparent Nutrient Digestibility  
and Rumen Fermentation

The lack of effect of high EO oregano on methane 
production documented in our study was supported by 
minimal effects on rumen fermentation and apparent 
nutrient digestibility, as opposed to our hypothesis. Ap-
parent nutrient digestibility in digestive tract sections 
(rumen, small intestine, and large intestine) was not 
affected by feeding oregano in the 2 experiments, but 
the total-tract apparent digestibility of DM, OM, and 
NDF was affected in both experiments. This observa-
tion suggests that the fecal samples were more repre-
sentative than the digesta samples as reflected in the 
smaller standard error for total-tract digestibility than 
for digestive tract sections. In Exp. 2, the apparent 
total-tract digestibility of NDF was between 1.7 and 
4.1% units less for oregano diets relative to C, which 
agrees with our hypothesis. Hristov et al. (2013) also 
reported lower apparent total-tract digestibility of NDF 
of about 2% units when feeding oregano plant material, 
irrespective of dose, but not for DM and OM. Kolling 
et al. (2018) documented no effect of oregano extract 
on the apparent total-tract digestibility of DM, CP 
(tendency), and NDF. Thus, the decreased apparent 
total-tract digestibility of NDF, and presumably DM 
and OM, in our study might be explained by the fact 
that we replaced grass/clover silage with lower digest-
ible oregano, rather than the effects of EO. All diets 
used in the 2 experiments had similar NDF content, 
but might have had different iNDF content (iNDF was 
not analyzed in TMR) because oregano has a greater 
iNDF content than grass/clover silage. This phenom-
enon might explain the linear decrease in apparent 
rumen NDF digestibility with increasing oregano dose 
in Exp. 1. Furthermore, the decline in total-tract OM 
digestibility was supported by the decline in digestible 
OM content measured in vitro.

The apparent total-tract digestibility of CP declined 
in Exp. 2, as well as in Exp. 1 for the oregano diets that 
had increased dietary content of oregano. Hristov et al. 
(2013) and Kolling et al. (2018) both reported a ten-
dency for lower apparent total-tract digestibility of CP 
in the control diet compared with diets with oregano 
plant material or oregano extract, irrespective of dose. 
Again, replacing grass/clover silage with oregano might 
have contributed to the lowered apparent total-tract 
digestibility of CP in our study. However, it is possible 
that EO affect protein digestibility, because the effects 
were more pronounced in Exp. 2 with high EO oregano, 
which was also documented with oregano EO extract 
(Kolling et al., 2018). The lowered apparent CP digest-

ibility in the small and large intestine observed in Exp. 
1 was not observed in Exp. 2. This difference might be 
attributed to the presence of fiber-bound low-digestible 
CP in oregano; however, this suggestion is speculative.

Apparent digestibility coefficients of NDF in the 
small intestine were negative, which is unrealistic, but 
is a common observation (Brask et al., 2013; Olijhoek 
et al., 2016). A negative digestibility value represents 
a net gain in NDF over the small intestine, which has 
also been observed from duodenum to feces (Poore et 
al., 1993; calculated based on presented data). Simi-
lar negative values for NDF digestibility in the small 
intestine were found for chromic oxide and iNDF as 
markers (Brask et al., 2013); therefore, negative values 
could perhaps be attributed to taking representative 
samples from intestinal cannulas with respect to the 
fiber fraction.

Rumen fermentation was slightly affected in both 
experiments. Our results support those of Hristov et al. 
(2013), who did not observe changes in total VFA con-
centration, A:P ratio, or molar proportions of acetate 
and propionate. Furthermore, unaltered VFA molar 
proportions were reported previously (Wang et al., 
2009; Tekippe et al., 2011; Kolling et al., 2018; Paraske-
vakis, 2018). The main effect of feeding low EO oregano 
on rumen fermentation was a decline in microbial CP 
synthesis in Exp. 1. This decline was mainly driven by 
the H diet, with a similar pattern being documented in 
both experiments, although it was not significant when 
feeding cows high EO oregano (Exp. 2), supporting the 
work of Hristov et al. (2013). Essential oils are not as-
sumed to be responsible for the decline because they 
were present at low levels in the oregano used in Exp. 1. 
Moreover, the decline did not seem to be related to an 
imbalance between nitrogen and energy availability in 
the rumen because the microbial efficiency was not af-
fected by feeding oregano in either experiment. In addi-
tion, nitrogen intake and dietary nitrogen content were 
similar between diets within experiments. Furthermore, 
the ammonia concentration in rumen liquid was not 
affected by feeding increasing doses of oregano (both 
experiments). In short, the observed decline in micro-
bial CP synthesis (Exp. 1) could not be explained.

From the analysis for rumen bacterial community 
structure (Exp. 2), we found no differences in the ma-
jor and minor bacterial community members (results 
not presented). Previously, Hristov et al. (2013) found 
that the addition of oregano lowered the proportion of 
fibrolytic bacteria (e.g., Ruminococcus flavefaciens) out 
of the total sequences, whereas the archaeal community 
of the rumen was not affected in the studies by Tekippe 
et al. (2011) and Hristov et al. (2013).
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DMI and Milk-Related Variables

Dry matter intake of the cows in Exp. 1 was higher 
during gas measurements than during digesta collec-
tion; however, this pattern was not observed in Exp. 
2. A higher feed intake in respiration chambers than 
during digesta collection has also occurred in earlier 
experiments with the same experimental design and 
procedures at our institute and seems to occur ran-
domly. Dry matter intake was not affected by feeding 
low or high EO oregano, indicating that the doses of 
oregano fed to cows did not affect diet palatability. In 
agreement, DMI was not affected when feeding oregano 
material (Tekippe et al., 2011) or oregano EO (Wang 
et al., 2009; Lejonklev et al., 2016). In contrast, Hristov 
et al. (2013) observed a linear decrease in DMI with 
increasing oregano doses. Similar to previous studies 
(Tekippe et al., 2011; Hristov et al., 2013; Lejonklev 
et al., 2016; Kolling et al., 2018), milk yield was not 
affected in the 2 experiments of our study. Milk com-
position was also unaffected in our study and in that 
of Hristov et al. (2013), whereas other studies reported 
either increased or decreased fat and protein content 
(Tekippe et al., 2011; Lejonklev et al., 2016; Kolling 
et al., 2018). Feed conversion efficiency was similar 
between diets of our experiments. Thus, oregano with 
either low or high levels of EO does not seem to af-
fect feed conversion efficiency, despite the literature 
reporting the modes of action for carvacrol and thymol 
as being similar to ionophore antibiotics (Calsamiglia 
et al., 2007). In contrast, improved feed efficiency has 
been previously reported, with 3.5% FCM per kilogram 
of DMI (Tekippe et al., 2011) and kilogram of milk 
per kilogram of DMI (Hristov et al., 2013). However, 
the measurement period and the number of cows and 
observations were relatively low in our study to obtain 
accurate estimates of feed efficiency for the different 
diets.

Finally, milk composition and FA profile, as opposed 
to our hypothesis, were not affected by the inclusion 
level of oregano with either high or low EO content 
(except for C18: 3n -3 in Exp. 1), supporting Hristov et 
al. (2013), who found that oregano had no effect on 
milk composition or FA profile. In addition, raw milk 
was tested by a professional sensory panel of a dairy 
company, with generally no off-taste in the milk being 
identified (data not presented). Likewise, Lacerda et 
al. (2014) reported that feeding dried oregano material 
did not affect the sensory attributes of milk from dairy 
cows. Altered sensory aspects have been reported with 
the inclusion of oregano EO in dairy cattle diets; how-
ever, this change was not considered to be unfavorable 
(Lejonklev et al., 2016).

CONCLUSIONS

Dried oregano plant material with low or high lev-
els of EO fed in different doses did not lower methane 
emission from dairy cows measured over 4 consecutive 
days. This finding was supported by the fact that we 
observed no substantial effects on rumen fermentation, 
apparent nutrient digestibility in different sections of 
the digestive tract, or milk FA composition. Observed 
effects on nutrient digestibility might be caused by re-
placing grass/clover silage with low digestible oregano, 
rather than effects of EO per se. Overall, the conclu-
sion regarding methane production is in contrast with 
literature and requires further study.
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