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ABSTRACT: The objective of this study was to
quantify the emissions of enteric CH, from grow-
ing Hereford steers raised under feedlot conditions
based on contrasting levels of residual feed intake
(RFI). A repeated measurements experiment was
conducted over 20 d to determine CH, production
from two groups of nine Hereford steers, with con-
trasting RFI values (mean * SD): low RFI (LRFI
group; —0.78 * 0.22 kg DMI/d) vs. high RFI (HRFI
group; 0.83 £ 0.34 kg DMI/d). Steers were selected
from a larger contemporary population in which the
RFI was evaluated. Steers were maintained under
confined conditions with ad libitum access to water
and feed, comprising a total mixed ration of 55% sor-
ghum silage, 21% barley silage, 21% corn grain, and
3% protein—mineral-vitamin—premix, provided twice
a day. Before the beginning of CH, measurements,
the live weight of both groups of animals was deter-
mined, which on average (£SEM) was 357.0 + 5.11
and 334.0 £ 10.17 kg in the LRFI and HRFTI groups,
respectively. Methane emission (g/d) was measured

on each animal with the sulfur hexafluoride (SF,)
tracer technique, during two consecutive periods of 5
d. Individual daily intake and feeding behavior charac-
teristics were measured using a GrowSafe automated
feeding system (Model 6000, GrowSafe Systems
Ltd, Airdrie, Alberta, Canada). Methanogens in the
ruminal content were quantified using quantitative
polymerase chain reaction with primers targeting the
mcrA gene. Methane emission was near 27% lower in
animals with LRFI when expressed in absolute terms
(g/d; 26.8%; P = 0.009), by unit of dry matter intake
(g CH /kg; 27.9%, P = 0.021), or as % of gross energy
intake (26.7%; P = 0.027). These differences could
not be explained by differences in amount of total of
methanogens (average = 9.82 log , units; P = 0.857).
However, there were some differences in animal feed-
ing behavior that could explain these differences (e.g.,
LRFI animals tended to spend less time in feeders).
Our results suggest that, in Hereford steers, the selec-
tion by RFI values is a promising mitigation strategy
for the reduction of the emission of enteric CH,.
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INTRODUCTION

Emissions from global livestock represent
14.5% of anthropogenic greenhouse gases emis-
sions and 44% of livestock emissions are in the
form of methane (CH,) (FAO, 2013). There are sev-
eral alternatives to reduce CH, emissions such as
improving feed quality, using CH, inhibitors, and
breeding for lower CH,.

Residual feed intake (RFI) is calculated as the
difference between observed and predicted animal
intake in relation to performance. Negative RFI
values indicate high efficiency of converting feed
to products. According to Arthur and Herd (2005),
RFI has been described as an animal characteris-
tic of medium heritability, which has been associ-
ated with CH, emissions (Cassandro et al., 2013).
Animals with low RFI (LRFT) are reported to be
more efficient (consume less feed than expected
at equal body weight and gain) and produce less
emissions compared with high RFI (HRFI) ani-
mals (Basarab et al., 2013). Consequently, ani-
mal selection for LRFI has been proposed as an
alternative to mitigate CH, emissions (Hegarty
et al., 2007; Basarab et al., 2013; Pickering et al.,
2015; de Haas et al., 2017) although some stud-
ies on grazing conditions did not find differences
between divergent RFI animals (Velazco et al.,
2017). Up to now, research on this topic is lim-
ited. Although it is recognized that RFI selection
will contribute for reducing CH, emission inten-
sity (emissions per unit of product; Waghorn
and Hegarty, 2011), some authors reported no
differences between LRFI and HRFI animals in
emission per kg of DM ingested (Hegarty et al.,
2007). Inconsistencies among results may have
been caused by different and sometimes limited
RFI ranges used in the experiments. Other animal
characteristics, such as feeding behavior or micro-
biota, have not been reported quantitatively as
secondary variables for the interpretation of CH,
emission related to RFI.

Most information available regarding this
topic has been developed on dairy cattle or Angus
beef cattle. Hereford is one of the few beef cat-
tle breeds publishing estimated breeding values
for RFI (i.e., Uruguay and Canada, Ravagnolo
et al., 2018). It would be of interest the study of
the association of this new trait with CH, emission
on the breed.

The goal of this study was to quantify the emis-
sions of enteric CH4 from growing Hereford steers
under confined conditions in relation to contrasting
levels of RFI.

MATERIALS AND METHODS

The study was carried out in December 2014
at Kiyu Test Station of the Hereford Breeders
Association located in San José, Uruguay (GPS
Coordinates: S Latitude 34° 35.797", W length 56°
42.302).

Experimental Design, Treatments, Animals, and
Management

The study was conducted with 112 Hereford
steers that were part of a 3-yr project, with the goal
of building a training population of 1,000 animals
for genomic selection for RFI in the Uruguayan
Hereford breed (Navajas et al., 2014). One hundred
twelve animals corresponded to one of the three
RFT tests of the first year of the project and were
originally obtained from five commercial farms.

The estimate of RFI was based on measure-
ments of individual feed intake using the GrowSafe
automated feeding system (Model 6000, GrowSafe
Systems Ltd, Airdrie, Alberta, Canada), in two
pens with eight feeders each, with ad libitum access
to water and food. Individual feed intake data used
for RFI calculation were recorded during a conven-
tional 70-d test, after 28 d of adaptation to diet and
feeding system. Animals were fed twice a day with
a fully mixed ration (total mixed ration [TMR]) of
sorghum silage, barley silage, corn grain, and pro-
tein—-mineral-vitamin—premix (Table 1).

After completing the test, 112 steers were
ranked based on their RFI values that were com-
puted based on the following model as proposed by
Basarab et al. (2003), based on Koch et al. (1963):

DMIij = b0 + bl* ADGi +b2* MLWi
+ b3*BFati + eij, (1)

where DMI was the dry matter intake (DMI) (kg);
ADG was average daily gain (kg/d), MLWt was the
metabolic weight defined as mid test LW®” (kg);
Bfat was the subcutaneous fat depth measured at
the end of test by ultrasound (mm); b0 is the inter-
cept; and bl, b2, and b3 were the partial regression
coefficients for each trait on DMI. The residual (e)
is taken to represent RFI. The effect of pen was
not included because preliminary analysis indi-
cated that it was not significant (P > 0.01). The R?
of the multiple regression used for RFI estimation
was 0.80.

DMI was calculated as the average of 68 valid
daily records adjusted by the dry matter percentage.
Live weight (LW) measurements were performed
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Table 1. Ingredients and chemical composition of
TMR

Diet ingredient, % (as-fed basis)

Sorghum silage 55
Barley silage 21
Corn grain 21
Protein—mineral-vitamin premix’ 3

Chemical composition

DM, % 44.95
CP, % 12.57
NDE, % 47.59
ADF, % 30.87
TDN, %? 64.11
A% 7.94
ADL, % 9.30
DMD, % 65.02
GE, Mcal/kg DM 393
ME, Mcal/kg DM3 2.31

'Soybean meal 77%, Mycosorb 0.9%, Rumensin 0.3%, Urea 8.1%,
CaCO, 7.3%, NaCl 5.5%, Rovimix Feedlot 0.9%.

’TDN = Total digestible nutrients = 96.03 — (1.034 X ADF, %)
(Alemu et al., 2017).

ME, MJ/kg DM = [(TDN, %/100) X 4.4 Mcal/kg TDN] x 4.184
MJ DE/Mcal x 0.82 MJ ME/MJ DE (Alemu et al., 2017). Values are
means.

every 14 d, early in the morning and without fast-
ing. Two consecutive days of LW measurements
were used for the initial, middle, and final weight
and one for intermediate measurements. The ADG
was calculated by the regression of all LW during
the test, considering only those with R* > 0.95.
Subcutaneous dorsal fat depth was measured by
ultrasound by certified technicians using the Aloka
SSD 500 unit, equipped with a linear matrix trans-
ducer of 3.5 MHz and 17.2 cm (Aloka Co. Ltd,
Tokyo, Japan). The ultrasound images were col-
lected in the field and interpreted later with the
off-line interpretation software Biosoft Toolbox
(version 2.1 of Biotronics Inc.).

Based on the RFI ranking, two groups of
nine steers (18 animals) with extreme RFI values
were selected for the present study (mean £ SD:
—0.78 £ 0.22 kg DM1I/d vs. 0.83 + 0.34 kg DMI/d).
Both groups were confined for 20 more days and
fed the same diet with same feeding regime used
during the RFI test. DMI and feeding behavior
characteristics were measured using a GrowSafe-
automated feeding system. Each feeding event was
registered for all the animals according to Basarab
etal. (2003), and individual data of duration feeding
events, head down times, and meal size were used to
calculate meal duration time (s), average meal size
(kg), meals per day, head down duration (s), head
down duration per meal (s), and feed rate (g/s).

A statistical experimental design of repeated
measurements over time, including two treatments
and two 5-d measurement periods, was used. The
treatments consisted of the two contrasting levels
of RFT of the animals: LRFI and HRFI.

Determination of CH , Emissions

The sulfur hexafluoride (SF,) tracer technique
(Johnson et al., 1994), as modified by Gere and
Gratton (2010), was used to quantify daily meth-
ane (CH,) emissions. Eight days before beginning
the CH, measurements, eight animals from each
RFI group (a total of 16 animals) were given an
oral permeation tube filled with sulfur hexafluoride
(SF,) using a plastic dosing applicator. The SF, in
the tube was used as a marker for gas emissions.
Background concentrations of CH, and SF, were
measured during the same period. Two animals
(one of each RFI group) were used as control of
SF, background, so the SF, permeation tubes were
not administered. For CH, background (environ-
mental baseline), a collection container was placed
inside the pen. Daily permeation rates (PRs) of SF,
from the tubes averaged (mean £ SEM) 6.0 + 0.55
and 5.9 £ 0.58 mg/d in the LRFI and HRFI groups,
respectively. The emission of enteric CH, was meas-
ured for the 18 animals during two consecutive
5-d periods following the procedure performed by
Dini et al. (2017). The first 8 d of the study were
used for the adaptation of the animals to the use
of the CH, collection containers and for the stabi-
lization of rumen SF, levels. During the study, the
LW of the animals was recorded at the beginning
and at the end of each measurement period. The
average LWs were (mean £ SEM) 357.0 £ 5.11 and
334.0 £ 10.17 kg in the LRFI and HRFT groups,
respectively.

The collection of exhaled and eructated gas
was performed using two 0.5-liter stainless steel
containers per animal. At the beginning of each
period, these containers were evacuated, cleaned
with N, and placed on each side of the animal’s
head. At the end of each period, the containers
were removed from the animals and the post-sam-
pling pressure was measured. Containers with pres-
sure values of 400 to 600 mb were considered valid
according to Gere and Gratton (2010) and Gere
(2012), as this manipulation ensures good qual-
ity samples. Less than 10% of the containers with
pressure values <400 mb were considered atypical,
and therefore removed from the experiment. Five
subsamples were extracted from each container,
stored in 12 mL vacutainers (Exetainer; Labco Ltd,
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Lampeter, Ceredigion, UK), and analyzed using a
gas chromatograph (Agilent 7890A, Santa Clara,
CA) with a flame ionization detector (FID) and
an electron capture detector (ECD) for determin-
ing CH, and SF, concentrations, respectively. After
obtaining a chromatographic analysis of samples,
CH, emissions per animal were calculated using
the PR of each SF, capsule and the concentrations
above the background of CH, and SF, (in ppm and
ppt, respectively) using the following equation:

CH,(g/d)=PRSF,(g/d)x[CH,]/[SF;] (2)

Determination of Amount of Total Methanogens

After completing the second CH, measure-
ment period, the 18 steers were reincorporated to
the original herd, and maintained on grazing con-
ditions for 6 to 10 mo until slaughter. During the
summer, they grazed on sorghum pasture (Sorghum
vulgare) in a vegetative stage, supplemented with
sorghum silage, and followed by oat pasture (Avena
sativa) also in vegetative stage with corn grain sup-
plementation of 6 kg/steer until slaughter. Steers
were slaughtered when they reached 500 kg LW
(607 £ 11.6-d average age of the slaughter). At the
time of slaughter, ruminal content was sampled
and stored at —80°C until use. Deoxyribonucleic
acid (DNA) was extracted and quantification of
the number of copies of the methyl coenzyme-M
reductase gene (mcrA) was determined by the
quantitative polymerase chain reaction (qPCR).
This gene was used as a functional marker to enu-
merate methanogens (Luton et al., 2002). Reactions
(25 pL) were performed in a BioRad CFX 96 ther-
mocycler using Power SYBR Green PCR Master
Mix (Applied Biosystems) and primers gqmrcA-F
and gqmrcA-R; reaction conditions were the same as
in Denman et al. (2007). Standard curves for abso-
lute quantification and efficiency estimation were
performed according to Fraga et al. (2015). Three
replicates of each DNA sample (20 ng) were used.
A nontemplate (sterile distilled water) negative con-
trol was loaded on each plate run.

Chemical Analysis

Samples were taken daily from the TMR and
were weighed and dried at 60°C for 48 h. They were
ground to pass through a 1-mm screen and ana-
lyzed to determine chemical composition. DM, ash
(A), and total nitrogen (CP = N X 6.25) content
were analyzed according to AOAC (1990) (methods

1D 934.01, ID 942.05, and ID 955.04, respectively).
The NDF was analyzed with heat stable amylase
and sodium sulfitee. ADF and ADL were deter-
mined using the methods of Van Soest et al. (1991),
including residual ash. The in vitro digestibility was
determined according to Tilley and Terry (1963),
and gross energy (GE) was determined with an adia-
batic bomb calorimeter (Autobomb Gallenkamp;
Loughborough, Leics, United Kingdom).

Statistical Analysis

Data were analyzed using version 9.0 of SAS
software (SAS Institute, Inc., Cary, NC). Intake
and CH, emissions data were analyzed as repeated
measures, with the steers as the subject of the
repeated measurements, using the PROC MIXED
procedure according to the following model:

Y, =u+T, +P, +(TxP)ij +ey (3)

which included the fixed effect of the treatment
(T, = LRFI and HRFI), the fixed effect of the
period (Pj =1 and 2), their interaction [(TxP)ij], and
the residual error (e, ).

Daily weight gain, feeding behavior variables,
and the number of copies per mg of the mcrA gene
obtained from the ruminal content were analyzed
using the PROC MIXED procedure of SAS (SAS
Institute Inc., Cary, NC), with the animal as the
experimental unit according to the following model:

Y =u+ T, + ¢ (4)

which included the fixed effect of the treatment
(T, = LRFI and HRFI).

Means were compared with a Tukey—Kramer
test. Normality test was applied to all variables
(Shapiro and Wilk, 1965). Data of copies of mrcA/
mg, average meal size, meal duration time, and feed
rate had heterogencous variances and therefore
were analyzed after logarithmic transformation.
These data were analyzed by PROC MIXED as
described previously. The average values were con-
sidered different when P < 0.05 and tended to differ
if 0.05< P <0.10.

RESULTS

Less efficient animals (HRFI) had a higher
DMI and produced more CH, than the most effi-
cient animals (LRFI), but there were no differ-
ences in the ADG (mean = 0.82 kg/d; P = 0.923;
Table 2) between the groups evaluated. The most
efficient animals spent less time eating (P < 0.001),
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Table 2. Intake, daily gain, and feeding behavior characteristics for two contrasting levels of RFT of the
animals: lower RFI (LRFI, —0.78 + 0.22 kg DM1/d) and higher RFI (HRFTI, 0.83 + 0.34 kg DMI/d) steers

LRFI HRFI SEM P value
Intake, kg DM/d 9.33 10.6 0.33 0.014
GEI, Mcal/d 37.1 423 1.32 0.014
ADG, kg/d 0.83 0.80 0.190 0.923
Feed rate, g/s 4.05 2.75 — -
Feed rate, log | 1.32 0.98 0.120 0.062
Meal duration time, s 11802 15404 397.7 <0.0001
Average Meal Size, kg 0.81 0.98 - -
Average Meal Size, log |, -0.23 —-0.12 0.121 0.549
Meals per day 12.8 13.6 1.14 0.627
Head down duration/meal, s 265 431 - —
Head down duration/meal, log |, 5.47 5.89 0.190 0.141
Head down duration, s 3024 4519 440.9 0.029

GEI = gross energy intake; ADG = average daily gain. Values are average per treatment (n = 8/treatment).

remained less time with the head down (P = 0.029),
and their feed rate tended to be higher (P = 0.062)
with respect to HRFI ones (Table 2). However,
no differences were found in average meal size
(mean = 0.90 kg, P = 0.549), in the number of
meals (mean = 13.2, P = 0.627), or in the time
they remained with their heads down at each meal
(mean = 347.8 s, P =0.141).

The most efficient animals (LRFI) exhibited a
26.8% lower CH, emission (g/d) and a lower CH,
yield when expressed as glkg DMI (27.9%) or as
percent of GEI (26.7%) compared with HRFT ani-
mals (Table 3).

There were no differences in the amount of
total methanogens between treatments, as the aver-
age number of copies of the mcrA gene was sim-
ilar (mean = 9.82 log , units; P = 0.86; Figure 1).
The amplification efficiency of the qPCR reaction
calculated from the standard curve was 96.6% with
R?>=0.99, ensuring accuracy of the method.

DISCUSSION

The current study confirmed that high con-
version efficient animals with low values of RFI
consume a lower quantity of feed and dedicate
less time to meals (12% and 23% less in this case,
respectively). The lower time spent eating has been
proposed by Basarab et al. (2013) as one of the
mechanisms involved in the higher efficiency, asso-
ciated with lower energy spent in feeding activities.

Average methane emissions (194 and 265 g/d
for LRFI and HRFI, respectively), were compara-
ble with those observed by Manafiazar et al. (2016)
and Alemu et al. (2017) for crossbred beef replace-
ment heifers using the GreenFeed system (205 and
202 to 222 g/d, respectively). As expected, LRFI

animals, with a RFI average of —0.78 kg DMI/d,
emitted up to 27% less CH, than the HRFT ani-
mals, with a RFI average of 0.83 kg DMI/d. The
less time dedicated to meal led to a strong tendency
for a higher ingestion rate of the more efficient ani-
mals. In this sense, it is demonstrated that animals
with higher intake rates also have faster passage
rates of particles in the rumen, which is not nec-
essarily associated with lower digestibility (Pérez-
Ruchel et al., 2013), at least for high-quality diets.
In our study, a higher rate of passage of the rumen
particles could explain the lower CH, emission in
LRFI animals (Nkrumah et al., 2006). However,
different associations between RFI and methane
emissions have been previously reported. A recent
study by Alemu et al. (2017) used both GreenFeed
system and respiration chambers to evaluate CH,
emissions of crossbreed beef heifers of HRFI and
LRFI. These authors reported that LRFI and
HRFI animals emitted similar CH, per day and per
kg DMI when measured in respiration chambers,
but there were differences in daily CH, emissions
when the GreenFeed system was used. Meanwhile
Velazco et al. (2017) found higher predicted DMI
and higher CH, emissions in lower RFI Angus
yearling steers and heifers under grazing condi-
tions. Although these results were attributed to diet
quality, it would be necessary to take into account
other variables affecting RFI, including feeding
behavior characteristics (not reported in the afore-
mentioned study) and feeding type and conditions
(grazing vs. confined).

In this study, differences in CH, emissions could
not be directly associated with differences in mcrA
quantification, as also observed in previous stud-
ies (Zhou et al., 2011; Danielsson et al., 2012; Rira
etal., 2016), indicating that animals with low values
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Table 3. Emission of CH, for two contrasting levels of RFI of the animals: low RFI (LRFI, —0.78 + 0.22 kg
DMI/d) and high RFI (HRFI, 0.83 + 0.34 kg DMI/d) steers

Treatment P value
LRFI HRFI SEM Treatment Period Treat*Per
Emissions, g/d 194 265 159 0.009 0.423 0911
CH,/kg DML, g/kg 20.3 28.1 1.76 0.021 0.107 0.390
Ym, % 6.72 9.17 0.580 0.027 0.102 0.391
CH /kg NDFI, g/kg 43.0 59.2 3.73 0.024 0.103 0.396
CH /kg ADFI, g/kg 65.4 92.0 5.69 0.015 0.106 0.398

Treat*Per = interaction between treatment and period; Emissions = daily CH, emissions; CH,/kg DMI = CH, emission per kilogram of dry
matter intake; Ym = methane yield; CH /kg NDFI = CH, emission per kilogram of neutral detergent fiber intake; CH,/kg ADFI = CH, emission
per kilogram of acid detergent fiber. Values are average per treatment (n = 8/treatment).
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Figure 1. Number of copies of the mrcA gene for two contrasting
levels of RFI of the animals: low RFI (LRFI, —0.78 + 0.22 kg DM1/d)
and high RFI (HRFI, 0.83 + 0.34 kg DMI/d) steers. The line inside
each box represents treatment median and the ends of the whiskers
represent the minimum and maximum values of all of the data for each
treatment.

of RFI do not necessarily present less Archaea
populations. However, it is necessary to point out
that in our study rumen content was obtained at
slaughter after 6 to 9 mo of finishing under grazing
conditions, which started when the CH, measure-
ments were completed. Wallace et al. (2014) studied
microbiome and methane emissions on beef cattle
consuming different diets and observed that the
rates archaea/bacteria were similar in rumen sam-
ples collected in vivo and postmortem, as well as
the correlation between archaea/bacteria and meth-
ane emission, with independence of the diet. Since
the RFI is an intrinsic condition of the animal, dif-
ferences between LRFI and HRFT groups on CH,
emmisions and microbiome characteristics should
persist along the life with independence of the diet

consumed. However, some authors have suggested
that the relationship between RFI and methane
emission depends on the diet (Velazco et al., 2017).
According to Jones et al. (2011), lower RFI cows
produced less CH, than those of HRFI only when
they were fed a high-quality pasture. Based on the
scarce existing information about the relationship
between the RFI, methane emission, and microbi-
ome, it is necessary to consider that the different
diet consumed could have weakened the association
between Archaea populations and methane emis-
sions in lower and higher RFI groups. Additionally,
methanogen quantification could not represent
actual methanogenic activity. In future studies,
quantification of mcrA mRNAs should shed light
on understanding methanogens activity.

There are recent studies that question the use
of RFT as a strategy to mitigate enteric CH, emis-
sions (Jones et al., 2011; Alemu et al., 2017; Velazco
et al., 2017). However, it should be noted that in
these prior studies, the populations used did not
present a strong divergence in RFI, which may have
affected the results in relation to the emission of
CH,. Jones et al. (2011) reported that the evaluated
populations had average RFI values of —0.69 vs.
0.68 kg/d, whereas Alemu et al. (2017) reported val-
ues of —0.25 vs. 0.29. In our study, the evaluated
animals presented a greater contrast in the values of
RFI (—0.78 vs. 0.83 kg/d). Furthermore, Nkrumah
et al. (2006) found differences in CH, emissions
with animal populations displaying a HRFI con-
trast (—1.18 vs. 1.25 kg/d).

The results of this study show that animals with
lower RFI emit less CH,, indicating that selection
by the level of RFI is a promising mitigation strat-
egy, which can be used synergistically with the man-
agement of dietary components. Future research
should investigate the association between the RFI
and the quantity and activity of methanogens, as
well as between these and the emission of CH,. This
will provide a more comprehensive understanding
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of the potential and scope of RFI on the reduction
of CH, emission.
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