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Associations between residual feed intake and apparent nutrient digestibility, in
vitro methane-producing activity, and volatile fatty acid concentrations in growing
beef cattle!
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Erin G. Brown,! Luis O. Tedeschi, " Robin C. Anderson®, Kristen A. Johnson," and Arieh Brosh®

"Department of Animal Science, Texas A&M University, College Station, TX 77843; and *Department of Animal
Sciences, Missouri State University, Springfield, MO; 'Department of Agriculture, Stephen F. Austin State
University, Nacogdoches, TX 75962; SUSDA, ARS, Food and Feed Safety Research Unit, College Station, TX
77845; Department of Animal Science, Washington State University, Pullman, WA 99164; 4Beef Cattle Section,
Agricultural Research Organization, Ramat Yishay, IL 30950

ABSTRACT: The objectives of this study were
to examine the relationship between residual feed
intake (RFI) and DM and nutrient digestibility,
in vitro methane production, and volatile fatty
acid (VFA) concentrations in growing beef cattle.
Residual feed intake was measured in growing
Santa Gertrudis steers (Study 1; » = 57; initial
BW =291.1 + 33.8 kg) and Brangus heifers (Study
2; n=468; initial BW =271.4 £ 26.1 kg) fed a high-
roughage-based diet (ME = 2.1 Mcal/kg DM) for
70 d in a Calan-gate feeding barn. Animals were
ranked by RFI based on performance and feed
intake measured from day 0 to 70 (Study 1) or day
56 (Study 2) of the trial, and 20 animals with the
lowest and highest RFI were identified for subse-
quent collections of fecal and feed refusal sam-
ples for DM and nutrient digestibility analysis. In
Study 2, rumen fluid and feces were collected for
in vitro methane-producing activity (MPA) and
VFA analysis in trials 2, 3, and 4. Residual feed
intake classification did not affect BW or BW
gain (P > 0.05), but low-RFI steers and heifers
both consumed 19% less (P < 0.01) DMI com-
pared with high-R FI animals. Steers with low RFI
tended (P < 0.1) to have higher DM digestibility
(DMD) compared with high-RFI steers (70.3 vs.

66.5 + 1.6% DM). Heifers with low RFI had 4%
higher DMD (76.3 vs. 73.3 = 1.0% DM) and 4
to 5% higher (P < 0.01) CP, NDF, and ADF di-
gestibility compared with heifers with high RFI.
Low-RFTI heifers emitted 14% less (P < 0.01) me-
thane (% GE intake; GEI) calculated according
to Blaxter and Clapperton (1965) as modified by
Wilkerson et al. (1995), and tended (P = 0.09)
to have a higher rumen acetate:propionate ratio
than heifers with high RFI (GEI = 5.58 vs.
6.51 = 0.08%; A:P ratio = 5.02 vs. 4.82 + 0.14%).
Stepwise regression analysis revealed that ap-
parent nutrient digestibilities (DMD and NDF
digestibility) for Study 1 and Study 2 accounted
for an additional 8 and 6%, respectively, of the
variation in intake unaccounted for by ADG
and mid-test BW®”. When DMD, NDF digest-
ibility, and total ruminal VFA were added to the
base model for Study 2, trials 2, 3, and 4, the R®
increased from 0.33 to 0.47, explaining an add-
itional 15% of the variation in DMI unrelated to
growth and body size. On the basis of the results
of these studies, differences in observed pheno-
typic RFT in growing beef animals may be a result
of inter-animal variation in apparent nutrient di-
gestibility and ruminal VFA concentrations.

Key Words: cattle efficiency, digestibility, forage, methane, residual feed intake, volatile
fatty acid
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INTRODUCTION

Profitability of a cattle operation depends on
the efficient use of feed to meet nutrient require-
ments as feed accounts for the single largest vari-
able input cost associated with producing cattle.
Residual feed intake is an ideal trait to use in se-
lection programs to improve feed efficiency as it is
a moderately heritable trait (Schenkel et al., 2004)
that quantifies an animals’ feed efficiency inde-
pendent of growth or body size. Residual feed in-
take is defined as the difference between an animal’s
actual and predicted intake based on growth and
body size. Efficient or low-residual feed intake
(RFI) animals have reduced feed intake compared
with animals with equal growth and body size
(Nkrumabh et al., 2004; Lancaster et al., 2009; Hafla
et al., 2013; Baldassini et al., 2018; Lam et al., 2018)
and decreased methane emissions (Hegarty et al.,
2007; Basarab et al., 2013) compared with their in-
efficient or high-RFI counterparts.

Specific biological mechanisms contributing to
differences in observed phenotypic RFI have yet to
be fully understood. Current literature has identi-
fied relationships between protein turnover, tissue
metabolism, stress, digestibility, heat increment,
fermentation, physical activity, body composition,
and feeding patterns (Richardson and Herd, 2004;
Nkrumah et al., 2007; Lancaster et al., 2009; Kayser
and Hill, 2013; Cantalapiedra-Hijar et al., 2018).
Herd et al. (2004) estimated that approximately
14% of the biological variation in RFI was associ-
ated with differences in digestion and its processes
in growing animals of divergent RFI phenotypes.
However, literature has been inconsistent regarding
the associations between RFI and dry matter di-
gestibility (DMD; Kenny et al., 2018). Nevertheless,
several studies have identified a negative relation-
ship between RFI and DMD (Richardson et al.,
1996; Nkrumah et al., 2006; Bonilha et al., 2017),
indicating that inter-animal variation in RFI may
be due to differences in digestibility. In a recent
meta-analysis conducted by Cantalapiedra-Hijar
et al. (2018), differences in digestibility of cattle
with divergent RFI appear to be related to the level
of intake as a negative correlation was found be-
tween DMD and dry matter intake (DMI).

However, further research is needed to deter-
mine whether the apparent improvements in DMD
are simply a function of slower passage rage of
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digesta through the rumen due to lower DMI or im-
proved digestive ability of more feed-efficient ani-
mals (Kenny et al., 2018). Furthermore, few studies
have examined the effects of RFI on fermentation
parameters and nutrient digestibility in growing
calves fed a high-roughage diet. Therefore, the ob-
jectives of these studies were to quantify differ-
ences in nutrient digestibility, examine ruminal and
fecal VFA profiles, and estimate in vitro methane-
producing activity (MPA) in growing calves with
divergent phenotypes for RFI.

MATERIALS AND METHODS

Animals and Management

All animal care and use procedures were in ac-
cordance with the guidelines for the use of Animals
in Agricultural Teaching and Research as approved
by the Texas A&M University Institutional Animal
Care and Use Committee (approval number 2006-
180 and 2001-249AG). The experimental animals
used in Study 1 consisted of 57 Santa Gertrudis
steers (King Ranch, Kingsville, TX) with initial
BW and age of 273 + 29 kg and 238 £ 16 d, respect-
ively, and Study 2 consisted of 4 trials utilizing 468
Brangus heifers (Camp Cooley Ranch, Franklin,
TX) with initial BW and age of 271 £ 26 kg and
231 * 12 d, respectively. Study 2 trials were con-
ducted in consecutive years (n = 114 in year 1,
n=1151inyear 2, n = 119 in year 3, n = 120 in year
4). All trials were conducted at the O.D. Butler, Jr.
Animal Science Complex (College Station, TX).

Upon arrival, animals were blocked by BW,
randomly assigned to pens equipped with Calan-
gate feeders (6 hd/pen), and adapted to a total
mixed ration (2.13 Mcal ME/kg DM and 11.2%
CP DM in Study 1; 1.98 Mcal ME/kg DM and
12.7% CP DM in Study 2; Table 1) consisting of
chopped alfalfa, alfalfa pellets, cottonseed hulls,
dry rolled corn, and molasses for a minimum of 24
d. For Study 1, a premix was included in the total
mixed ration that contained monensin, tylosin, in
combination with vitamins and minerals, and in
Study 2, a trace mineral premix was fed in com-
bination with vitamin E and salt. Following adap-
tation, animals were fed twice daily (0800 and
1400) to target 10% feed refusals, and ad libitum
feed intakes were recorded daily for individual
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Table 1. Ingredient and chemical composition
of the diets used in Santa Gertrudis steers (Study
1) and Brangus heifers (Study 2)

Item Study 1 diet Study 2 diets!

Ingredient composition, % as-fed basis
Chopped alfalfa 35.0 35.0
Pelleted alfalfa 19.0 15.0
Dry rolled corn 15.5 21.0
Cottonseed hulls 21.5 21.5
Molasses 7.00 7.00
Premix? 2.00 —
Salt — 0.40
Vitamin E? — 0.14
Trace mineral* — 0.02

Chemical composition

DM, % 87.1 87.9
ME®, Mcal/kg DM 2.13 1.98
CP, % of DM 1.2 12.7
NDE, % of DM 414 45.6
ADF, % of DM 32.0 32.3
P, % of DM 0.27 0.25
Ca, % of DM 0.98 0.86

!Chemical analysis for Study 2 represents the average of diets used
in each of the 4 trials.

2Premix for Study 1 contained 1.66 g/kg monensin, 0.55 g/kg tylosin,
675 mg/kg Cu, 1050 mg/kg Mn, 2850 mg/kg Zn, 15 mg/kg Se, 35 mg/kg
1, 7.5 mg/kg Co, 132,300 IU/kg vitamin A, and 3308 IU/kg vitamin E.
3Vitamin E contained 44,000 TU/kg product.

“Trace mineral contained a minimum of 19.0% Zn, 7.0% Mn, 4.5%
Cu, 4,000 ppm Fe, 2,300 ppm I, 1,000 ppm Se, and 500 ppm Co.

‘Metabolizable energy content computed using Cornell Net
Carbohydrate and Protein System.

animals. For each trial, BW and feed refusals’ were
collected at 7-d intervals. Linear regression (PROC
GLM, SAS Institute Inc., Cary, NC) of BW on the
day of trial was used to determine ADG, initial
and final BW, and mid-test BW®7, Residual feed
intake was computed for each study as the differ-
ence between actual and expected DMI from the
linear regression of mean DMI on mid-test BW®"
and ADG as described by Koch et al. (1963). For
Study 2, the trial was included as a fixed effect in
the model. Average daily gain and mid-test BW®7
accounted for 60% of the variation in DMI for
Study 1, and 54% of the variation in DMI for
Study 2. For Study 1, steers were ranked by RFI
using performance and feed intake data collected
from days 0 to 70 of the trial, and the steers with
lowest (n = 20) and highest (n = 20) RFI identified
for subsequent collection of fecal and feed refusal
samples from days 70 to 76. The steers with di-
vergent RFI were £0.55 SD from the mean RFI
of —0.02 £ 0.85 kg DM/d (n = 57). In Study 2,
RFI was computed based on data collected during
the first 56 d, as the trial timelines did not permit
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fecal and feed refusal sampling procedures to take
place following the completion of the trial on d
70. Accordingly, for each trial, 20 heifers with the
lowest RFI, and 20 heifers with the highest RFI
based on 56 d data, were identified for subsequent
collection of fecal and feed refusal samples from
days 62 to 68 of the trials. The heifers with diver-
gent RFI were £1.1 SD from the mean RFI of
0.00 * 0.69 kg DM/d (n = 468). Subsequent ana-
lysis of RFI based on performance and feed in-
take data collected for 70 d revealed that 5 heifers
were no longer classified as having divergent RFI
phenotypes, and so were excluded from the study.
Additionally, insufficient fecal samples resulted in
the exclusion of an additional 3 animals in Study
1, and 8 animals in Study 2.

Estimates of Digestibility

Fecal samples were collected by rectal palpation
once daily at 0700 for 7 consecutive days from days
70 to 76 in Study 1, and from days 62 to 68 in Study
2, and stored at 320 °C. During the fecal collection
period, diet feed ingredient samples, and feed re-
fusals’ from individual animals were collected and
weighed daily. Feed ingredient, diet, fecal, and feed
refusals samples were freeze dried (Studies 1 and
2—trials 1, 2, and 3) or dried in a forced-air oven at
105 °C (Study 2—trial 4), ground through a 1-mm
screen in a Wiley Mill, and composited by weight
for subsequent chemical analysis.

VFA, Methane, and pH Analysis

For trials 2, 3, and 4 (Study 2), rumen fluid and
fecal samples were collected from days 62 to 68 to
determine VFA concentrations, methane-producing
activity, and pH. Prior to morning feedings, rumen
fluid was collected via a stomach tube into 50-mL
vials that were filled to capacity, and immediately
capped and stored at ambient temperature until
subsequent analysis within 2 to 3 h. Methane-
producing activity of ruminal and fecal samples
was determined by in vitro incubation. Rumen fluid
(5 mL) and fecal (2 g) samples were mixed with 5
and 8 mL, respectively, anaerobic dilution solution
(Bryant and Burkey, 1953) containing 60 mM so-
dium formate and 0.2 g finely ground alfalfa (to
pass a 4 mm screen). The tubes were capped and in-
cubated at 39 °C under a hydrogen:carbon dioxide
(50:50) atmosphere. At the end of the incubation
period, methane concentration was determined by
gas chromatography, according to Allison et al.
(1992).
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For VFA analysis, rumen fluid (1 mL) and fecal
(1 g) samples were diluted 1:10 with water (pH = 7.0)
and pH was recorded. Samples were centrifuged
and the supernatant frozen (—20 °C) for subsequent
VFA analysis. Volatile fatty acids were analyzed via
gas chromatography (Agilent 6890N, Santa Clara,
CA) with a 007 series bonded phase fused silica ca-
pillary column (25 m X 0.25 mm X 0.25 pm) with a
flame ionizing detector as described by Erwin et al.
(1961). The analysis was performed with the fol-
lowing parameters: 1 pl injection, injector tempera-
ture = 240 °C, oven temperature = 80 °C for 1 min,
ramp to 120 °C hold for 5 min, ramp to 165 °C hold
for 2 min, detector temperature = 260 °C.

Chemical Analysis and Calculations

Acid-insoluble ash (AIA) was used as an in-
ternal marker to estimate digestibility coefficients
using fecal and feed refusal composite samples
for individual animals, and feed ingredient com-
posite samples for each diet. AIA was determined
according to Vankeulen and Young (1977) using
2 N hydrochloric acid digestion and ashing, and
was analyzed according to Van Soest et al. (1991)
using the ADF procedure and subsequent ashing.
Neutral detergent fiber and ADF were determined
using an ANKOM Fiber Analyzer F200 (ANKOM
Technology Corporation, Fairport, NY) according
to manufacturer’s protocol with the exception that
sodium sulfite was not added in the NDF pro-
cedure (ANKOM, 2006a, 2006b). Nitrogen was de-
termined using a LECO FP2000 nitrogen analyzer
(LECO Corporation, St. Joseph, MI) and CP was
calculated by multiplying the total N by a factor
of 6.25. Mineral analysis was determined using ICP
analysis of a nitric acid digest. Metabolizable en-
ergy concentrations of the experimental diets were
computed from chemical analysis using the Cornell
Net Carbohydrate and Protein System (Version 5.0,
Cornell University, Ithaca, NY). Methane emission
as a proportion of gross energy intake (GEI) was
calculated according to Blaxter and Clapperton
(1965) as modified by Wilkerson et al. (1995).

Statistical Analysis

The effect of RFI classification on perform-
ance, feed efficiency, and apparent nutrient digest-
ibility was analyzed for each study using the MIXED
Procedure of SAS according to a model that included
the fixed effect of RFI classification, and for Study 2
the random effect of trial. Mean separation was ac-
complished using the Tukey—Kramer option in SAS.
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The MIXED Procedure of SAS was also used to de-
termine whether the level of feed intake accounted
for variation in DMD according to a model that in-
cluded DMI as a covariate, the fixed effect of RFI
classification, and RFI classification by DMI inter-
action, and for Study 2, the random effect of trial
and trial by DM interaction. To generate phenotypic
correlation coefficients performance, feed efficiency,
and digestibility, traits in Study 2 were adjusted for
the random effect of trial using the fit model platform
of JMP (SAS Institute Inc., Cary, NC). Variables ad-
justed for the random effects of trial from Study 2,
and unadjusted variables for Study 1, were then used
in the multivariate platform of JMP (SAS Institute
Inc.) to obtain phenotypic correlations. For this
study, P-values <0.05 were considered significant, and
values <0.10 were considered tendencies.

A two-step approach was used to determine
whether individual-animal variation in apparent
nutrient digestibilities accounted for variation in
RFI. First, stepwise regression analysis was per-
formed (PROC REG of SAS) to determine the
order of inclusion of digestibility and ruminal fer-
mentation parameters to the base model used to
calculate RFI, which included mid-test BW” and
ADG. Parameters were removed from the model if
they were not significant at the 0.10 level. Secondly,
based on results from stepwise analysis, traits were
sequentially added to the base model, and the
change in coefficient of determination used to de-
termine their relative importance.

Y;j = Bo + Bimid — test BWO‘75U~
+ B,ADG;; + B Xk + R;i + €,

where Y, is the DMI of the jth heifer in the ith trial,
X is the kth digestibility parameter for the jth
heifer in the ith trial, B, is the regression intercept,
B3, is the regression coefficient on mid-test BW*”,
B, is the regression coefficient on ADG, f_is the
regression coefficient for digestibility parameter X,
R, is the random effect of ith trial and significant
trial X independent variable interactions, and g, is
the random uncontrolled error for the jth heifer in

the ith trial.

RESULTS

Study 1

Digestibility estimates from Study 1 are presented
in Table 2. There was a tendency (P = 0.10) for steers
with low RFI to have 6% higher DMD compared with
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Table 2. Performance, feed efficiency, feed intake, and apparent nutrient digestibility estimates for Santa
Gertrudis steers with low- and high-RFI phenotypes from Study 1

Item! Mean SD Low RFI High RFI SE P-value
No. of animals’ 57 18 19
Performance traits (70-d period)
Initial BW, kg 304 29 305 309 7 0.69
Final BW, kg 396 34 397 407 8 0.33
ADG, kgd™! 1.20 0.20 1.19 1.28 0.05 0.19
DMI, kg d™! 9.97 1.32 9.05 11.20 0.23 0.01
Feed efficiency (70-d period)
RFI, kg d™! -0.020 0.850 -0.990 0.880 0.100 0.01
G:F 0.125 0.018 0.130 0.110 0.010 0.01
Feed intake (fecal collection period)?
DMI, kg/d 10.6 1.8 9.5 11.6 0.4 0.01
Feed refusals % DMI 11.2 8.3 15.1 7.5 1.8 0.01
Feed refusal CP, % DM 14.8 1.3 15.1 14.5 0.3 0.10
Feed refusal NDF, % DM 44.5 4.0 44.6 44.5 1.0 0.95
Apparent nutrient digestibility?
DM, % 68.4 7.1 70.3 66.5 1.6 0.10
CP, % 57.6 10.0 59.7 55.5 2.3 0.21
NDF, % 52.1 10.5 54.8 49.6 2.4 0.13

'Feed refusals’, % DMI = [(feed refusals’ DM/DMI) x 100].
2Animals with divergent RFI were £0.55 SD from the mean.

’Data represent the 37 animals with divergent RFI identified for subsequent digestibility analsysis.

high-R FI steers. However, apparent CP and NDF di-
gestibility was not different (P > 0.10) between steers
with divergent RFI. During the 7-d fecal collection
period, steers with high RFI had less (P < 0.05) feed
refusals as a percentage of DMI (Table 2). However,
no differences (P > 0.10) were found between the CP
and NDF concentration of feed refusal samples be-
tween low- and high-RFT steers.

Phenotypic correlations among traits meas-
ured in Study 1 are presented in Table 4 (below di-
agonal). As expected, RFI was not correlated with
initial BW or ADG, but was positively correlated
(P < 0.05) with DMI. Residual feed intake was
negatively correlated (P < 0.05) with DMD; how-
ever, no significant correlations (P > 0.05) were ob-
served between RFI and CP or NDF digestibility.

Mid-test BW®” and ADG accounted for 54%
of the variation in individual-animal DMI based
on multiple linear regression. Upon addition of
DMD to the base RFI model (ADG and mid-test
BW?7%), R? was increased from 0.54 to 0.60. Dry
matter digestibility, but not CP or NDF digest-
ibility, was found to be a significant source of vari-
ation (P < 0.10).

Study 2

Digestibility estimates for Study 2 are presented
in Table 3. Low-RFI animals in Study 2 had higher

(P=0.01) CP, NDF, ADF, and P digestibilities com-
pared with their high-RFI cohorts. Digestibility
coefficients for heifers with low RFI tended to be
higher (P < 0.06) for Ca and Cu compared with
heifers with high RFI. Differences in Zn digestibility
between heifers with low and high RFI were not
detected (P = 0.57). Residual feed intake was cor-
related [Table 4 (above diagonal); (P < 0.05)] with
DMI (r = 0.80), DMD (r = —0.25), CP digestibility
(r = =0.27), and NDF digestibility (» = —0.21) in
heifers from Study 2.

During the 7-d fecal collection periods, high-
RFT animal’s had 27% less (P < 0.01) feed refusals’
as a proportion of DMI than low-RFI cattle (Table
3). However, CP, NDF, and ADF concentrations of
feed refusal samples were not affected (P > 0.20) by
the RFI phenotype group.

Ruminal and fecal pH, in vitro MPA, calcu-
lated methane losses, and ruminal VFA concentra-
tions from heifers in trials 2, 3, and 4 are presented
in Table 5. Differences between low- and high-RFI
heifers in ruminal and fecal pH and in vitro MPA
were not detected (P > 0.42). However, estimates
of methane energy losses expressed as a propor-
tion of GEI (Blaxter and Clapperton, 1965) were
less (P < 0.01) for heifers with low RFI. There were
no differences (P > 0.21) in ruminal acetate or bu-
tyrate concentrations; however, ruminal propionate
concentrations were lower (P = 0.04) in heifers with
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Table 3. Performance, feed efficiency, feed intake, and apparent nutrient digestibility estimates for Brangus
heifers with low- and high-RFI phenotypes from Study 2 (4 trials; n = 468)

Item! Mean SD Low RFI High RFI SE P-value
No. of animals’ 468 74 73
Performance traits (70-d period)
Initial BW, kg 271 27 274.2 269.8 7.97 0.29
Final BW, kg 342 30 344.6 3424 4.95 0.66
ADG, kgd™! 1.01 0.17 1.01 1.05 0.05 0.23
DMI, kg d™! 9.46 1.04 8.55 10.6 0.14 0.01
Feed efficiency (70-d period)
RFI, kg d™! 0.000 0.690 -0.945 1.029 0.06 0.01
G:F 0.110 0.017 0.118 0.099 0.01 0.01
Feed intake (fecal collection period)?
DMI, kg/d 9.7 1.6 8.7 10.7 0.2 0.01
Feed refusals % DMI 10.9 6.8 12.8 9.4 0.78 0.01
Feed refusal CP, % DM 13.5 1.9 13.2 13.6 0.49 0.17
Feed refusal NDF, % DM 43.2 7.2 43 43.7 1.4 0.54
Apparent nutrient digestibility?
DM, % 74.7 7.8 76.3 73.3 1.0 0.01
CP, % 70.8 9.0 72.7 69.1 1.1 0.01
NDF, % 69.0 9.8 70.7 67.6 1.2 0.01
ADF, % 65.7 9.7 67.5 64.2 1.2 0.01
Phosphorus, % 59.7 16.1 61.9 57.6 1.8 0.01
Calcium, % 54.2 12.1 56.3 52.2 1.8 0.06
Zinc, % 50.7 15.2 53.2 51.5 3.0 0.57
Copper, % 594 13.3 61.8 57.9 1.7 0.05

'Feed refusals’, % DMI = [(feed refusals’ DM/DMI) x 100].
2Animals with divergent RFI were £ 1.1 SD from the mean.

3Data represents the 37 animals with divergent RFI identified for subsequent digestibility analysis.

Table 4. Phenotypic correlations among performance and feed efficiency traits, and nutrient digestibility
estimates in Santa Gertrudis steers with low (z = 18) and high (n = 19) RFI phenotypes from Study 1 (below
diagonal) and Brangus heifers with low (n = 74) and high (n = 73) RFI phenotypes from Study 2 (above

diagonal)

Trait! ADG DMI RFI GF DMD CPD NDFD
ADG — 0.50% 0.03 0.61% 0.04 0.04 0.03
DMI 0.64* — 0.80* -0.36* -0.16* -0.17* -0.13
RFI 0.24 0.83* — -0.70* -0.25% -0.27* -0.21*
GF 0.57* -0.26 -0.58* — 0.23* 0.24* 0.18
DMD -0.08 -0.23 -0.35% 0.16 — 0.98* 0.98*
CPD 0.01 -0.14 -0.27 0.16 0.95% — 0.95%
NDFD -0.02 -0.19 -0.33 0.19 0.99* 0.94* —

'DMD = apparent dry matter digestibility, NDFD = NDF digestibility, CPD = apparent CP digestibility.

*Correlations are different from zero at P < 0.05.

low RFI. There were no differences (P > 0.15) ob-
served in fecal VFA concentrations amongst heifers
with divergent RFI.

For Study 2, trials 1, 2, 3, and 4 (n = 147),
mid-test BW®” and ADG accounted for 32% of
the variation in individual-animal DMI for heifers
with divergent RFI. Upon addition of DMD and
NDF digestibility to the base RFI model (ADG
and mid-test BW®7), R? was increased from 0.32

to 0.40. Dry matter digestibility and NDF di-
gestibility, but not CP digestibility, were found
to be significant sources of variation (P < 0.10).
For Study 2, trials 2, 3, and 4, mid-test BW®7
and ADG accounted for 29% of the variation in
DMI. When DMD, NDF digestibility, and total
ruminal VFA were added to the base RFI model
for these trials in Study 2, R? increased from 0.33
to 0.47.
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Table 5. Fermentation parameters in Brangus heifers with low (z = 52) and high (n = 51) RFI phenotypes

from trials 2, 3, and 4 of Study 2

Item Low RFI High RFI SE P-value
Rumen pH! 7.11 7.08 0.06 0.74
Fecal pH! 7.26 7.24 0.09 0.84
Rumen methane’ 11.6 10.9 0.85 0.42
Fecal methane® 0.77 0.71 0.16 0.74
Methane?, % GE 5.58 6.51 0.08 0.01
Ruminal acetate 40.4 43.9 2.71 0.21
Fecal acetate 36.0 339 1.97 0.29
Ruminal propionate 8.14 9.26 0.53 0.04
Fecal propionate 8.87 8.77 0.48 0.84
Ruminal butyrate 6.90 7.19 0.57 0.61
Fecal butyrate 4.49 4.51 0.32 0.94
Total ruminal VFA 55.5 60.3 3.71 0.20
Total fecal VFA 49.4 47.2 2.63 0.41
Ruminal A:P ratio* 5.02 4.82 0.12 0.09
Fecal A:P ratio* 4.07 3.87 0.14 0.15

'"Rumen and fecal pH: low and high RFI (n = 36 and 34); only measured in trials 3 and 4.

’Rumen and fecal methane: low and high RFI (n = 50 and 48).

*In vitro methane-producing activity (nmol CH,/mL fermentation fluid).

3Calculated using Blaxter and Clapperton (1965) as modified by Wilkerson et al. (1995); DMI was a significant covariate (P < 0.001).

*Acetate:propionate ratio.

Dry matter digestibility was correlated [data
not shown; P < (0.05] with ruminal and fecal MPA
(r = 0.50; r = —0.23, respectively), ruminal total
VFA (r = —0.2), and DMI (r = —0.25). As expected,
diet and nutrient digestibilities were negatively cor-
related (P < 0.05) with methane GEIL.

DISCUSSION

Apparent Nutrient Digestibilities

There is growing evidence that genetic variation
exists in RFI of growing beef cattle (Herd and
Bishop, 2000; Nkrumah et al., 2007; Moore et al.,
2009; Basarab et al., 2013; Cantalapiedra-Hijar
et al., 2018). While the biological basis for variation
in RFI is not fully understood, the current study
provides evidence that differences in nutrient di-
gestibility may contribute to inter-animal variation
in RFL

For this experiment, low-RFI animals tended to
or had lower DMD compared with high-RFI ani-
mals. Similar results have been reported for animals
consuming high-roughage diets as low-RFI Angus
heifers and bulls consuming a 70% lucerne hay: 30%
wheat mixture tended (P < 0.10; Richardson et al.,
1996) to have higher DMD and low-RFI dairy
cattle consuming ryegrass had higher (P < 0.05;
Rius et al., 2012) DMD than their high-RFI coun-
terparts. Additionallyy, DMD of Sahiwal calves

was found to differ between animals with divergent
RFI consuming a high-roughage TMR, such that
DMD of low-RFI calves was 8% higher than that
observed in high-RFI calves (Sharma et al., 2018).
However, when heifers consumed a grass silage diet,
no differences in DMD were found between low-
and high-RFT cattle (Lawrence et al., 2011, 2012,
2013; Fitzsimons et al., 2013). When various diets
were compared within studies, low-RFI lactating
cows had higher (P < 0.01; Potts et al., 2017) and
beef heifers tended (P < 0.10; McDonnell et al.,
2016) to have higher DMD when consuming low-
starch, but not high-starch diets, compared to their
high-RFI counterparts. For each of these previous
studies, no differences were observed in DMD in
cattle consuming high-starch diets. Results from
these studies indicate that RFI effects on DMD may
be less when a high-grain vs. a high-roughage diet
is fed to cattle. In support of this idea, numerous
studies have found no differences in DMD across
RFI phenotypes when high-grain diets were fed
(Richardson et al., 2004; Cruz et al., 2010; Gomes
et al., 2013; Lawrence et al., 2013). However, when
Nkrumabh et al. (2006) pair-fed steers a high-grain
feedlot diet, DMD tended (P = 0.10) to be lower
in low-RFI steers compared with high-RFI steers.
Additionally, low-RFI feedlot bulls tended to have
increased DMD compared with their high-RFI
counterparts when consuming a high-grain diet
(Bonilha et al., 2017).
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In the current study, heifers in Study 2 had
higher NDF digestibility indicating an increased
capacity of low-RFI animals to digest high fiber
diets. Potts et al. (2017) observed a similar relation-
ship in lactating Holstein cows as low-RFI animals
tended (P < 0.10) to have higher NDF digestibility
when consuming low-starch diets. However, when
these lactating dairy cows were fed high-starch
diets, no differences were observed in NDF digest-
ibility across RFI phenotypes (Potts et al., 2017).
The authors indicated that the relationship between
RFI and digestibility was, therefore, dependent
on diet, but conflicting results were reported by
Bonilha et al. (2017) for finishing Nellore bulls con-
suming a high-grain diet as they found a 19% in-
crease (P <0.05) in the NDF digestibility, corrected
for ash and protein, of low-RFI bulls compared to
their high-RFI counterparts. Given the discrepancy
between animal models used in the previously dis-
cussed studies, it is difficult to draw conclusions
regarding the effect of diet on the associations
between RFI and digestibility. However, for high-
starch diets, effects of RFI on DMD may not be as
consistently observed as postruminal starch diges-
tion may compensate for reductions in the ruminal
starch digestion resulting from reduced ruminal re-
tention times in high-RFT cattle. Accordingly, diet
type may alter the associations between RFI and
digestibility.

In the current study, CP digestibility was higher
for low-RFI heifers in Study 2, but was not for
steers in Study 1 compared with their high-RFI
counterparts. Previous studies have reported a sig-
nificant relationship between RFI and protein di-
gestibility with low-RFI lactating cows having
higher (P < 0.05; Rius et al., 2012) and beef steers
tending towards (P < 0.10; Nkrumah et al., 2006)
higher protein digestibilities. However, Potts et al.
(2017) found no difference in CP digestibility in
lactating dairy cows divergent in RFI, similar to the
results for Study 1.

Few studies have evaluated the effect of
RFI on mineral digestibility in cattle. For this
study, low-RFI heifers had higher P, Cu, and Ca
digestibilities, but no difference in Zn digestibility
was observed compared with high-RFI heifers.
Dias et al. (2016) evaluated the mineral digest-
ibility in pregnant heifers with divergent RFI
phenotypes and found conflicting results as they
reported higher Cu and Zn digestibility, but not
P or Ca digestibility in low-RFI heifers compared
with their high-RFI counterparts. found that
Cu digestibility was higher in low-RFI pregnant
heifers.
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It is generally recognized in ruminants that as
DMI increases, DMD decreases, primarily due to
the increased rate of passage and a corresponding
reduction in rumen retention time associated
with higher levels of intake (Staples et al., 1984).
Accordingly, mechanisms responsible for variation
in DMD of animals with divergent RFI may simply
be a function of slower rates of passage through
the rumen due to lower DMI of low-RFI animals
compared with high-RFI animals, or could be an
indication of improved digestive ability of more
feed-efficient animals (Kenny et al., 2018). In a re-
cent meta-analysis completed by Cantalapiedra-
Hijar et al. (2018), a negative correlation was found
between DMD and DMI of animals with divergent
RFI, indicating that the increased digestibility of
low-RFI animals compared with high-RFI ani-
mals may be a direct consequence of lower DMI.
However DMI was not found to be a significant
covariate for DMD (P > 0.20), indicating that the
reduction in DMD of high-RFI animals was at
least partially independent of DMI. These results
are reasonable as the spread in intake as a multiple
of maintenance across low- and high-RFI heifers
was small (1.7X vs. 2.2X; respectively). On the basis
of the assumptions from the NRC (2001), the 0.5
unit increase in intake as a multiple of maintenance
observed in this study would correspond to ~2%
reduction in DMD. This does not match the 4%
reduction observed across heifers with divergent
RFI in this study, further indicating that part of the
variation in DMD may be independent of the level
of intake.

These results differ from those reported by
Potts et al. (2017) as they found DMI to be a sig-
nificant covariate when evaluating DMD. However,
Nkrumah et al. (2006) pair-fed low- and high-RFI
steers and found low-RFI animals to have higher
DMD than high-RFI animals. Therefore, when
DMI was equal between low- and high-RFT steers,
it did not eliminate the relationship between RFI
and DMD. Accordingly, part of the variation in
DMD of steers with divergent RFI appeared to be
independent of DMI, which agrees with the find-
ings of the current study. Furthermore, increased
DMI observed in high-RFI animals may reflect an
increased need to attain the levels of energy intake
required for maintaining BW and growth.

An additional factor that may affect between-
animal variation in DMD or RFTI is sorting of the
diet. In the current study, although daily feed calls
were intended to target 10% feed refusals, high-RFI
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animals had fewer feed refusals as a proportion of
DMI, indicating that they may have had less op-
portunity to sort feed compared with low-RFI
animals. However, upon nutrient analysis, no dif-
ferences were found in the NDF content of feed
refusals, and only slight numerical differences were
observed in the CP content (P > 0.10). Accordingly,
it does not appear that between-animal variations
in sorting influenced the associations between RFI
and DMD in the current study.

For Study 1, the base RFI model (mid-test
BW%" and ADG) accounted for 54% of the vari-
ation in DMI. When DMD was added to the base
model (mid-test BW®”> and ADG), the model R?
increased from 0.54 to 0.60; thus, DMD accounted
for an additional 6% of the variation in DMI, un-
accounted for by mid-test BW®” or ADG. Similarly,
for Study 2, DM and NDF digestibility accounted
for an additional 8% of the variation in DMI, unex-
plained by mid-test BW®” or ADG. When DMD,
NDF digestibility, and total VFA were added to the
base RFI model for Study 2, trials 2, 3, and 4, the
value of R® increased from 0.29 to 0.44, explaining
15% of the variation in DMI unrelated to growth
and body size. These results are similar to those re-
ported by Herd et al. (2004) as they attributed 14%
of the variation in RFI to differences in digestibility,
and further indicating that DMD and ruminal fer-
mentation parameters may contribute to variations
in DMI of animals with divergent RFI phenotypes.

Residual Feed Intake and Fermentation Parameters

Residual feed intake has been evaluated as a
strategy for reducing methane emissions as nu-
merous studies have reported significant relation-
ships between methane production and RFI, with
low-RFI animals producing less methane per day
than their high-RFI counterparts when consuming
high-roughage diets (Sharma et al., 2014), high-
concentrate diets (Nkrumah et al., 2006; Hegarty
et al., 2007), high-quality grazed pasture (Jones
etal., 2011) or grass silage (Fitzsimons et al., 2013).
However, it is unclear whether differences in CH,
production observed in animals with divergent RFI
phenotypes are merely a function of reduced DMI
and subsequent reduction in hydrogen available for
methanogens, or if there are inherent differences in
the digestive efficiency between animals with diver-
gent RFI phenotypes (McDonnell et al., 2016).

While DMI is a strong driver of methane emis-
sions, diet digestibility (Blaxter and Clapperton,
1965) and fiber digestibility (Igbal et al., 2008) af-
fect methane production, with higher diet or fiber
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digestibility resulting in less methane loss per unit
of GEI. In the current study, DMI was lower, and
DMD and NDF digestibility were higher for low-
RFI animals compared with their high-RFI coun-
terparts. Subsequently, low-RFI heifers produced
14% less (P < 0.01) methane as a percent of GEI
compared their high-RFI counterparts, as esti-
mated by Blaxter and Clapperton (1965). While
methane production was not measured in the cur-
rent study, Nkrumah et al. (2006) found similar
results when methane was measured by indirect cal-
orimetry with low-RFI steers producing 25% less
methane GEI than high-RFT steers. Interestingly,
in this study, steers were pair-fed so that DMI and
GEI were not different across RFI phenotypes, but
low-RFI animals had significantly higher (75.3 vs.
70.9%; P < 0.05) DM, although no differences were
observed for NDF digestibilities. Therefore, there
were inherit differences in the digestive efficiency
between the low- and high-RFI steers that resulted
in improved methane GEI for low-RFI animals.

Additional studies have found low-RFI animals
to produce less methane per unit of DMI based on a
model estimated methane production (Muro-Reyes
etal., 2011) or measured methane production using
the SF, technique (Sharma et al., 2014). However,
most studies found that low-RFI animals produced
numerically higher amounts of methane per unit of
DMI consumed (Hegarty et al., 2007; Fitzsimons
etal., 2013; McDonnell et al., 2016). These findings
suggest that variations in CH, production observed
in animals with divergent RFI phenotypes are
merely a function of the reduced DMI associated
with low-RFI animals. However, there is evidence
to indicate that inherit differences exist between
the digestive efficiency of animals with divergent
phenotypes, but further research is warranted to
examine whether these differences alter methane
production per unit of DMI.

The relationship between RFI and ruminal
VFA concentrations in cattle have been evalu-
ated in previous studies as summarized by Kenny
et al. (2018); however, results have been incon-
sistent (Guan et al., 2008; Lawrence et al., 2011;
Fitzsimons et al., 2013; McDonnell et al., 2016).
The current study found only slight alterations in
ruminal VFA as low-RFI heifers had lower propi-
onate (P = 0.04) and a tendency towards higher A:P
ratio (P = 0.09) compared with high-RFI heifers.
No differences were found between ruminal acetate,
butyrate, or total VFA concentrations (P > 0.20).
In contrast, Guan et al. (2008) found that low-RFI
steers fed a high-corn-based diet had a tendency for
higher total VFA (P = 0.06) and acetate (P = 0.07),
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and had higher butyrate (P < 0.001) and higher val-
erate (P < 0.01) than their high-RFI counterparts.
Additionally, higher (P = 0.05, Fitzsimons et al.,
2013; P = 0.04, Lawrence et al., 2011) ruminal pro-
pionic acid and lower (P = 0.02, Lawrence et al.,
2013) A:P ratios have been reported for low-RFI
animals consuming high-roughage diets compared
with their high-RFI counterparts.

Guan et al. (2008) used culture-independent
PCR-denaturing-gradient gel electrophorese to in-
vestigate microbial profiles in the rumen of cattle
differing in feed efficiency and found that there
was a distinctive microbial clustering between effi-
cient and non-efficient cattle when comparing only
Angus profiles, but that clustering was lost when
comparing all three breeds (Angus, Charolais, and
crossbred). This research may help to explain the
inconsistencies between studies as they indicate
that VFA concentrations may be dictated by the
genetic background of the host in addition to the
animals’ diet.

In summary, current and previous research
suggests that variations in methane production be-
tween high- and low-RFI animals involves both
diet-animal interactions which alter the balance
between the rates of carbohydrate fermentation
and passage, and the regulation of hydrogen supply
available for subsequent methane production which
alters the ratio of VFA produced.

IMPLICATIONS

Residual feed intake is a useful trait for
evaluating mechanism that contributes to between-
animal variation in feed efficiency, with impli-
cations for use in selection programs, as it is
independent of growth and body size. However,
an improved understanding of the complex bio-
chemical mechanisms regulating RFI is necessary
for the continued selection of feed-efficient cattle.
In the current study, associations between RFI and
DMD were observed, such that low-RFI cattle had
increased digestive efficiency of DM compared
with high-RFI cattle. Furthermore, differences
in apparent DM and NDF digestibility of cattle
with divergent RFI phenotypes explained 6 to 8%
of the variation in DMI unexplained by mid-test
BW7 and ADG. Although the variation in RFI
explained by DMD is relatively small, profound im-
pacts exist in regards to production efficiency as in-
creased digestive ability allows animals to consume
less feed while maintaining production. If output
production is maintained and input costs are re-
duced, the efficiency of beef cattle production will
be improved. More research is needed to elucidate

3559

further the relationship between RFI and DM and
nutrient digestibility and fermentation parameters
in growing beef animals.
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