Genetic variation in residual feed intake is associated with body composition,
behavior, rumen, heat production, hematology, and immune competence traits
in Angus cattle!
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ABSTRACT: This experiment was to evaluate
a suite of biological traits likely to be associated
with genetic variation in residual feed intake
(RFI) in Angus cattle. Twenty nine steers and
30 heifers bred to be divergent in postweaning
RFI (RFIp) and that differed in midparent RFI -
EBV (RFIp-EBVmp) by more than 2 kg DMI/d
were used in this study. A l-unit (1 kg DM/d)
decrease in RFI-EBV = was accompanied by a
0.08 kg (SE = 0.03; P < 0.05) increase in ADG,
a 0.58 kg/d (0.17; P < 0.01) decrease in DMI, a
0.89 kg/kg (0.22; P < 0.001) decrease in FCR, and
a 0.62 kg/d (0.12; P < 0.001) decrease in feedlot
RFI (RFIf). Ultrasonically scanned depths of
subcutaneous fat at the rib and rump sites, meas-
ured at the start and end of the RFI test, all had
strong positive correlations with RFIP-EBVm ,
DMI, and RFTI. (all r values >0.5 and P < 0.001).
Variation in RFIp-EBVm was significantly cor-
related (P < 0.05) with ffight speed (r = —0.32),
number of visits to feed bins (r = 0.45), and visits
to exhaled-emission monitors (r = —0.27), as well
as the concentrations of propionate (r = —0.32)
and valerate (+ = —0.31) in rumen fluid, white
blood cell (r = —0.51), lymphocyte (r = —0.43),
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and neutrophil (r = —0.31) counts in blood. RF I-
EBV ~ was also correlated with the cellular im-
mune response to vaccination (r = 0.25; P < 0.1)
and heat production in fasted cattle (r = —0.46;
P < 0.001). Traits that explained significant vari-
ation (P < 0.05) in DMI over the RFI test were
midtest metabolic-BW (44.7%), rib fat depth at
the end of test (an additional 18%), number of
feeder visits (additional 5.7%), apparent digest-
ibility of the ration by animals (additional 2.4%)
and white blood-cell count (2.1%), and the cellular
immune response to vaccine injection (additional
1.1%; P < 0.1), leaving ~23% of the variation in
DMI unexplained. The same traits (BW excluded)
explained 33%, 12%, 3.6%, 3.7%, and 3.1%, and
together explained 57% of the variation in RFL.
This experiment showed that genetic variation in
RFI was accompanied by variation in estimated
body composition, behavior, rumen, fasted heat
production, hematology, and immune competence
traits, and that variation in feedlot DMI and RFI,
was due to differences in BW, scanned fatness, and
many other factors in these cattle fed ad libitum
and able to display any innate differences in appe-
tite, temperament, feeding behavior, and activity.
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INTRODUCTION

Residual feed intake (RFI) is a measure of
feed efficiency in beef cattle calculated as the dif-
ference between actual feed intake by an animal
and its expected feed intake for maintenance and
BW gain over a test period (Koch et al., 1963). It
is a measure of feed efficiency calculated to be in-
dependent of BW and gain and potentially identi-
fies variation in underlying physiological processes
such as those that determine maintenance feed re-
quirements (Archer et al., 1999). Herd and Arthur
(2009) concluded that five major physiological pro-
cesses are likely to contribute to variation in RFI,
these being processes associated with the intake
of feed, digestion of feed, metabolism (anabolism
and catabolism associated with and including
variation in body composition), physical activity,
and thermoregulation. In their recent reviews,
Cantalapiedra-Hijar et al. (2018) concluded that
“the number of potential mechanisms involved
in animal-to-animal variation in feed efficiency is
huge”, and Kenny et al. (2018) that “feed efficiency
is multifactorial and complex trait” and more ex-
perimental information is needed “to unravel the
biological regulation of the trait.” The aim of this
current experiment was to use Angus cattle bred
to vary in genetic merit for RF L, to examine as-
sociations of genetic variation in RFI_and the re-
sulting phenotypic variation in feedlot DMI and
RFI (RFI) with variation in measures of body
composition, temperament, behavior, digestive
function, hematology, immune competence, body
temperature, heat production, maintenance en-
ergy requirements (MER), and energy budget. The
traits studied included novel traits not previously
examined but identified in the above reviews of
RFI, and were all measured on the same animals
during or following testing for RFIL.

MATERIALS AND METHODS

Animals

This research was approved under NSW
Department of Primary Industries Animal
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Research Authority ORA 13/16/004, and the
University of New England Animal Research
Authorities AEC14-002 and AEC14-036.

The Angus cattle were bred at the NSW DPI
Agricultural Research Centre, Trangie, NSW,
Australia. They were bred by Al using cows from
the RFI postweaning (RFL) divergent selection
lines described by Arthur et al. (2001) and stored
semen from two sires from each line. The EBV for
RFIp (RFIP-EBV) of the two low-RFI sires were
—0.61 and —0.97 kg DM/d and for the two high-
RFT sires +0.61 and +1.42 kg DM/d. By chance the
sires differed slightly in their EBV for BW at 400 d
of age (400dBW-EBYV); being +40 and +68 kg for
the two low-RFI sires, and +33 and +53 kg for the
two high-RFI sires. The RFI -EBV of the dams
joined to the two low-RFTI sires ranged from 0.61 to
—0.97 kg DM/d and for those joined to the two high-
RFT sires from +0.61 to +1.42 kg DM/d. Values for
the RFL and 400dBW-EBV were extracted from
the Australian Angus Society EBV database on 7
February 2017 (https://www.angusaustralia.com.
au/), and calculated without the RFI, test data for
the animals used in this experiment. At weaning on
26 February 2013, a total of 64 calves (30 steers:
34 heifers) were available for this experiment. They
were grown on pastures until they reached feedlot
entry weight of approximately 400 kg BW and were
on average 579 (16; SD) d of age at the start of the
RFI, test.

RFIf Test

Following a period of 5 wk for induction, adap-
tion to the feedlot grain ration, and acclimation to
feeding from the feed bins of a GrowSafe feed-in-
take recording system (GrowSafe Systems Ltd.,
Airdrie, Alberta, Canada), the cattle underwent
a 10-wk RFI test. Heifers were kept together in a
single feedlot pen and steers together in an adja-
cent pen, and the sexes were swapped between pens
midway through the test period. Each feedlot pen
was ~12.5 m wide X 40 m long, with the shorter
side facing the feedlot laneway. Each pen contained
4 GrowSafe feed bins, side-by-side each other, and
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positioned midway along the side of the pen facing
the feedlot laneway. Each pen contained a single
water trough located midway along the longer side
of the pen. Mounted over the water trough were
two GrowSafe Beef cattle-weighing platforms used
to record the time of visits to the water trough by in-
dividual animals. Each pen also contained a single
Greenfeed Emission Monitor (GEM; C-Lock Inc.,
Rapid City, South Dakota), positioned in one
corner of the pen by the feedlot laneway, and used
to measure methane production rate (MPR) from
multiple short-term samplings. Details on the op-
eration of the GEM and processing of data from
both the GrowSafe feed bins and the GEM are
given in Herd et al. (2016). Four of the 64 animals
were removed before the RFI test by the feedlot
manager for failing to adapt to eating from the feed
bins. The RFI test commenced 3 February 2014,
with the cattle ~19 months of age and 450 kg BW.
One animal was removed from the RFTI test because
it stopped eating regularly from the feed bins and
59 animals (29 steers: 30 heifers) completed the
RFT test. Forty-one animals (22 steers: 19 heifers)
were judged to have sufficient number of valid re-
cords from the GEM to calculate MPR, being ani-
mals with a minimum of 30 records each of at least
3 min duration recorded over the RFI test, as re-
commended by Arthur et al.(2017).

The test ration was a high grain-content fin-
ishing ration that consisted of ~80% barley grain,
10% sorghum hay, 5% protein pellets, plus a pro-
prietary mixture of molasses, water, and vitamin
and mineral additives (fresh weight basis). Samples
of this ration from the start, midway through, and
end of the RFI test were sent to a commercial feed
evaluation service (NSW Department of Primary
Industries Feed Testing Service, Wagga Wagga
NSW: http://www.dpi.nsw.gov.au/aboutus/services/
das/feed-quality-service). The averaged reported
content of the ration was 88% DM, 12% CP (DM
basis), ether extract 4% of DM, 86% DM digest-
ibility (DMD; two-stage in vitro digestion) and ME
content of 13.2 MJ/kg DM (all determined fol-
lowing methods described in AFIA (2014) and ME
calculated using equation 1 on page 91 of that pub-
lication). The mean value for DMD by cattle meas-
ured in the RFI test was 69.6% (method described
below) and lower than the averaged reported value.
A revised, lower value of 10.3 MJ/kg DM for the
apparent ME content of the test ration was calcu-
lated using the same equation as for the reported
value and is used in calculations of ME intake over
the RFT test.

Herd et al.

The cattle were measured for growth rate, feed
intake, and feed efficiency following the test guide-
lines described by Exton (2001). At the start of the
test, and then each fortnight, the cattle were walked
from their pens to the nearby cattle processing
yards where they were weighed. After weighing
the cattle moved forward into a short section of
cattle chute where they stood and a sample of feces
(about 50 g) for subsequent determination of ap-
parent DMD was collected by gloved hand from
the rectum of each animal. Corresponding feed
samples were taken 3 d before each fortnightly fecal
sampling. Each animal was then moved forward
onto a weighing platform, and then forward into
a crush and two measures of temperament: crush
score (CS) and flight speed (FS) were recorded.
The CS was based on the amount of movement
each animal made while standing in a crush, as-
sessed visually on a five-point scale of agitation,
where 1 = calm and 5 = highly agitated, as used
in Cafe et al. (2011). The same person gave the CS
throughout the test period and had been trained by
the lead author of Cafe et al. (2011). FS (m/s) was
calculated from the electronically recorded time for
each animal to cover a known distance (~1.7 m) on
release from the cattle crush, using the same equip-
ment used in Cafe et al. (2011). The six fortnightly
measurements of CS and FS were averaged to give
a mean value over the RFI test for each animal.

Movement of individual animals within their
feedlot pen during the RFT test was tracked using
visitation data provided by the GrowSafe and GEM
systems. The number of times per day each animal
visited a GrowSafe feed bin (feed visits), visited the
water trough via the GrowSafe Beef chute (water
visits), and visited the GEM (GEM visits) in their
pen was calculated. All visits, regardless of whether
feed or water was consumed, or exhaled emissions
were recorded, were tallied. Software was written to
extract the temporal pattern of movement by each
animal between machines over a day and used to
calculate the minimum distance travelled for feed-
ing and drinking activity per day (DIST) for each
animal, recognizing that additional animal move-
ments could occur that was not measured by this
method. Data for the first and last days of the RFI
test, day 37 when the animals were swapped be-
tween pens, and day 13 when an electrical-power
failure interrupted data capture, were not used leav-
ing daily records for each animal for 66 d. These
records were averaged to produce a mean record for
each animal for daily feed visits, water visits, GEM
visits, and DIST over the RFI-test period.
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On day 0 of the RFI test, and at the end of the
test, an accredited technician used real-time ultra-
sound scanning to measure subcutaneous fat depth
at the 12/13th rib (RIBFAT) and over the rump
(Australian P8 site; RUMPFAT), cross-sectional
area of the eye-muscle (M. longissimus dorsi; EMA)
between the 12th and 13th ribs, and intramuscular
or marbling fat as a percentage of fresh weight of
muscle (IMF). Change (gain) in these traits over the
RFI test was calculated as the difference between
the end-of-test values and the start-of-test values.
Fat and muscle content relative to the size of the
animals was calculated by dividing fat depth and
muscle cross-sectional area by animal BW on the
day of scanning.

Digestive Function Traits

Whole-of-tract DMD, rumen concentrations
of VFA and two methane emission traits were
measured. Apparent digestibility of DM in the
feed consumed by each animal was calculated in-
directly using Silica (Si) as a naturally occurring
indigestible internal marker. The use of Siconcen-
tration in feed and feces measured using portable
X-ray fluorescence (PXRF) spectroscopy for di-
gestibility studies in sheep and cattle has been val-
idated by Barnett et al. (2016). Fortnightly fecal
samples were collected into 70 mL plastic sample
tubes, and feed samples in sealed polyethylene
bags, and stored frozen at —20 °C for subsequent
determination of Si concentration by the methods
and PXRF machine used by Barnett et al. (2016).
The frequency distribution of Si counts for the
300 fecal samples analyzed from animals in the
feedlot test was checked for normality because in-
gestion of dirt or soil by an animal could result in
elevated Si counts. The fecal samples were found
to be skewed towards higher Si counts (skewness
factors: 0.50) and results for samples with a Si
count greater than three times the SD above the
mean for all samples were discarded as being pos-
sibly contaminated: being two samples or 0.7%
of all fecal samples. Results presented are mean
values for 59 animals, with 56 animals having re-
sults for five fortnightly fecal samples, two ani-
mals with four results, and one animal with three
results. The “count” for Si, with no conversion
to Si concentration, was used to calculate DMD
using the formula: DMD = 1 — (feed Si count/
feces Si count).

On the final day of the RFI test, when the
cattle were moved from their pens to be weighed, a
rumen fluid sample was collected from each animal

2205

by aspiration through a flexible stomach tube, this
being 1 to 2 h since access to feed. Rumen fluid was
preserved by acidification and stored at 4 °C until
concentrations of VFA were determined by GLC
(Nolan et al., 2010). Three samples appeared to be
poorly preserved when prepared for chromatog-
raphy so only results for 56 of the 59 animals with
RFI results are reported.

Methane produced by each animal over the
RFI test was measured by GEM, as described
above. To further quantify the loss of energy as
methane from feed, methane yield (MY; g/d) was
calculated using the formula: MY = MPR/DMI,
with higher values representing more methane
produced per unit of feed eaten. Following the
RFI test and other posttest measurements at the
feedlot the animals were measured for MPR and
MY on a restricted allowance of roughage ration
expected to result in higher levels of MY (Blaxter
and Clapperton, 1965). These measurements
were made in individual respiration chambers at
the University of New England, Armidale, NSW,
Australia. The animals were moved in groups of
10 to the animal house and were offered oaten
hay chaff ad libitum for a minimum of 30 d. Then
each group was offered an amount calculated to
be the total weight of ration that the animals were
to be offered subsequently in individual pens in-
side the animal house for a minimum of 4 d. The
amount offered was calculated to be equivalent
to 1.2 times the expected maintenance require-
ment for each animal. In the animal house, the
cattle were accommodated and fed in individual
pens for 2 d, then weighed, and put into indi-
vidual respiration chambers for 2 d of measure-
ment. This weight was used as the test weight
(TWT) for the animal. This protocol meant that
MPR on roughage was measured between 56 and
91 d after the end of the RFI test, provided time
for the animal to adapt to the roughage ration
and with all animals on a similar level of feed en-
ergy intake relative to BW when measured. The
roughage ration, calculation of the feeding allow-
ance, and measurement protocols are described
in Herd et al. (2016).

Hematology, Stress Responsiveness, and Immune
Competence Measurements

Following the RFI test, blood samples were
taken on four occasions: the final day of the RFI
test (baseline) and 4, 11, and 32 d after the RFT test
(days 4, 11, and 32), via jugular venepuncture into
evacuated tubes coated with EDTA anticoagulant
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for hematological studies, or with no anticoagu-
lant for stress responsiveness and immune compe-
tence studies. Blood samples for hematology were
stored at 4 °C until reaching the laboratory where
they were warmed to room temperature and ana-
lyzed on the same day. Blood samples for stress
responsiveness and immune competence testing
were stored at room temperature until they could
be centrifuged (700 x g, 20 min), ~4 h later, and
serum stored in multiple aliquots at —20 °C for
subsequent analysis.

Hematology

Blood samples were analyzed on an auto-
mated hematology analyzer (Cell-Dyn 3500R,
Abbott Diagnostics, North Ryde, NSW, Australia)
with a specialized veterinary package installed.
Parameters measured included red blood cell
count (RBC), mean corpuscular volume (MCYV),
total white blood cell count (WBC), hemoglobin
concentration (HGB), and platelet count (PLT).
Differential white blood cell counts were also
conducted to determine numbers of lymphocytes
(LYM), neutrophils (NEU), monocytes (MONO),
eosinophils (EOS), and Dbasophils (BAS).
Parameters calculated included %Lymphocytes
(%LYM; =LYM/WBC as a %), %Neutrophils
(%NEU; =NEU/WBC as a %), mean corpuscular
hemoglobin (MCH; = (HGB/RBC) x 10, in pico-
grams), hematocrit (HCT; = (RBC x MCV)/10,
%), and mean corpuscular hemoglobin concentra-
tion (MCHC; = (HGB/HCT) % 100, in g/dL).

Stress Responsiveness

The acute phase protein haptoglobin (HAPT)
has been shown to be a good candidate for measur-
ing stress in cattle due to its half-life of 2 to 4 d, its
latency to peak and has been shown to increase in
response to production stressors such as weaning,
transportation, social regrouping, and intensive
management (Slocombe and Colditz, 2005). On
the final day of the RFI test, a blood sample was
taken to assess baseline levels of HAPT, and 4 d
later, a second blood sample was taken to measure
the change in serum HAPT levels following the
additional handling, prolonged restraint, blood
sampling, ultrasound scanning, and rumen fluid
sampling of the cattle at the end of the RFI test.
Serum HAPT was analyzed using the method de-
scribed by Slocombe and Colditz (2012). Change
in HAPT level (AHAPT) from baseline to day 4 is
reported as the stress response.

Herd et al.

Immune Competence Tests

The general immune competence of individual
animals was assessed by measuring both the anti-
body and cellular immune responses (AIR, CIR)
induced by vaccination with a clostridial vaccine
(Aleriet al., 2015). Antibody and cellular responses
were induced by vaccination with a commercial vac-
cine, ULTRAVAC 7inl vaccine (Zoetis Australia,
Sydney, Australia). A blood sample was taken for
baseline antibody levels and then the vaccine was
administered subcutaneously high on the neck as
per manufacturer’s instructions and at the manu-
facturer’s recommended dose. Eleven days and 32 d
later further blood samples were collected. Antibody
production, specifically anti-tetanus toxoid serum
IgGl, in response to the tetanus toxoid component
of the multivalent vaccine was determined to assess
AIR. Serum anti-tetanus toxoid IgGlwas assayed
using an indirect ELISA method described by
(Aleri et al., 2015) and is reported in optical density
(OD) units. Serum samples were assayed in quad-
ruplicate and values corrected for control samples
run on all plates. Baseline levels of antibody (due
to routine previous vaccinations) were subtracted
from days 11 to 32 levels and AIR is reported as
the change in antibody level values at days 11 and
32 relative to baseline (AAIR11 and AAIR32). The
CIR was assessed by the magnitude of delayed-
type hypersensitivity response to intradermal injec-
tion of the 7inl vaccine. On day 32, 0.1 mL of 7inl
vaccine (test) or saline (control) was injected into
the caudal tail fold using an insulin syringe with
30G needle. Before injection, injection sites were
identified and the skin-fold thickness measured
three times with Harpenden spring-loaded calli-
pers (Baty International Ltd, West Sussex, UK) to
provide a baseline skin-fold thickness. Forty-eight
hours later, skin-fold thickness was again measured
three times and the mean of the increase in skin-
fold thickness (in mm) calculated to determine the
cellular response due the saline control injection
(CIR ctrl), and the 7inl injection (CIR test).

Heat Production (HP) Traits

HP was calculated over the 2-d period that each
animal was in the respiration chambers for MPR
measurement. At the end of the 2-d period, being
after a minimum of 8 d of being fed just above ex-
pected maintenance requirement, the animals were
not fed and remained in the chambers for determin-
ation of their unfed HP over the next 24 h. This
protocol follows that of Blaxter and Wainman
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(1966) and HP is reported as unfed HP rather than
fasting HP since it was measured over 1 d of fasting
rather than during 4 to 5 d of fasting as employed
by those authors. Fed and unfed HP were calcu-
lated using the equation of Brouwer (1965) and
ignored energy loss in methane (unfed animals)
and urinary N (fed and unfed animals). Without a
direct measurement of O, consumed, it was calcu-
lated from the measured CPR and an assumed re-
spiratory quotient (RQ). Values for RQ in sheep fed
a range of conventional diets range from 0.9 to 1.1,
while values below 0.8 appear to be found only in
animals fasted for more than 48 h (Whitelaw, 1974).
An RQ value of 1 was used for the animals fed a
restricted roughage allowance. Heat production
by each animal when unfed was calculated using
a RQ value of 0.9, being intermediate between the
values of 0.96 and 0.82 measured after 1 and 2 d of
fasting in British-breed cattle of comparable weight
to those in this experiment and that had being fed
a restricted allowance of roughage ration prior
to fasting (Blaxter and Wainman, 1966). Weight-
specific HP (HP-WT) was calculated by dividing
HP by TWT. Residual HP (RHP), representing
more or less HP per unit of feed eaten was calcu-
lated by regressing individual animal HP against
DMI, with the residuals being RHP.

Differences in body temperature (TEMP) have
been shown to accompany differences in energy me-
tabolism (Nielsen, 1966; Finch, 1986). Before being
put into the respiration chambers each animal had
rectal temperature recorded over 2 d. Rectal tem-
perature was logged every 3 min over 2 d using
the probe described by Lea et al. (2008) and aver-
aged to calculate TEMP. Residual body tempera-
ture (RTEMP) was calculated by regressing TEMP
against DMI, and the residuals (RTEMP) represent
more or less energy metabolism per unit of feed
eaten.

Energy Budgets

Energy budgets, being the sum of MER, energy
loss due to activity (Activity), energy retained (ER)
in body tissues deposited, and HP for energy lost in
the process of tissue gain (HPgain), were calculated
for each animal over the RFI, test using data from
this experiment and literature values.

Maintenance energy requirement (MJ/d) was
calculated in two ways: first using literature equa-
tions (MER lit) and second from HP measured
when unfed (MER test). MER lit was calculated as
fasting metabolism (FM) using the equation: FM
(MJ/d) = 0.53 x (fasted BW)*¢” (ARC, 1980), with
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fasted or “shrunk” BW calculated as feedlot TWT
x 0.96 (NRC, 1996); plus an activity allowance for
nonfasting eating of 0.0043 MJ/d of BW as sug-
gested by ARC (1980); plus an extra allowance of
0.1 times the predicted ME required for weight gain
as recommended by SCA (2007). The calculation
of MER test was as for MER lit except that FM
used each animal’s unfed HP.

Activity (MJ/d) was calculated as the sum of
energy used for walking, standing while eating and
standing in the feedlot yard, using either literature
equations or test data (Activity lit, Activity test). For
Activity test, energy used for walking was calculated
for each animal by multiplying the estimated min-
imum distance walked by each animal (DIST) by 2
(as a conservative estimate of additional movement
not measured) and multiplying this value by 2.6
kJ/km of horizontal walking for each kg of TWT
(SCA, 2007). For Activity lit and Activity test, the
energy used for standing while eating was calculated
by multiplying the average time of 2 h spent standing
while eating by British-breed cattle in this research
feedlot (Fell and Clarke, 1993) by 2.5 kJ/h for each
kg of TWT (SCA, 2007), and the energy cost for
standing in the feedlot yard was calculated as 10 kJ/d
for each kg of TWT as suggested by SCA (2007).

ER in tissue gain was calculated for each animal
as the difference between the energy content of the
empty body at the start and end of the RFT test.
This required calculation of the energy as fat and
protein in the empty body weight, and multiplying
each by their respective energy densities. Empty
body fat (EBF; kg) and protein (EBP; kg) were
calculated using the model described by Walmsley
et al. (2014), and used BW and RIBFAT as inputs,
then multiplying EBF and EBP by their respective
energy densities (39.3 and 23.6 MJ/kg). Heat pro-
duction for tissue gain (HPgain) was calculated as
ER as fat divided by 0.75 plus ER as protein div-
ided by 0.20.

The predicted ME intake (MEI; MJ/d) of each
animal over the RFI test was then calculated using
the literature equations above (MEI lit) or from test
data (MEI test) as MER (MER lit or MER test)
plus Activity (Activity lit or Activity test) plus ER
plus HPgain. The actual measured MEI for each
animal was calculated as the sum of the ME in the
feedlot ration consumed plus the ME in GEM-
pellets consumed.

Traits and Statistical Analysis

Data for the 59 animals that completed the
RFI test were used to calculate RFI. Daily intake
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of feedlot ration and GEM pellets by each animal
were summed and then averaged over the test
period to calculate average DMI. Start BW, mid-
test BW, and ADG over the test were calculated
for each animal from the linear regression of its
fortnightly BW against day of test, with midtest
BW being used as the TWT for the RFI test. To
calculate RFI, in a linear model individual animal
data for feedlot DMI were regressed against sex
(steer or heifer), TWT*” and ADG, with the re-
siduals being RFI. Sex was not significant (P >
0.1) and was not included in the final linear model.
The two traits: RF L and RFI are genetically cor-
related but they are technically classified as two
different traits for the purpose of animal breeding
because their genetic correlation does to meet the
accepted 0.80 threshold (Jeyaruban et al., 2009).
To test the consequences of breeding the next gen-
eration based on the RFI -EBV of the parents,
the midparent RFI -EBV (RFI -EBV ) for each
animal in the experlment was calculated as the
mean of the sire and dam RFI -EBV and is the
expected genetic merit of each animal for RFIp,
without using the animal’s own RFI-test record in
the calculation.

All analyses were performed using the SAS
suite of software (SAS, 2012). The first analysis
was of phenotypic variation in each of the produc-
tion and physiological traits associated with vari-
ation in RFI -EBV_, that is, with the expected
inherited genetic variation in RFIP. To reduce the
confounding effect that inherited differences in gen-
etic merit for 400d-BW may have on the calculated
magnitude of associations of traits with RFI -
EBV . midparent 400dBW-EBV (400dBW- EB-
v, ) was fitted before RFI -EBV 1n the model and
the partial variation accounted for by RFI-EBV |
calculated within PROC GLM as the partlal eta-
square option available within the procedure, with
the square root of this value being equivalent to an
r value. The magnitude of change in a trait per unit
change in RFI -EBV calculated as the regression
coefficient provided by the solution option within
Proc GLM.

The second analysis examined variation in
feedlot DMI and RFI, associated with variation
in individual body composition and physiological
traits. The strength of these associations was meas-
ured by calculating their correlation coefficients (r
values) and P-value, and amount of variation in
one trait explained by the other as 2. Where re-
quired, the magnitude of change in a trait per unit
change in another trait was calculated as the regres-
sion coefficient (b-value).
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The third analysis was to check if associations
RFIp-EBVmp, DMI, or RFI, with hematological
traits were maintained or changed over the days fol-
lowing the RFI test and in response to vaccination.
Variation in each hematological trait was examined
using GLM with day fitted as a class factor, RFI -
EBVmp, DMI, or RFI, as continuous variables, and
their interaction, with a statistically significant
interaction being taken as evidence for change in
the relationship between the hematological trait
with RFI -EBV_ . DMI, or RFI over time.

The fourth a analy51s was to explaln as much of
the phenotypic variation in feedlot DMI, RFI, and
MEI as possible by variation in the body compos-
ition and physiological traits measured during or
following the RFI. test. This was achieved by using
step-wise regression: DMI or RFI, was regressed
against a subset of the traits measured to calculate
the magnitude of the incremental variation in DMI
or RFI explained by inclusion of each trait in the
model. The traits selected were from the different
physiological categories and within a category were
those with the highest correlation with DMI deter-
mined in the first analysis. For the analysis of MEI,
traits that could be expressed in energy units or ex-
pected to be associated with ME requirements were
used.

RESULTS

RFIf Test

In the current experiment, TWT®” explained
44.7% (P < 0.001) of the variation in DMI over
the RFI test, ADG explained an additional 1.4%
(P > 0.1), and together they explained 46.1% of
the variation in DMI. For British-breed steers in
large experiments in the research feedlot used in
this experiment, the variance in DMI explained
by TWT” had a mean of 29% recorded using the
GrowSafe system (Torres-Vazquez et al., 2018) and
49% using an older feed-intake recording system
(Robinson and Oddy, 2004), with the latter authors
reporting that the amount of variation in DMI ex-
plained by BW and ADG declined in test groups
of older, fatter animals. Descriptive statistics for
animal production and scanned body composition
traits measured over the RFI, test are presented in
Table 1. Genetic merit for RFIp of the steers and
heifers, as predicted by their RFI -EBV . differed
by over 2 kg/d of DMI. Lower RFI-EBV was as-
sociated with higher ADG, lower DMI lower FCR,
and lower RFI, over the RFI test. A 1-unit (1 kg
DM/d) decrease in RFIP-EBVmp was accompanied
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Table 1. Descriptive statistics for age, weight, feed intake, feed efficiency and initial, final, and gain in body
composition traits over a 10-wk feedlot RFT test and their correlations with midparent RFI -EBV, DML,
and RFI for 59 Angus steers and heifers! bred to vary in genetic merit for postweaning RFI

Correlations

Trait Units Mean SD Min. Max RFI-EBV,, DMI RFI,
RFL-EBV kg/d 0.03 0.83 -1.00 1.13 1 0.41%* 0.57%**
Start BW kg 410 36 342 499 —-0.04 0.68%** 0.00
ADG kg/d 1.40 0.20 0.97 1.95 —0.29* 0.17 0.00
TWT kg 454 38 383 548 -0.09 0.67*%* 0.00
End BW kg 504 42 417 600 —-0.14 0.64%%* 0.00
DMI keg/d 12.0 1.1 9.5 14.5 0.41%* 1 0.73%%*
FCR kg/kg 8.9 1.4 5.8 12.0 0.48%** 0.39%* 0.42%*
RFI, kg/d 0.00 0.82 -1.80 1.83 0.57%%* 0.73%%* 1

Start RIBFAT mm 5.2 1.6 2 10 0.55%%* 0.44%%* 0.48%**
Start RUMPFAT mm 6.6 22 3 13 0.55%%* 0.36%* 0.49%**
Start IMF Y% 4.8 0.7 2.8 6.2 0.34%* 0.247 0.28%*
Start EMA cm? 59.1 4.5 50 70 0.03 0.44%%* —-0.04
End RIBFAT mm 10.6 2.0 7 16 0.57%%* 0.55%%* 0.57%%*
End RUMPFAT mm 14.1 2.8 9 22 0.59%** 0.42%* 0.59%%**
End IMF % 6.5 0.6 5.1 7.7 0.21 0.19 0.28%*
End EMA cm? 71.5 5.0 67 88 —-0.09 0.37%* —-0.11
End RIBFAT-WT mm/kg 0.021 0.004 0.013 0.031 0.64%** 0.28* 0.56%**
End RUMPFAT-WT mm/kg 0.028 0.006 0.015 0.043 0.63%** 0.14 0.55%**
End IMF-WT Yolkg 0.013 0.002 0.008 0.016 0.25% —0.28* 0.20
End EMAWT cm*kg 0.154 0.010 0.138 0.182 0.09 —0.46%** —-0.11
Gain in RIBFAT mm 5.4 1.3 3 9 0.227 0.31* 0.29%
Gain in RUMPFAT mm 7.5 1.6 4 11 0.29* 0.247 0.38%*

'Comprising 29 steers and 30 heifers.

RFI-EBV, = midparent EBV for postweaning RFI; TWT = midtest BW; FCR = feed conversion ratio; RIBFAT = subcutancous fat depth

at the 12/13" rib; RUMPFAT = subcutaneous fat depth at the Australian P8 rump site; IMF =

intramuscular fat content of the eye muscle;

EMA = cross-sectional area of the eye muscle between the 12th and 13th rib at the start of test; RIBFAT-WT = RIBFAT divided by BW;
RUMPFAT-WT = RUMPFAT divided by BW; IMF-WT = IMF divided by BW; EMA-WT = EMA divided by BW; RFI = RFI measured in the

feedlot; RFI = residual feed intake; RFI = RFI measured postweaning.

P<0.1; P <0.05; **P < 0.01; ***P < 0.001.

by a 0.076 kg/d (SE = 0.033; P < 0.05) increase in
ADG, a 0.58 kg DM/d (0.17; P < 0.01) decrease
in DMI, a 0.89 kg/kg (0.22; P < 0.001) decrease in
FCR, and a 0.62 (0.12; P < 0.001) kg/d decrease in
RFI. Phenotypic variation in RFI, was independent
of BW and ADG (as expected from the calculation
of RFI,), and lower RFI, was associated with lower
DMI and lower FCR. Of the scanned body com-
position traits, RIBFAT and RUMPFAT measured
at the start and end of the test had strong positive
correlations with RFI -EBV__, DMI, and RFIL.

RIBFAT and RUMPFAT relatlve to BW at the
end of the test, and gain in these two fat traits over
the test, were also positively correlated with RFI -
EBV and RFI. Gain in IMF and EMA over the
RFI test was not correlated with either RFI EBV

or RFI, but at the end of the RFI-test IMF was
posmvely correlated with RFI, and IMF-WT was
positively correlated with RFI-EBV . The strong-
est association between genetic variation in RFI
and change in one of these body composition traits

was with RIBFAT-WT measured at the end of the
RFI test (r = 0.64), with RFL -EBV | explaining
41% (0.64%) of the variation in RIBFAT-WT at the
end of the RFI test. Variation in RIBFAT-WT at
the end of the RFI test explained 7.8% (0.28%) of
the variation in DMI and 32% (0.56%) of the vari-
ation in RFL.

Behavioral and Physiological Traits

Descriptive statistics for temperament, move-
ment, and digestive function traits measured over
or at the end of the RFI, test are presented in
Table 2 and for traits measured in the animal house
are presented in Table 3. In the RFI -test variation
in RFIp-EBVmp, DMI and RFI, were negatively cor-
related with FS meaning that animals with lower
RFI (both genetic-RF Ip and phenotypic-RFI) and
lower DMI exited the cattle crush faster than ani-
mals with higher RFI and DMI. Variation in RFI -
EBV . explained 10% (—0.32%) of the variation in



2210

Herd et al.

Table 2. Descriptive statistics for temperament, movement, and rumen function traits for a 10-wk feedlot
RFT test and their correlations with midparent RFI -EBV, DMI and RFI for 59 Angus steers and heifers'

bred to vary in genetic merit for postweaning RFI

Correlations

Trait Units Mean SD Min. Max. RFI-EBV,,’ DMI RFI,
Temperament
Crush score Ito5 2.6 0.5 2.0 3.8 -0.12 -0.18 —-0.05
Flight speed m/s 2.0 0.8 0.9 4.0 —0.32* —0.29* —-0.227
Movement
Feeder visits Counts/d 424 8.2 24.7 61.6 0.45%** 0.237 0.53%**
Water visits Counts/d 12.8 3.7 7.2 234 0.16 -0.19 -0.02
GEM visits Counts/d 9.2 33 0.0 16.2 -0.27* —-0.09 —-0.03
Distance m/d 325 53 236 458 0.20 —-0.10 0.12
Digestive function
DMD % 69.6 2.0 65.9 75.0 -0.13 —-0.27* —0.29*
Total VFA? mM 77 24 29 132 —-0.14 —-0.17 —-0.16
Acetate mM 40 12 17 73 —-0.08 —-0.13 —-0.13
Propionate mM 26 11 5.4 52 —0.247 -0.21 -0.17
Butyrate mM 7.7 4.0 2.6 25 0.02 —-0.04 —-0.06
Isobutyrate mM 0.46 0.21 0.13 1.05 -0.07 —-0.08 -0.10
Valerate mM 0.87 0.35 0.30 1.8 -0.31* —0.38%* —0.35%*
Isovalerate mM 2.0 1.3 0.7 8.8 0.11 0.10 0.00
Acetate % % 53 4.4 44 64 0.237 0.22 0.13
Propionate % % 33 7.4 14 44 —0.247 -0.21 —-0.09
Butyrate % % 10 3.6 5.7 23 0.13 0.10 0.01
MPR* g/d 144 16 118 190 0.06 0.287 —-0.05
MY* glkg 12.0 1.5 9.8 16.3 -0.23 —0.48%* —0.54%**

'Comprising 29 steers and 30 heifers.
*Midparent EBV for RFIP.
3N = 56 animals.

4N = 41 animals (comprising 22 steers and 19 heifers) with sufficient valid records obtained from the GEM.

RFI = residual feed intake; RFIP = RFI measured postweaning; RFI, = RFI measured in the feedlot; GEM = Greenfeed Emission Monitor;
DMD = DM digestibility; MPR = methane production rate; MY = methane yield.

P<0.1; P <0.05; **P < 0.01; ***P < 0.001.

FS and variation in FS explained 8.4% (—0.29%) of
the variation in DMI and 4.9% (—0.22?) of the vari-
ation in RFI. There was no significant correlation
for CS with RFI -EBV . DMI, or RFI,.

Of the four movement traits recorded over
the RFI test, number of feeder visits had a strong
positive correlation with both RFI -EBV and
RFI (Table 2). Variation in RFI EBV expfamed

20% (0.45%) of variation in feeder visits and vari-
ation in feeder visits per day explained 5.2% (0.23?)
of the variation in DMI and 28% (0.53%) of the
variation in RFI. Feedlot DMI explained 5.2%
(P < 0.05) of the variation in feeder visits, but
even after accounting for this, RFL-EBV | stlll ex-
plained an additional 18% (P < 0 001) of the re-
maining variation in feeder visits, and feeder-visits
29% (P < 0.001) of the remaining variation in RFL.
Neither the number of water visits or the estimate
of minimum distance walked was associated with

variation in RFIp—EBVmp, DMI, or RFI. There
was a weak negative correlation between number
of GEM visits and RFIP-EBVmp but no significant
correlation with DMI or RFL.

Lower DMI and lower RFI, over the feedlot
test, but not lower RFI -EBV_ ,» were associated
with higher DMD and hlgher MY (Table 2). Lower
RFI-EBV | and lower RFI, were associated with
hlgher MY on the roughage diet (Table 3). The
value of r = —0.29 indicated that 8.2% of the vari-
ation in RFI, could be explained by variation in
DMD. On the feedlot-test ration higher DMD was
associated with a higher MY (r = 0.38; P < 0.05).
For the other rumen function trait measured: VFA,
RFIp-EBVmp was negatively correlated with propi-
onate in rumen fluid sampled at the end of the RFI
test, both as a concentration and as a percentage of
total VFA (Table 2), negatively correlated with val-
erate, present at a low concentration compared with
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Table 3. Descriptive statistics for age, BW, feed intake, body composition, body temperature, gut function,
and metabolic rate traits measured on 57 Angus steers and heifers! bred to vary in genetic merit for post-
weaning RFI fed a restricted allowance of roughage ration in individual pens followed by fasting, and their
correlations with midparent RFI -EBV and with feedlot-test DMI and RFI

Correlations
Trait Units Mean SD Min. Max. RFI-EBV, ' DMI RFI?
TWT kg 544 43 460 640 —-0.12 0.54%** —-0.07
DMI kg/d 7.59 0.67 5.36 8.66 0.15 0.40%* 0.04
Body composition
RIBFAT mm 11.3 2.0 7 18 0.51%** 0.49%** 0.53%**
RUMPFAT mm 16.4 3.2 10 24 0.57*** 0.36%* 0.58***
IMF % 6.6 0.7 5.1 7.9 0.237 0.07 0.14
EMA cm? 79.6 3.9 70 86 -0.19 0.30* —-0.15
RIBFAT-WT mm/kg 0.021 0.004 0.012 0.032 0.56%** 0.247 0.54%**
RUMPFAT-WT mm/kg 0.030 0.006 0.016 0.042 0.60%** 0.12 0.55%**
Body protein kg 78.5 6.8 64.9 96.7 —0.34* 0.35%* —0.26*
Body fat kg 121 14.8 94.1 161 0.36%* 0.66%** 0.38%**
Body temperature
TEMP °C 38.7 0.38 38.0 39.8 —-0.17 -0.13 —-0.19
RTEMP °C 0.00 0.35 —-0.63 0.94 —0.257 -0.18 -0.31*
Digestive function
MPR g/d 144 18 99 195 —-0.16 0.11 —0.37%*
MY glkg 19.0 1.9 15.7 25.6 -0.31* —-0.20 —0.48%**
Fed heat production
CPR g/d 4399 291 3566 5135 —-0.20 0.40%** —-0.10
HP MJ/d 47.0 3.1 38.2 54.9 -0.20 0.41%* -0.09
HP-WT MlJ/kg 0.387 0.004 0.078 0.100 —-0.06 —0.33* —-0.01
RHP MJ/d 0 2.3 —4.8 5.4 —0.36%* 0.19 —-0.15
HP-EBP MlJ/kg 0.627 0.030 0.581 0.703 0.29* —-0.08 0.34*
Unfed heat production
CPR g/d 3027 255 2563 3644 —0.46%** 0.17 —0.257
HP MlJ/d 35.4 3.0 30.0 42.7 —0.46%** 0.17 —0.25°
HP-WT MlJ/kg 0.065 0.005 0.054 0.08 —0.35%* —0.37%* -0.21
HP-EBP MlJ/kg 0.472 0.034 0.391 0.561 —-0.16 —0.247 —-0.01

!Comprising 28 steers and 29 heifers.

*Midparent EBV for RFI .
RFI = residual feed intake; RFI = RFI measured postweaning; TWT = midtest BW; RIBFAT = subcutancous fat depth at the 12th/13th rib;

RUMPFAT = subcutaneous fat depth at the Australian P8 rump site; IMF =

intramuscular fat content of the eye muscle; EMA = cross-sectional

area of the eye muscle between the 12th and 13th rib at the start of test; RIBFAT-WT = RIBFAT divided by BW; RUMPFAT-WT = RUMPFAT
divided by BW; TEMP = deep rectal temperature; RTEMP = residual TEMP calculated by DMI; MPR = methane production rate; MY = methane
yield; CPR = carbon dioxide production rate; HP = heat production; HP-WT = HP divided by TWT; HP-EBP = HP divided by empty body protein

weight; RHP =
P<0.1; P <0.05; **P < 0.01; ***P < 0.001.

other VFA, and positively correlated with acetate
as a percentage of total VFA. Only valerate was
correlated with DMI or RFL.

Body temperature (TEMP) measured on re-
stricted roughage feeding was not correlated with
RF I -EBV mp OF RFI, but RTEMP was nega-
tlvely correlated with both RFI-EBV
(Table 3). This meant cattle that were genetically
lower for RFI or that had demonstrated lower
RFI in the feedlot test had a higher energy produc-
tion than expected for their feed intake. Variation in
RTEMP explained 9.6% (—0.31?) of the phenotypic
variation in RFL.

and RF I

residual heat production calculated from DMI.; RFI, = RFI measured in the feedlot.

Hematological, Stress Responsiveness, and Immune
Competence

Descriptive statistics for hematological, stress
responsiveness, and immune competence traits
measured at the end of the RFI, test are presented
in Table 4. Of the hematological traits, WBC and
LYM measured in blood at the end of the RFI test
had strong negative correlations with RFI -EBV "
DMI, and RFI, meaning that lower values for the
three traits were associated with higher levels of
WBC and LYM. The directions of the correlations
for the other WBC types: NEU, MONO, EOS,
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Table 4. Descriptive statistics for hematological, stress responsiveness, and immune competence traits meas-
ured on 59 Angus steers and heifers! bred to vary in genetic merit for postweaning RFT at the end of their
10-wk feedlot RFI test while still on the feedlot test ration ad libitum, and their correlations with midparent
RFI,-EBV and with feedlot-test DMI and RFI

Correlations
Trait Units Mean SD Min. Max. RFI-EBV, ? DMI RFI,
Hematology
White blood cells 10¢/mL 9.67 1.78 5.78 14.59 —0.5]%** —-0.29* —0.42%**
Lymphocytes 10¢/mL 4.84 0.98 3.25 7.67 —0.43%** —0.34%* —0.54%**
Neutrophils 10¢/mL 3.73 1.29 1.74 8.47 —0.31* —-0.12 —-0.11
Monocytes 10¢/mL 0.76 0.19 0.35 1.24 —-0.20 —-0.14 -0.19
Eosinophils 10¢/mL 0.21 0.21 0.01 1.30 -0.21 0.02 -0.19
Basophils 10¢/mL 0.14 0.05 0.06 0.30 -0.14 —-0.18 —-0.15
Red blood cells 10°/mL 7.37 0.63 6.12 8.56 —-0.06 0.00 0.03
Hemoglobin g/dL 13.6 1.1 11.4 15.9 —-0.06 0.07 0.12
Hematocrit % 42.0 3.0 35.0 48.0 —-0.03 0.11 0.16
MCV fL 57.2 4.2 46.2 66.3 —-0.06 0.12 0.14
MCH pg 18.5 1.3 15.3 21.1 0.02 0.09 0.11
MCHC g/dL 323 0.9 29.6 34.1 -0.09 -0.09 —-0.08
Platelets 10%mL 549 146 212 851 -0.09 —0.41%* —0.38**
%Lymphocyte % 50.5 7.9 333 69.5 0.07 —-0.12 —-0.18
%Neutrophil % 38.0 7.9 22.1 58.1 -0.10 0.09 0.18
Stress responsiveness
AHAPT mg/mL 0.08 0.39 -0.93 2.11 0.08 0.10 0.14
Immune competence
AIRI11 OD units 1.11 0.30 0.45 1.91 —-0.04 -0.07 -0.15
AIR32 OD units 0.71 0.25 0.10 1.28 0.12 -0.02 —-0.02
CIR-ctrl mm 0.63 0.72 -0.93 2.27 —-0.01 —-0.20 —-0.04
CIR test mm 8.04 3.06 4.30 23.1 0.257 0.32% 0.28%*

'Comprising 29 steers and 30 heifers.

*Midparent EBV for postweaning RFI.

RFI = residual feed intake; RFI_ = %RFI measured postweaning MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin;
MCHC = mean corpuscular hemoglobin concentration; AHAPT = change in serum haptoglobin levels from day 0 to day 4 after the RFT test;
AIR11 = antibody immune response reported as change in antibody level values at day 11 relative to day 0 after the RFI test; AIR32 = AIR re-
ported as change in antibody level values at day 32 relative to day 0 after the RFI test; CIR ctrl = cellular immune response to saline control injec-
tion; CIR test = CIR relative to control in response to vaccine injection; RFI, = RFI measured in the feedlot.

*P <0.05;**P < 0.01; ***P < 0.001.

and BASO with the three traits were all negative
but only the correlation for NEU with RFIp -EBV p
was statistically significant. Variation in RFI -
EBV explamed 27% of the variation in WBC
(—0. 512) and 19% of the variation LYM (—0.43?).
The counts for LYM and NEU as percentages of
total WBC were not correlated with either RFI
trait implying that neither WBC type was differ-
entially decreased as RFI-trait values increased.
Variation in DMI and RFI, was negatively correl-
ated with WBC, LYM, and PLT and the latter three
traits explained 8.4% (—0.29), 12% (—0.34%), and
17% (—0.41?), respectively, of the variation in DMI
and 18% (—0.422), 29% (—0.54%), and 14% (—0.38%)
of the variation in RFI. For the 15 hematological
traits in Table 4, day after the end of the RFI test
had a significant (P < 0.05) effect on: WBC, NEU,
MONO, BASO, RBC, HGB, HCT, MCHC, PLT,

and NEU% with values for each trait being high-
est on days: 11, 11, 4, 0, 32, 32, 32, 11, 11, and
11, respectively, after the end of the RFI test. The
statistically significant negative associations be-
tween the three traits: WBC, LYM, and NEU with
RFL-EBV at the end of the RFI test shown in
Table 4 continued to be significant (P < 0.05), and
in addition the negative relationships for MONO
and EOS became significant (P < 0.05). The stat-
istically significant negative associations between
the three traits: WBC, LYM, and PLT with DMI
at day 0 shown in Table 4 continued to be signifi-
cant (P < 0.05), and in addition the negative rela-
tionships for MONO and BASO became significant
(P < 0.05). The statistically significant negative as-
sociations between the three traits: WBC, LYM,
and PLT with RFI at day 0 shown in Table 4 con-
tinued to be significant (P < 0.05), and in addition,
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the negative relationships for BASO and LYM%,
and positive relationship for NEU%, with RFI, be-
came significant (P < 0.05). For all 15 traits, there
was no significant (P < 0.05) interaction for their
relationship with RFIp-EBVmp, DMI, or RFI and
day of sampling confirming that the relationships
shown in Table 4 were maintained for at least I mo
following the RFI test and were not influenced by
vaccination.

Stress responsiveness was measured as the
change in HAPT following the stress imposed by
animal handling at the end of the RFI test. Serum
HAPT levels changed little, from a mean of —0.05
(SD 0.24) mg/mL on the day of handling, to 0.02
(SD 0.37) mg/mL measured 4 d later. The AHAPT
(Table 4) was not associated (P > 0.1) with vari-
ation in RFIp-EBVmp, DMI, or RFIL.

Immune competence was assessed using meas-
ures of AIR and CIR. Serum antibody levels in-
creased from background levels of 0.41 (SD 0.21)
OD units on the day of vaccination administration
to 1.52 (0.35) OD units 11 d later and had begun
to decline 32 d after vaccine administration (1.12 £
0.30 OD units). There was no association (P > 0.1)
between background levels with RFI -EBV . DMI,
or RFI (r =-0.01, —0.18, and —0. 1 respectlvely)
The increases above background levels in antibody
levels at 11 and 32 d after vaccine administration
(AIR11 and AIR32; Table 4) were also not associ-
ated (P > 0.1) with variation in RFI -EBVmp, DMI,
or RFI. When assessing CIR, a minor increase in
skin-fold thickness was observed at the site of saline
injection (CIR ctrl), from 5.6 (0.8) mm on the day of
injection to 6.2 (1.0) mm measured 2 d later. Skin-
fold thickness increased considerably after the 7inl
injection (CIR test), from 0.6 mm to 8.0 mm, and
the magnitude of the responses were significantly
positively correlated with RFI-EBV . DMI, and
RFI, meaning that vaccination induced smaller
CIR in cattle with lower genetic RFI , lower DMI,
or lower RFI. Variation in RFI EBV explalned
6.4% (r = 0. 252) of the variation in CIR test, and
CIR test explained 10% (0.32%) and 7.8% (0.282) of
the variation in DMI and RFI, respectively.

Heat Production Traits

The traits: HP and HP-WT measured on the
cattle when fed a restricted allowance of roughage
diet were not correlated with RFI -EBV _or with
RFI, recorded in the feedlot test, but RHP was neg-
atively correlated with RFI-EBV (Table 3). These
meant that cattle genetically lower for RFI were
producing more heat relative to their feed intake

2213

than genetically higher RFI  cattle. As reported
above, genetically lower RFI was also associated
with higher MY on the roughage ration, and the
higher RHP is consistent with greater DMD and
extraction of ME from the roughage ration by
genetically lower RFI cattle. The strong positive
associations for scanned fatness traits at the end
of the feedlot with RFI -EBV and RFI, persisted
at the roughage test. This variation in body com-
position may have also been associated with the
observed variation in metabolic rate traits, so HP
per kilogram of EBP (HP-EBP) was calculated to
adjust for this variation in body composition and
in recognition that body protein is generally con-
sidered to be more metabolically active than body
fat. To test the association for HP with variation in
body composition, HP was modeled against EBP
and EBF measured at the roughage test. If fitted
first, EBP explained 71% (P < 0.001) of the varia-
tion in HP, and EBF explained <1% (P > 0.1) of the
remaining variation in HP. If EBF was fitted first it
explained 8.2% (P < 0.001) of the variation in HP
and EBP explained 63% (P < 0.001) of the remain-
ing variation in HP. Both RFI-EBV | and RFI,
were positively correlated (P < 0 05) w1th HP- EBP
meaning that cattle with lower values for either
RFT trait were producing less heat per kilogram of
EBP. During fasting, both HP and HP-WT were
negatively correlated (P < 0.01) with RFI -EBV mp
meaning that cattle genetically lower for RFI were
producing more heat than cattle genetically ﬁlgher
for RFL. Unfed HP was less strongly associated
with variation in body composition than was fed
HP, with EBP alone explaining 41% (P < 0.001)
and EBF alone explaining <1% (P > 0.1) of the
variation in unfed HP. In these unfed cattle there
was no association of HP-EBP with RFI -EBV
or RFL.

Energy Budget

Descriptive statistics for BW, body compos-
ition, MER, Activity, and ER and HPgain for fat
and protein for the cattle over the RFI, test are
given in Table 5. The EBP of animals at the start
and end of the RFI test was negatively correlated
with genetic variation in RFI (RFI -EBV ) but
not RFI. Fat in the empty body (EBF) at the start
and end of the RFI test was positively correlated
with both RFI -EBV _and RFI,. The mean values
for MER calculated using either literature values or
using data from this test were very close, but MER
test was negatively correlated with RFI-EBV re-
flecting the use of individual-animal unfed-HP in
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Table S. Descriptive statistics for BW, predicted body composition, energy requirements, and energy
budgets for the 59 Angus steers and heifers! in the feedlot RFI test, and their correlations with midparent

RFI,-EBV and with feedlot-test DMI and RFI

Correlations

Trait Units Mean SD Min. Max. RFI-EBV,,? DMI RFI.
Start-WT kg 410 36 342 499 —-0.04 0.68*** 0.00
Start-EBP kg 62.5 5.9 50.8 80.7 —0.28* 0.50%** -0.17
Start-EBF kg 60.8 11.4 34.8 90.8 0.47%%* 0.62%** 0.41%*
End-WT kg 504 42 417 600 -0.14 0.64%** 0.00
End-EBP kg 70.1 6.2 57.8 88.1 —0.40%** 0.44%** —-0.21
End-EBF kg 106 13.6 77.8 137 0.40** 0.75%** 0.44%%*
Maintenance: MER lit MJ/d 40.5 2.6 34.6 46.0 —-0.14 0.62%%* 0.04
Maintenance: MER test Ml/d 40.4 3.7 33.1 49.8 —0.36%* 0.33* —-0.11
MER test WT MIJ/kg 0.089 0.006 0.075 0.102 —-0.33* —0.37%* —-0.15
MER test Protein Ml/kg 0.611 0.038 0.511 0.686 —-0.07 —-0.21 0.10
Activity lit MJ/d 6.8 0.6 5.7 8.2 -0.09 0.67%%* 0.00
Activity test MJ/d 7.6 0.6 6.4 9.2 —-0.05 0.67*%* 0.03
ME for gain MJ/d 75.7 10.5 52.8 102 0.55%** 0.93%%* 0.84%**
ME for gain ADG MlJ/kg 55.1 11.2 30.7 79.3 0.56%** 0.47%%%* 0.55%**
ME for gain Protein Ml/kg 793 357 327 1948 0.35%* 0.32%* 0.27*
ME requirement: MEI lit MlJ/d 122 13 92 155 -0.16 0.42%* 0.09
ME requirement: MEI test MlJi/d 123 14 91 156 -0.21 0.37%* 0.05
Actual ME intake MJ/d 124 11 98 150 0.41%* 1 0.74%%*

'Comprising 29 steers and 30 heifers.
*Midparent EBV for postweaning RFI.

RFI = residual feed intake; RFI = RFI measured postweaning; EBP = empty body protein weight; EBF = empty body fat weight; MER = main-
tenance energy requirement; MER lit = MER calculated based on literature equations; MER test = MER calculated using data from this current
test; MER test WT=MER test/midtest BW; MER test protein=MER test/midtest EBP; Activity = energy used for activity; Activity lit = Activity
calculated based on literature equations; Activity test = Activity calculated using data from this current test; ME for gain = ME for energy retained
and heat production for gain in body protein and fat; ME for gain ADG=ME for gain/ADG; ME for gain Protein=ME for gain/gain in body
protein; MEI = ME intake; MEI lit = MEI calculated based on literature equations; MEI test = MEI calculated using data from this current test;

RFI, = RFI measured in the feedlot.
*P <0.05 **P<0.01; **P <0.001.

the calculation of MER test. Calculation of MER
lit assumed no between-animal variation in FM,
and MER lit was not correlated with RFI -EBV |
Neither estimate of MER was correlated with RFI
The mean value for Activity test was slightly hlgher
than that for Activity lit reflecting the addition of
energy used for DIST walked in the calculation of
Activity test. Neither activity estimate was correl-
ated with RFI -EBV_or RFI. Gainin protein, ER
in protein gain, and HP for protein gain were nega-
tively correlated with RFI -EBV__ but not RFI.
Gain in fat, ER in fat gain, and HP for fat gain were
not correlated with RFI -EBV _or RFI. The re-
sults show that the animals with lower RFI -EBV_
had less fat and more protein in their bodles but
were predicted not to have a lower total MEI than
animals with higher RFIp-EBVmp. The mean values
for the two predictions of MEI were very close to
the mean value for the actual measured MEI by the
animals, and although the correlations between ac-
tual MEI with MEI lit and MEI test were positive,

with r values of 0.42 and 0.37 (both P < 0.01), each
explained only 17% and 13%, respectively, of the
variation in actual MEI.

Sources of Variation in DMI, RFI, and MEI

The amount of variation in feedlot DMI, RFI,
and MEI explained by BW, ADG, and traits in
seven physiological categories is presented in Table
6. The latter seven traits were fitted in descending
order by amount of variation in DMI explained by
each trait separately (see Tables 1 to 4), meaning
that RIBFAT at the end of the RFI test was fitted
first and unfed HP was fitted last. Together TWT,
ADG, and the seven traits explained 77.3% of the
variation in DMI (or 76.2% if the two nonsignif-
icant traits were excluded), with the fatness trait
explaining 18% of the total variation, and with
four other traits explaining smaller, but still statis-
tically significant (P < 0.1), amounts of variation
in DMI. FS and unfed HP no longer explained
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Table 6. Variance in feedlot DMI, RFI, and MEI and the incremental percentage of variation explained by
selected traits! within physiological categories after attributing variation explained by the preceding traits,
the cumulative percentage of variation explained, and the percentage of variance unexplained. Data is for
59 Angus steers and heifers? bred to vary in genetic merit for postweaning RFI

Incremental and (cumulative) variation

Incremental and (cumulative) variation

Incremental and (cumulative)

Category and trait in DMI in RFI variation in MEI
Variance, kg/d or MJ/d 1.24 0.67 129
BW and gain

Midtest BW*”, kg 44.77%*%** (44.7%) — —

ADG, kg/d 1.4%"™ (46.1%) — -

Body composition
End RIBFAT, mm 18.3%*** (64.4%)
Midtest Protein, MJ —
Midtest Fat, MJ —
Movement
Feeder visits, visits/d 5.7%** (70.0%)
Activity test, MJ/d —
Temperament
Flight speed, m/s 0.0%" (70.1%)
Digestive function

DMD, % 2.4%%* (72.5%)
Hematology

WBC, counts 2.1%%* (74.6%)
Immune competence
CIR test, mm 1.6%" (76.2%)

Heat production
Unfed HP-WT, kg
Variance unexplained, %

1.1%" (77.3%)
22.7%

32,7055 (32.7%) _
— 22.6%%%* (22.6%)
— 39.7%%%* (62.3%)

11.7%%* (44.4%) -

— 0.0%" (62.3%)
0.0% (44.4%) 0.6%6 (62.9%)
3.6% (48.0%) 2.6%" (65.5%)
3.7%* (51.7%) 2.8%* (68.3%)
3.1%" (54.8%) 1.4% (70.1%)

2.0% (56.8%)
43.2%

0.4% (71.5%)
28.5%

"Within categories, the trait with the strongest significant correlation with feedlot DMI was selected — see Tables 1 to 4.

2Comprising 29 steers and 30 heifers.

RFI = residual feed intake; MEI = ME intake; End RIBFAT = subcutaneous fat depth at the 12th/13th rib at the end of the RFI test; DMD = di-
gestibility of DM; WBC = white blood cell; CIR test = cellular immune response relative to saline control in response to vaccine injection;

HP-WT = heat production divided by BW.
sP>0.1;7P<0.1; *P < 0.05; **P < 0.01; ***P < 0.001.

significant variation in DMI. Approximately 23%
of the phenotypic variation in DMI remained
unexplained.

RFI, was fitted against the seven traits listed in
Table 6 in the same descending order as above for
feedlot DMI. Together, the seven traits explained
57% of the variation in RFI (or 55% if the two non-
significant traits were excluded), the fatness trait ex-
plaining 33%, and with four other traits explaining
smaller, but still statistically significant (P < 0.1),
amounts of the remaining variation in RFI. FS
and unfed HP no longer explained significant vari-
ation in RFI. Approximately 43% of the pheno-
typic variation in RFI, remained unexplained.

Feedlot MEI was fitted against traits that could
be expressed in energy units or expected to be asso-
ciated with ME requirements. The traits are listed
in Table 6 and were fitted in the same descend-
ing order as above for DMI. Together the energy
stored by midtest as fat and protein explained 62%

of the variation in MEI, with three other traits ex-
plaining smaller, but still statistically significant
(P < 0.1), amounts of the remaining variation in
MEI. Together all the traits listed in Table 6 ex-
plained 72% of the variation in MEI (or 70% if
the three nonsignificant traits were excluded).
Activity, FS and unfed HP no longer explained sig-
nificant variation in MEIL. Approximately 28% of
the phenotypic variation in feedlot MEI remained
unexplained.

DISCUSSION

In the current experiment, the mean values for
the two predictions of MEI for the cattle were very
close to the mean value for the actual MEI by the
animals. This confirmed that calculation of MEI
based on known biological processes associated with
maintenance, activity, and gain in body composition
was able to predict the mean for actual MEI of the
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cattle over the RFI test. Variation between animals
in predicted MEI was present reflecting the differ-
ences between animals in BW and in body compos-
ition over the RFT test. However, prediction of MEI
based on known biological processes was not able to
explain most the observed variation in actual MEI
and presumably because the prediction assumed no
between-animal difference in the energetic efficiency
of the processes of protein or fat gain, and for MEI
lit also assumed no difference in individual mainten-
ance requirement. In an earlier experiment on cattle
from the same RFI _divergent-selection lines, Lines
et al. (2018) reported that, compared with low-RFI
animals, the extra feed energy consumed by high-
RFI animals could be attributed to ER as fat. That
100% of the variation in DMI in the current ex-
periment could not be accounted for by BW and
composition of gain is likely due to the difference
in housing and feeding of cattle between the two ex-
periments. The cattle in this current experiment were
housed in feedlot pens, fed ad libitum and had a CV
for DMI of 9.2%, being greater than the CV for
their start BW of 8.8%. In the experiment of Lines
et al. (2018), the cattle were housed in individual
stalls and were individually fed a restricted ration
formulated to provide ME equivalent to either 1.05
or 1.8 times each animals expected maintenance re-
quirement. Even at the 1.8 times maintenance level
of feeding the CV for DMI was ~6%, much less than
the CV of 9% for start BW (both CV calculated from
the SEM and means in Lines et al., 2018). Further,
the cattle were housed and fed in individual small
pens so energy expended on activity would have
been minimal, with little opportunity to display any
innate difference in feeding or locomotor behavior.
It would therefore appear that the feedlot-fed cattle
in the current experiment were able to express innate
differences in appetite and activity that resulted in
prediction of DMI based on expected requirements
for maintenance and for gain in body tissue alone
not explaining all the variation in their DMI.

In this current experiment, genetic variation
in RFI_was associated with variation in a num-
ber of physiological processes, notably in traits
related to feeding behavior, temperament, diges-
tive function, hematology, immune competence,
and HP, and in turn these traits, with the exception
of HP, contributed to variation in DMI and RFI,
over the RFI test. From an energetic perspective,
differences in feeding behavior become important
if they influence energy expenditure. There was a
positive association for RFI (both genetic and phe-
notypic) with number of visits to the feed bins by
cattle in the feedlot, but the increase in feeder visits
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associated with higher RFI was greater than that
just associated with higher intake alone, and feed
visits explained an additional variation in DMI
and RFI, not explained by BW and fatness. More
time spent eating in high-RFI cattle is a consistent
observation over many experiments, but associa-
tions between RFI and other feeding and nonfeed
related activities are less consistent (Kenny et al.,
2018). Through not simply the case in this exper-
iment, Cantalapiedra-Hijar et al. (2018) caution
that many associations between feeding behavior
and RFI reported in the literature may reflect dif-
ferences in feed intake between low- and high-RFI
cattle rather than being a source of variation in feed
efficiency. The temperament trait, FS, while nega-
tively correlated with RFI (both genetic and pheno-
typic), did not explain any additional variation in
DMI or RFI, beyond that already explained by BW,
fatness, and feed visits. Significant negative genetic
correlations between FS and RFI in beef cattle have
been reported by Nkrumah et al. (2007) and Rolfe
et al. (2011), but the same authors and Black et al.
(2013) reported no significant phenotypic associa-
tions, leading Rolfe et al. (2011) to conclude that FS
would not be recommended as an indicator trait for
selection to change feed efficiency.

Cattle are less able than other ruminants in
the ability to masticate whole grain (NRC, 1996)
and grinding of samples of the feedlot ration be-
fore in vitro feed evaluation likely resulted in the
reported values for DMD being potential max-
imum values. Further, incomplete milling of grain
during feedlot ration preparation can result in some
passing through the gut of cattle undigested, with
barley (the grain in the feedlot ration used in this
experiment) being more resistant to digestion than
other grains such as wheat and oats (Toland, 1976;
Campling, 1991). The research feedlot used a roller
mill to crack grain and in virtually every sample of
faces collected from animals some undigested grain
was present. A consequence was that the DMD and
ME content of the feedlot ration appeared to be
overestimated by the commercial feed testing ser-
vice used, and a lower value for the ME content
was used in calculations of results from the RFI
test, as described above in the Methods section.
In this current experiment, with the cattle offered
a high-energy feedlot ration ad libitum, higher
DMD accompanied both lower DMI and lower
RFI. Higher MY is indicative of more feed energy
being released during digestion due to increased
fermentation of feed in the rumen and the negative
association for MY with RFI on the feedlot and
roughage rations provide additional evidence that
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greater digestion of feed accompanied lower RFI.
Variation in DMD explained additional variation
in DMI and RFI, not explained by BW, fatness,
and feed visits. The evidence for an association be-
tween DMD and RFI from other experiments is
inconsistent, with Cantalapiedra-Hijar et al. (2018)
observing that low RFI cattle often exhibit an in-
crease in whole-tract DMD, but Kenny et al. (2018)
not finding consistent evidence of such an associ-
ation from the literature they reviewed. Both sets
of authors caution there is evidence that the higher
DMD in low RFI cattle might be mostly the conse-
quence of a lower DMI and slower rate of passage
of digesta leading to a higher DMD, and not likely
the opposite. Of the VFA examined, only valerate,
which was present in rumen fluid at a much lower
concentration than other VFA, show an association
with RFI and DMI (both genetic and phenotypic).
In their review, Kenny et al. (2018) found no con-
sistent evidence for association between RFI and
production and composition of VFA.

Difference in stress physiology between high
and low-RFI cattle, both as a marker trait for
RFI and a mechanism for difference in metabolic
response, was reviewed by Kenny et al. (2018) and
Cantalapiedra-Hijar et al. (2018) and both sets of
authors found no consistent compelling experimen-
tal evidence to support either hypothesis. In the
current experiment, the responses 4 d after the end-
of-test handling procedures in HAPT levels, and
RBC and WBC counts (short term, hours to days,
and responses to stress: Richardson et al., 2002),
above baseline levels were not significant. The result
for AHAPT indicated that these procedures were
not as stressful as the production procedures exam-
ined by Slocombe and Colditz (2005) who reported
changes in HAPT levels more than 10-fold higher
than the average value in this experiment.

Lymphocytes and the CIR contribute to adap-
tive immune system function which is activated in
response to exposure to specific pathogens. The cur-
rent experiment found that lower RFI (both pheno-
typic and genetic) associated with maintenance of
higher levels of LYM over time following the RFI
test, whereas a stronger CIR was induced by vacci-
nation in higher RFI (both phenotypic and genetic)
relative to lower RFI animals. In this experiment,
variation in WBC and CIR explained additional var-
iation in DMI, RFI, and MEI to that explained by
BW, gain, body composition, movement, and tem-
perament. The energy cost of mounting an immune
response is comparable in magnitude to energy costs
for reproduction and growth, and even the cost of
maintaining an immune system is much larger than
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might be expected based on the absolute mass of the
immune system which is such a minor contributor
to body mass (Lochmiller and Deerenberg, 2000).
These authors provide examples across a range of
mammalian species of 10% to 30% increases in met-
abolic rate to support upregulation of the immune
system, and improvements in growth rate 5% to 23%
following administration of antibiotics in diets given
to young growing farm animals. Lymphocytes have
a lifetime in blood of weeks so there will be an ongo-
ing energy and protein cost associated with synthe-
sizing and maintaining LYM levels. There is also
expected to be a nontrivial energy cost in mounting
enhanced immune responses to pathogen challenges,
as was observed for CIR in higher vs. lower-R FI cat-
tle in the current experiment. These results suggest
maintaining a higher LYM count is potentially an
energy saving and more immediate strategy to com-
bat infection in lower versus higher-RFI cattle. That
a less-strong CIR was associated with lower RFI
does support the contention of Rauw (2012) that
selection for productivity traits can be associated
with compromise in immune system response and
robustness. However, there is experimental evidence
that the converse need not be true, with selection for
immune response being shown not to be associated
with compromise in production (Wagter et al., 2003;
Stoop et al., 2016).

There is emerging evidence that higher feed
efficiency (low RFI) is characterized by both
lower maintenance energy requirement and a
higher partial efficiency of use of ME for growth
(Cantalapiedra-Hijar et al., 2018). Fasting HP is a
major determinant of maintenance energy require-
ment, and in this current experiment, unfed HP
and HP-WT were negatively correlated with gen-
etic variation in RFI and phenotypic RFI,. Higher
RTEMP associated with lower RFI (both genetic
and phenotypic) meant cattle that genetically lower
for RFI or that had demonstrated lower RFI, in
the feedlot test had a higher energy production than
expected for their feed intake. These associations
for HP disappeared when expressed per kilogram
of body protein providing evidence that the ap-
parent increase in maintenance energy requirement
in genetically lower RFI cattle was due to their
increase in lean body content. Lines et al. (2018)
calculated HP for animals fed at ~105% of their ex-
pected MER from CO, entry-rate data and reported
no significant difference in HP, either as MJ/d or
MlJ/kg BW®7/d, between high and low RFI selec-
tion-line heifers, even without correction for differ-
ences in subcutaneous fat depth between the lines.
Together, the results from both experiments provide
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no evidence of an association between HP during
fasting or at near-maintenance levels of feeding
with genetic variation in RFIL in animals compared
at similar body composition. Difference in protein
metabolism has been postulated as a contributor to
variation in RFI, with lower rates of protein turn-
over associated with lower RFI (Herd and Arthur,
2009; Cantalapiedra-Hijar et al., 2018). The experi-
ment by Lines et al. (2018), using an AA tracer tech-
nique, found no significant difference between RFI
selection lines either in protein metabolism or in the
HP for protein metabolism at either of two levels
of feeding (105% and 180% expected MER). This
led them to conclude that change in the energetic
efficiency of protein gain did not accompany diver-
gent selection for RFI in this population of cattle.
Variation in protein metabolism has been shown to
accompany divergent selection for growth and other
traits in domestic animals (reviewed by Oddy, 1999).
In their review, Cantalapiedra-Hijar et al. (2018) re-
marked that there is a scarcity of protein turnover
data obtained in beef cattle through isotopic meth-
ods in vivo, but concluded that most reported stud-
ies support a role for variation in protein turnover
to difference in feed efficiency. Whether reduction
in maintenance requirement or improved partial
efficiency of growth, or both, more generally ac-
companies low RFI needs to be confirmed in future
studies (Cantalapiedra-Hijar et al., 2018).

This current experiment with Angus cattle des-
cendent from unique divergent selection lines gen-
etic variation in RFI was associated with variation
in feed efficiency, measured as either RFI or FCR,
and strongly associated with variation in body com-
position traits. Consistent with the findings from re-
views of a large number of published experiments
(Cantalapiedra-Hijar et al., 2018; Kenny et al.,
2018), variation in estimated body composition
alone did not fully explain the observed variation in
DM intake and ME intake in these cattle being fed
ad libitum and able to display any innate difference
in appetite, temperament, feeding behavior and ac-
tivity in the feedlot. There was evidence for an un-
favorable negative association for genetic variation
in RFI with higher HP by animals when fasted, as
a consequence of the higher body-protein content
in the genetically lower RFI animals. These results
support the growing body of evidence presented by
Cantalapiedra-Hijar et al. (2018) that low RFI may
be accompanied by lower maintenance requirement
and/or higher partial efficiency of ME use for growth.
The corollary that needs to be tested is that RFl as a
trait for selection is more likely to result in improved
feed efficiency for growing animals in environments

Herd et al.

where feed is plentiful (e.g., feedlots and high-quality
abundant pastures) than in mature animals feeding
at levels just above maintenance (e.g., cows in many
extensive pasture-based enterprises).
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