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Joint analysis of longitudinal feed intake
and single recorded production traits in pigs using a novel Horizontal model!

M. Shirali,*23 A. B. Strathe, 12 T. Mark, B. Nielsen,} and J. Jensen*

*Department of Molecular Biology and Genetics, Aarhus University, Blichers Allé 20, Tjele,
Denmark, 8830; fSection of Animal Genetics, Bioinformatics and Breeding, Department of Veterinary Clinical
and Animal Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, Frederiksberg, Denmark,
1870 Frederiksberg C.; and }Pig Research Centre, Danish Agriculture and Food Council, Copenhagen, Denmark, 1620

ABSTRACT: A novel Horizontal model is pre-
sented for multitrait analysis of longitudinal traits
through random regression analysis combined with
single recorded traits. Weekly ADFI on test for Danish
Duroc, Landrace, and Yorkshire boars were available
from the national test station and were collected from
30 to 100 kg BW. Single recorded production traits of
ADG from birth to 30 kg BW (ADG30), ADG from
30 to 100 kg BW (ADG100), and lean meat percent-
age (LMP) were available from breeding herds or the
national test station. The Horizontal model combined
random regression analysis of feed intake (FI) with
single recorded traits of ADG100, LMP, and ADG30.
In the Horizontal model, the FI data were horizontally
structured with FI on each week as a “trait.” The additive
genetic and litter effects were modeled to be common
across different FI records by reducing the rank of
the covariance matrices using second- and first-order
Legendre polynomials of age on test, respectively. The
fixed effect and random residual variance were esti-
mated for each weekly FI trait. Residual feed intake
(RFT) was derived from the conditional distribution of
FI given the breeding values of ADG100 and LMP.
The heritability of FI varied by week on test in Duroc
(0.12 to 0.19), Landrace (0.13 to 0.22), and Yorkshire

(0.21 to 0.23). The heritability of RFI was lowest and
highest in wk 6 (0.03) and 10 (0.10), respectively, in
Duroc and wk 7 (0.04 and 0.02) and 1 (0.09 and 0.20),
respectively, in Landrace and Yorkshire. The propor-
tion of FI genetic variance explained by RFI ranged
from 20 to 75% in Duroc, from 19 to 75% in Landrace,
and from 11 to 91% in Yorkshire. Average daily gain
from 30 to 100 kg BW and ADG30 heritabilities were
moderate in Duroc (0.24 and 0.22, respectively),
Landrace (0.34 and 0.25, respectively), and Yorkshire
(0.34 and 0.22, respectively). Lean meat percentage
heritability was moderate in Duroc (0.37) and large
in Landrace (0.62) and Yorkshire (0.60). The genetic
correlation of FI with ADG100 increased by week on
test followed by a 32% decrease from wk 7 in Duroc
and a 7% decrease in dam line breeds. Defining RFI
as genetically independent of production traits leads to
consistent and easy interpretable breeding values. The
genetic parameters of traits in the feed efficiency com-
plex and their dynamics over the test period showed
breed differences that could be related to the fatness
and growth potential of the breeds. The Horizontal
model can be used to simultaneously analyze repeated
and single recorded traits through proper modeling of
the environmental variances and covariances.
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Complex dynamics of feed efficiency in pigs

INTRODUCTION

Random regression models are common for ana-
lyzing longitudinal data in livestock (Schaeffer, 2004).
Joint analysis of longitudinal and single recorded traits
requires a multitrait setup to properly account for en-
vironmental covariance. This is because environmen-
tal covariance is modeled into permanent and mea-
surement error in random regression models but only
residual dispersion in single recorded trait models.
Schnyder et al. (2002) proposed a multitrait model for
such joint analysis by introducing a permanent envi-
ronment effect and forcing the residual variance to be
very small. Such a model has unrealistic assumptions;
for example, all environmental variance is permanent
and all environmental covariances are between the re-
sidual of single recorded traits and permanent effect of
longitudinal trait. This could lead to biased estimation
of genetic parameters and breeding values (Schnyder
et al., 2002). Here, we present a novel model (termed
Horizontal model) to ensure proper modeling of genetic
and environmental covariances between longitudinal
and single recorded traits. Under the Horizontal model,
the vector of residuals for the longitudinal trait is mod-
eled as the sum of permanent effects due to the animal
and temporary residual, avoiding partitioning of vari-
ance due to permanent and temporary environmental
effects. In animal breeding, feed intake data is collected
longitudinally along with single recorded performance
traits. Residual feed intake as partial measure of feed
efficiency has shown to have a varying genetic back-
ground during growth in pigs (Strathe et al., 2014). The
aims of the study were to 1) present a novel approach
(Horizontal model) for combined analysis of longitudi-
nal and single recorded traits, 2) investigate the dynam-
ics of genetic parameters for feed intake and residual
feed intake during the growth of pigs in 3 Danish pig
breeds, and 3) derive longitudinal genetic residual feed
intake from the longitudinal model for feed intake.

MATERIAL AND METHODS

Animal Care and Use Committee approval was not
obtained for this study because the data were obtained
from an existing database of performance records.

Data

Data for this study were supplied by Pig Research
Centre, Danish Agriculture and Food Council (Brussels,
Denmark), and were part of the Danish pig breeding pro-
gram routinely recording data in nucleus breeding herds
and at the national test station (Kjellerup, Denmark.).
Feed intake (FI) records of 10,911, 6,691, and 6,632
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Danish breeds of Duroc, Landrace, and Yorkshire boars,
respectively, were recorded at the national Danish test
station (Begildgard; Kjellerup, Denmark) from approx-
imately 30 to 100 kg BW, using ACEMAG64 electronic
feeders (ACEMO, Pontivy, France) that recorded FI at
each visit to the feeding station. Feed intake data were
available in the period from October 2008 to December
2013. The piglets (approximately 7 kg) came from dif-
ferent nucleus breeding herds and were reared under
controlled climate conditions to 25 kg; then, pigs were
moved to performance test barns and given approxi-
mately 1 wk of adaptation to the automatic feed dis-
pensers before the performance test period commenced.
The records from the adaptation period were discarded.
Pigs were fed ad libitum during the test period. Raw
data contained FI records per visit to the feeding ma-
chine during the performance test period. Then, daily
FI was obtained as sum of FI records on a daily basis.
Week on test was defined as each 7-d period on the test
from the date an animal completed the adaptation pe-
riod. Furthermore, ADFI in each week during the per-
formance test period was calculated and saved as the re-
cord for analysis; this was in order to reduce the amount
of data for the statistical analyses while also reducing
noise in the data. The last FI of an animal were for the
week before the end of the performances test, which is
the time that the average pig within a pen reaches 100
kg BW. This resulted in a maximum of 10 FI records for
pigs during the total performance test period.
Production traits of ADG from 30 to 100 kg BW
(ADG100; g/d) as well as lean meat percentage (LMP;
%) were available from 67,638, 121,157, and 145,941
Duroc, Landrace, and Yorkshire performance-tested
pigs, respectively, from both the nucleus herds and
the national test station. The production trait of ADG
from birth to 30 kg BW (ADG30; g/d) was recorded
only in the nucleus herds; therefore, 54,119 records in
Duroc, 113,159 in Landrace, and 138,017 in Yorkshire
were available for this trait. The LMP was predicted
at 100 kg BW based on ultrasound records of back fat
thickness and BW at the time of ended performance
test, using a linear prediction equation that was es-
timated from previous trials where the ratio of total
meat in dissected carcasses was obtained. The data
from the breeding herds consisted of records on both
intact males and females. Data were edited such that
all nucleus breeding herds have recordings during the
entire period and the contemporary group (year x herd
x month on test) sizes consisted of at least 20 records.
Descriptive statistics for FI and the production
traits included in the data set are presented in Table 1.
Most FI records were available for the terminal breed,
Duroc, whereas the Landrace and Yorkshire breeds
had more production trait records. On average, Duroc
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Table 1. Descriptive statistics for feed intake (FI) from wk 1 to 10 on test (FL. {week}) and ADG from birth to 30
kg BW (ADG30) and from 30 to 100 kg BW (ADG100) as well as lean meat percentage (LMP) in Danish Duroc,

Landrace, and Yorkshire breeds

Breed!
Duroc Landrace Yorkshire
Trait No. Mean CV SD  Min. Max. No. Mean CV  SD Min. Max. No. Mean CV SD  Min. Max.
FL.1 10,913 1,358 0.25 341 292 2428 6,686 1,350 0.28 381 178 2,539 6,632 1,336 0.17 233 594 2,069
FL2 10,890 1,646 0.21 338 558 2,716 6,673 1,648 0.22 355 524 2758 6,635 1,544 0.16 241 774 2296
FL3 10,913 1,860 0.19 348 753 2952 6,675 1,857 0.18 341 774 2906 6,642 1,732 0.15 256 918 2,524
FL4 10,934 2,122 0.18 373 941 3,270 6,681 2,063 0.17 355 928 3,172 6,635 1909 0.15 279 1,017 2,787
FL5 10,921 2,392 0.16 390 1,122 3,587 6,675 2,276 0.16 366 1,109 3,408 6,634 2,071 0.15 311 1,063 3,043
FL6 10,918 2,636 0.16 411 1,300 3,906 6,671 2,478 0.15 379 1,237 3,682 6,620 2,234 0.16 351 1,080 3,350
FL7 10,840 2,879 0.15 446 1,392 4291 6,673 2,662 0.15 399 1,373 3,878 6,630 2,411 0.16 393 1,127 3,649
FL.8 10,135 3,102 0.16 491 1,450 4,673 6,490 2,868 0.15 425 1,462 4232 6,569 2,634 0.17 439 1,179 4,027
FL9 7,213 3319 0.17 554 1,354 5,161 5,716 3,096 0.15 461 1,501 4,610 6,227 2852 0.17 481 1,249 4337
FL.10 2,116 3,473 0.19 652 1,405 5489 3,392 3,243 0.17 538 1,303 5,001 5,070 3,023 0.18 535 1,226 4,707
ADG100 67,638 1,081 0.10 109 717 1,543 121,157 999 0.12 115 553 1,445 145941 950 0.11 105 506 1,335
LMP 67,638 612 0.02 096 569 649 121,157 623 0.02 1.15 56.5 66.1 145941 61.7 0.01 0.73 57.5 643
ADG30 54,119 399 0.11 420 286 600 113,159 384 0.10 37.0 295 559 138,017 363 0.10 353 283 548

No. = number of records; Min. = minimum; Max. = maximum.

pigs had higher growth rate and FI than Landrace
and Yorkshire breeds. The pedigree for the animals
with data was traced back to January 1, 1984, and in-
cluded 81,200, 130,938, and 155,301 pigs for Duroc,
Landrace, and Yorkshire, respectively.

The Horizontal Multitrait Model

In the Horizontal model, all records on an animal
are treated simultaneously, compared with longitudinal
random regression models, where the data are usually
treated per time point. The following Horizontal multi-
variate mixed linear model was used to analyze the data:

YO XD 2 a2 e
Yo = ann +Zaua1| +Zchc11 +Zpupll e,

Yo = Xllblz +Zaua12 +Zcuc12 + Zpuplz + €., and
y,=X,b, +Zﬂ“a13 +chcI3 +e,,

in which y!? is the multiple FI records for all animals
with 1 record for each week on performance test (w = 1
to 10 for each week of feed recorded per animal, speci-
fying 10 submodels) and b}, contains effects of year
and week on test interactions along with starting BW
for each week’s FI records. a; contains nr + 1 addi-
tive genetic regression coefficients for each animal ob-
tained by modeling common genetic effects across the

FI' models (w = 1 to 10), ¢}y contains nf + 1 regression
coefficients of litter effect for each animal obtained by
modeling common litter effects across the FI models,
and nr and nf are the order of Legendre polynomials
(second and first, respectively) fitted as random regres-
sion models for animal and litter effects; that is, 3 and
2 parameters are modeled for each animal for additive
genetic and litter effects, respectively. Thus, ay = [ay
» Ay p A q] and ¢y = [eq, » e, /), in which i, /, and ¢
indicate intercept, linear, and quadratic terms, respec-
tively. The Legendre polynomials were evaluated at
standardized ages. The vector of residuals e’ con-
tains the environmental effects on each week on test.
The vectors y;;, ¥;,, and y 5 are the phenotypic records
of ADG100, LMP, and ADG30, respectively; b, and
b, contain effects of interactions between year, herd,
and month on test in addition to starting BW and gen-
der; by contains effects of interactions between year,
herd, and month of birth along with initial BW, gen-
der, age of the dam, and parity of the dam of animal;
a;|, a;,, and a5 contain the additive genetic effect for
each animal; ¢}, ¢,, and ¢;; contain effect of litter;
p;; and p;, contain the pen effects for each animal;
and e, |, and e 5 are the random residuals for each
animal. Inclusion of each random effect in the model
for each trait was determined by a log likelihood ra-
tio test comparing models with or without each effect
included in the model specification; for example, pen
effect was not significant for FI measurements. The or-
der of Legendre polynomials were decided based on
a log likelihood ratio test comparing models where nr
and nf were varied. This model formulation merges
random factors across longitudinal FI records. These
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records are treated simultaneously; hence, we termed
this model a Horizontal model for short.

The additive genetic animal effect for y!’, was
modeled across FI traits (weeks on test) using Legendre
polynomials of order nr = 2, which includes an intercept,
a linear, and a quadratic term for each animal, whereas
the additive genetic effects fory,;, y,, and y,5 included
only a single breeding value (intercept). The distribution
of additive genetic effects were assumed to be

a\m
a\m
an

“l-n(0a®G) |
a

a
2

a
[

in which A was the numerator relationship matrix and
G, was a 6 x 6 matrix of additive genetic variances
and covariances to be estimated,

o, covariances

covariances o
avciee

5

L AnGao —

with 21 genetic variance and covariance parameters to
be estimated. The first 3 additive genetic variances in
G, are due to intercept (o}, ), linear (o}, ), and qua-
dratic (O—Iz:l,q) effects in the Legendre polynomials and
the remaining 3 are the additive genetic variance for

ADG100, LMP, and ADG30, respectively.

The distribution of the litter effect was

¢, |[~-n~n(o1®C)
in which the structure of C( was similar to that of G,
with exception that only intercept and linear terms of
Legendre polynomials were used for modeling the litter
effect. The pen of rearing had an effect only on ADG100
(yq;) and LMP (y,,) with distribution assumption of
P

p” ~N(0,I®P0)’ in which P is a 2 x 2 variance
12

and covariance matrix of pen effects on ADG100 and

LMP traits.
Due to the repeated records in FI, the residual

variance and covariance (R) had a special structure:
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~N(0,R)
e s

(9
[

in which R is thus a 13 x 13 matrix:

o, - covariances

covariances ~ --- o
Apaioo

[

The residual covariances between FI traits and
ADG30 were not estimable, as the animals with FI re-
cords did not have ADG30 records. Compared with, for
example, Schnyder et al. (2002), the advantage of this
parametrization is that there is no need to explicitly mod-
el repeated measures of the same animal. Instead, all en-
vironmental variances and covariances can be correctly
specified. Such a covariance structure is also known as
compound symmetry (Littell et al., 2000) and can also
be specified for other random parts of the model.

In practice, this model representation was achieved
by treating all FI measurements for an animal simultane-
ously allowing for common effects across several mea-
surements in the data, hence the term Horizontal model.
The fixed and random effects can then be modeled to be
common across traits; that is, the additive genetic effects
were modeled to be common across different FI records
by forcing the covariance matrices to have reduced rank
describing the FI curve by intercept, linear, and quadratic
functions. Therefore, the repeated records are modeled
horizontally (within animal) instead of longitudinally
(across records). If only repeated records are in the model,
there is no difference between Horizontal and standard
longitudinal models. The module DMUAI within the
DMU software package (Madsen and Jensen, 2014) was
used to estimate variance and covariance components of
the above Horizontal model, and the modeling of com-
mon random effects in the model or modelsfor FI was
achieved using the “REDUCE” option in the software.

Covariance Function and Derivation
of Genetic Residual Feed Intake

The genetic covariance functions for FI, ADG100,
LMP, and ADG30 were derived from the true parameters
and then used in the estimated parameters as follows:

& 0] ., [eG e eG
M = 5 G=MGM'=| s
0 1 G, o' 16
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in which M is a matrix containing the Legendre poly-
nomials coefficients (@) for FI and an identity matrix
() for the single recorded traits. The matrix @ of the
Legendre polynomials was chosen to be of a second order
evaluated at standardized ages (80, 87, 94, 101, 108, 115,
122, 129, 134, and 137 d of age) for Duroc and (84, 91,
98, 105, 112, 119, 126, 133, 139, and 143 d of age) for
Landrace and Yorkshire, representing the midpoint age
of all animals in the respective weeks on test. Midpoint
ages were the time points with larger frequency of
recorded data; therefore, they allow for more accurate
parameter estimation and avoid any border effects or
overparameterization. However, the late weeks on test
are not equidistance, which should be taken into account
in result interpretation. Therefore, if G is split into its
submatrices corresponding to variances and covariances
of regression coefficients for FI (G, ), variances and
covariances of single measured traits (G,,) and vari-
ances and covariances between regression coefficients
and single measured traits (G, , ), then ¢ represents all
genetic variances and covariances between FI evaluated
at desired weeks on test and ADG100, LMP, and ADG30.

The genetic and phenotypic variances of residual
feed intake (RFI) as a measure of partial feed efficiency
were defined as the covariances of F1 in each week on test,
conditional on the additive genetic effect of ADG100 and
LMP. This is usually termed genetic RFI (Kennedy et al.,
1993) using the following covariance function:

é RFI é RFI ~m'
. . "|=BGB’ and
G

p.RFI P

{ ﬁR:""I ﬁR:""I }

. ! BPB

P P.RFI P P

inwhich G and P are 13 x 13 geneticandphenotypic vari-

ance and covariance matrices for Flin 10 wk and produc-
tion traits of ADG100, LMP, and ADG30, respectively.

IF] _bmpl 0
Genetic RFI was obtained using B=| 0 L, 0
0 0 1

P2
s

with f)ﬁ‘ ,1 being the multivariate partial genetic regres-
sion coefficients for Flon 2 production traits of ADG100
and LMP for each week on the test. Partial genetic
regression coefficients were computed based on the
estlmated Varlance and covariance components as
follows: b fipl =G f plel , in which G is the genetic
variances and covariances for ADGlOO and LMP and
G s+ 18 the covariances between FI and production
traits of ADG100 and LMP from the G matrix. The
identity matrix I, is of order 10, corresponding to
the number of weeks on test, I ; is an identity matrix
of order 2 for production traits of ADG100 and LMP
used for estimation of RFI with the size of 2 x 2, and

Shirali et al.

» s an identity matrix of order 1 for production traits of
1{7 G30. The matrices G,,, and P,,, are the genetic and
phenotypic variance and covariance for RFI estimated at
each Week on test, respectively, and G #e1p OF G orer and
PRF,, , OF Pp,m are the genetic and phenotypic covarianc-
es of RFI at different weeks on test. The production traits
of ADG100 and LMP have zero genetic correlations with
RFI(G,y, =G, —b,,G, =0), as RFl is defined by
partial genetic coefficients for FI on production traits.
Covariance functions were used to obtain popu-
lation parameters for total FI and RFI during the first
to fifth week on test by using Zw ,®,; for FI during
wk 1 to 5 (FLI.P1) and RFI during wk 1 to 5 (RFI Pl)
during the 6th to 10th week on test by using ZM »
for FI during wk 6 to 10 (FL.P2) and RFI during Wk 6
to 10 (RFL.P2), and FI during wk 1 to 10 (FI TP) and
RFI during wk 1 to 10 (RFL.TP) by using ZM By 51
which ¢, is a function of Legendre polynomials evalu-
ated at week w and with order j, in which j = {0, 1, 2}.
Furthermore, the predicted breeding value for genetic
RFTI for the ith animal at each week on test (w) can be
obtained as 4" = a;, — b4 —p, 4™ in which b,
and b

iw iw Iw™i
2w

are the partial genetic regression coefficients
for ADG100 and LMP in each week derived from ¢ .

Therefore, the cumulated breeding Value for RFI during
the entire test can be obtained as z _, @, . Hence, RFI
was derived directly from the covariance function that
resulted from the Horizontal multitrait random regres-
sion model analysis. This leads to a consistent measure
of feed efficiency, as the covariance functions are based
on a set of consistent parameters, which are estimat-
ed simultaneously (Jensen, 2013; Strathe et al., 2014).
Standard errors of population parameters were esti-
mated following Fischer et al. (2004) and were in the
range of 0.01 to 0.02 for heritabilities and 0.01 to 0.12
for genetic or phenotypic correlations. Standard errors
were mostly in the lower range due to the large number
of animals and records used in the study. Therefore, SE
are not presented to ease the presentation of the results
and increase readability of the manuscript.

RESULTS

Table 1 shows the means, CV, minimum, and maxi-
mum values for FI at different weeks on test and pro-
duction traits for Danish Duroc, Landrace, and Yorkshire
breeds. The results illustrate that FI increases with weeks
on test with FI in wk 1 being 1,358, 1,350, or 1,336 g/d
compared with 3,473, 3,243, or 3,023 g/d at the last week
on test for Duroc, Landrace, and Yorkshire, respectively.
Furthermore, Duroc showed numerically larger FI com-
pared with Landrace and Yorkshire, which might be re-
lated to the 8 and 12% greater ADG100, 4 and 9% greater
ADG30, or 2 and 1% less LMP, respectively.
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Table 2. Genetic parameters for longitudinal traits of feed intake and residual feed intake in Danish Duroc,

Landrace, and Yorkshire breeds

Breed?
Duroc Landrace Yorkshire
Week! 4 cr:‘,” n ij Prop., % n oiH n oiw Prop., % n GjH n ij Prop., %
1 0.13 14,229 009 10,725 75 0.13 18,914 0.09 14275 75 0.22 10,847 0.20 9,842 91
2 0.15 16,550 0.08 9,639 58 0.14 17,731 0.08 10,697 60 0.21 10,895 0.16 8,198 75
3 0.18 19,482  0.07 9,049 46 0.17 19,036  0.08 9,303 49 0.22 12,641 0.12 7,375 58
4 0.18 21,691 0.05 7,793 36 0.18 21,422 0.07 8,558 40 0.22 15,205 0.09 6,458 42
5 0.18 23,018 0.04 6,012 26 0.20 24,228 0.06 7,809 32 0.22 18,263  0.06 5,182 28
6 0.18 24,556  0.03 5,017 20 0.21 27,337 0.05 6,943 25 0.22 21,986 0.03 3,760 17
7 0.18 28,511 0.04 7,142 25 0.21 31,133 0.04 6,384 21 0.21 27,018 0.02 2,387 11
8 0.19 36,796 0.06 14,343 39 0.22 36,142 0.04 6,933 19 0.22 34,222 0.02 3,648 11
9 0.19 48,580 0.09 25,644 53 0.21 42,471 0.04 9,095 21 0.23 43,997 0.03 6,943 16
10 0.18 61,142 0.10 38,086 62 0.17 49,559 0.04 12,642 26 0.23 55,539 0.05 12,643 23
P1 0.45 429,067 0.13 188,132 44 0.45 462,888 0.19 223,367 48 0.50 297,753 027 167,801 56
P2 0.47 882,904 0.13 339,630 38 0.51 885,721 0.09 172,210 19 0.54 842,927 0.05 95,044 11
TP 0.55 1,929,458 0.07 446,532 23 0.60 2,367,053 0.14 614,235 26 0.62 1,811,213 0.09 313,367 17

1P1 = period from wk 1 to 5; P2 = period from wk 6 to 10; TP = period from wk 1 to 10.

2pt = heritability for feed intake; n = heritability for residual feed intake; O'i = genetic variance for feed intake; O'i

sidual feed intake; Prop. = proportion of oi to 02 .

Genetic Background of Feed Intake
and Feed Efficiency during Growth

Estimates of genetic variances and heritabilities of
weekly and cumulative FI and RFI traits are presented
in Table 2 for Duroc, Landrace, and Yorkshire. In Duroc,
FI heritability increased from 0.13 to 0.18 from the first
to the third week on test. However, from the first to the
last week on test, the genetic variance increased more
than 4-fold. This increase was more substantial from wk
7 onwards. For genetic RFI, the heritability and genetic
variance showed a quadratic development during the
test period, with genetic variance reduced from 10,725
in wk 1 to 5,017 in wk 6 and increased to 38,086 by
end of the test period. This resulted in the period from
wk 6 to 10 (P2) having about twice as large a genetic
variance for FI and RFI compared with the period from
wk 1 to 5 (P1), with no significant differences in heri-
tabilities. In Landrace, the heritability of FI increased
from the first (0.13) to the eighth week (0.22) and then
decreased to 0.17 by end of the test period. This was
despite the constant increase in genetic variance from
the second (17,731) to the last week (49,559) on test.
For RFI, the heritability estimate decreased from 0.09
at the first week to 0.04 by wk 7 and it remained con-
stant until the end of the test period. However, the ge-
netic variance had a quadratic development, with re-
duction from the first (14,275) to the seventh (6,384)
week on test followed by an increase towards the end of
test (12,642). Feed intake in P2 compared with P1 had
greater heritability (0.51 vs. 0.45, respectively) and ge-
netic variance (885,721 vs. 462,888, respectively[). On

= genetic variance for re-

the other hand, RFI had moderate heritability in P1 and
low heritability in P2. In Yorkshire, heritabilities of FI
were stable with slight fluctuation around a heritability
of 0.22. However, the genetic variance increased during
the test, resulting in an increase from 10,847 to 55,539.
In addition, RFI heritability and genetic variance
showed quadratic development across the test period,
with reduction from the first to the seventh week on test
and increasing thereafter. This resulted in RFI having a
larger heritability and genetic variance in P1 compared
with P2, which was in contrast to FI. The proportion of
genetic variance in FI explained by RFI showed a qua-
dratic development, with largest proportion (75 to 91%)
in the beginning of the test and lowest in wk 6 in Duroc
or wk 8 in the maternal line breeds followed by increase
again towards the end of the test period.

Correlations among Feed Intake or
Feed Efficiency Traits during Test Period

The genetic and phenotypic correlations among FI
or RFI records during the test period are presented in
Supplementary Tables S1-S6 (see the online version
of the article at http://journalofanimalscience.org) for
the Duroc, Landrace, and Yorkshire breeds. Figure 1
illustrates the genetic correlations detailed in the
Supplementary Tables S1, S2, S3. Figure 1 shows the ge-
netic correlation of FI at wk 5 and 10 with other weeks
on test for the different breeds in the study. Week five had
strong positive genetic correlations with the other weeks
on test and decreased with the increase in the distance be-
tween weeks. Week ten showed positive low to moderate
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Figure 1. Genetic correlation of feed intake (FI) at wk 10 (solid
lines) and at wk 5 (dotted lines) with FI records of different weeks on test
(F1.{week}) in Duroc, Landrace, and Yorkshire pigs.

genetic correlations with the early weeks on test in Duroc,
and these correlations were positive moderate to large in
the dam line breeds. The genetic correlations between 2
subsequent FI records were positive and large (0.93 to
0.99) in all breeds. However, the correlations dropped as
the distance between weeks on test increased, resulting
in the lowest correlations between FI in wk 1 with last
week on test in the Duroc (0.05), Landrace (0.48), and
Yorkshire (0.19) breeds. Phenotypic correlations were in
the same direction but with lower magnitude than the ge-
netic correlations. In all breeds, FL.TP had strong genetic
correlations with FI in individual weeks on test as well as
with FL.P1 and FL.P2. The genetic correlations of FL.TP
with FI at individual weeks on test reached its maximum
by wk 6 or 7 on test in all breeds in the study. The FI.P1
had systematically stronger correlations with FI in the
early weeks (wk 1 to 5) on test whereas FI.P2 had stron-
ger correlations with FI in the late weeks (wk 6 to 10)
on test. The FL.TP had stronger genetic correlations with
FL.P2 compared with FI.P1 in all breeds.

Genetic RFT at adjacent weeks on test had large ge-
netic correlations (0.83 to 1.00) with each other in all
breeds. The genetic correlations between RFI measured
in different weeks decreased by the increase in the dis-
tance between weeks. The genetic correlations among
genetic RFI in the early (wk 1 to 5) weeks on test were
positive and large as well as among the late (wk 6 to
10) weeks on test. Furthermore, the Duroc breed had
low to moderate negative genetic correlations between
RFI estimates in the early and late weeks on test, which
were substantially different from Landrace with low to
moderately positive correlations. For Yorkshire, only
the genetic correlations of RFI in wk 9 and 10 had low
to moderately negative correlations with RFI in the
early weeks on test. In addition, in Duroc RFL.TP had
a positive but moderate genetic correlation with RFI in
the early weeks on test followed by positive and strong
correlations with the other weeks. In Landrace, RFL.TP
had large positive genetic correlations with all weeks
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on test. For Yorkshire, the genetic correlations of RFI.
TP with different weeks on test were positive and large
except for low to moderate positive correlations with
wk 9 or 10. The genetic correlations of RFI.TP with in-
dividual weeks on test reached its maximum by wk 6
or 7 on test in all breeds. In addition, the RFI.TP had
larger genetic correlations with RFI.P2 than with RFIL.
P1 in all 3 breeds. Furthermore, the maximum genetic
correlation of RFI.P1 was with wk 4 and for RFL.P2 it
was with wk 7 or 8 on test in all breeds.

The genetic correlations between intercept and qua-
dratic effects were different between Duroc (—0.04) and
the dam line breeds of Landrace (0.12) and Yorkshire
(0.18). Furthermore, correlations between linear and qua-
dratic effects was different in Landrace (0.19) compared
with the other 2 breeds of Duroc (0.49) and Yorkshire
(0.41; Supplementary Table S7; see the online version of
the article at http://journalofanimalscience.org).

Characteristics of Single Recorded Production Traits

The heritability and genetic variances along
with genetic and phenotypic correlations for produc-
tion traits for the 3 breeds are presented in Table 3.
Heritability of ADG100 was moderate in all 3 breeds,
with dam lines having larger estimates than Duroc.
Heritability of LMP was moderate in Duroc but large
in the dam line breeds. Average daily gain from birth
to 30 kg BW had moderate heritability in all 3 breeds.

The genetic correlation between ADG100 and LMP
was negative but low (—0.13) for Duroc and moderate-
ly negative in Landrace (—0.31) and Yorkshire (—0.32).
Average daily gain from 30 to 100 kg BW and ADG30
showed moderate positive genetic correlations in all
3 breeds. The genetic correlations between LMP and
ADG30 were slightly negative in all 3 breeds, with
stronger negative correlations in the dam line breeds.

Correlations among Feed Intake or Residual Feed
Intake with Single Recorded Traits

Genetic and phenotypic correlations of FI and ge-
netic RFI with production traits are presented in Tables
4 and 5 for all breeds. The genetic correlations between
FI and ADG100 were positive and increased from the
first to seventh week on test from 0.48 to 0.85 in Duroc.
The change was similar in Landrace, but in Yorkshire, the
increase was from 0.23 to 0.92. However, it decreased to
0.58 in the last week on test in Duroc whereas it plateaued
in the dam line breeds. Phenotypic correlations between
FI and ADG100 ranged from positive low to moderate,
with the first week on test as the lowest correlation in all
3 breeds. In Duroc, LMP and FI started with positive low
genetic correlation, and thereafter, correlations decreased
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Table 3. Heritability (#2) and genetic variances (o az) along with genetic (below diagonal) and phenotypic (above
diagonal) correlations for production traits of ADG from birth to 30 kg BW (ADG30) and from 30 to 100 kg BW
(ADG100) as well as lean meat percentage (LMP) in Danish Duroc, Landrace, and Yorkshire breeds

Breed
Duroc Landrace Yorkshire
Correlations Correlations Correlations
Traits h? 6,2 ADGI00 LMP ADG30 /2 6,2 ADGI00 LMP ADG30 /2 6,2 ADGI00 LMP ADG30
ADGI00 0.24 2,008 —-0.03 0.09 0.34 2857 -0.15 0.12 0.34 2,904 -0.15 0.14
LMP 0.37 0.257-0.13 0.02 0.62 0.769-0.31 -0.04 0.60 0.279-0.32 —-0.06
ADG30 022 2549 037 -0.01 0.25 2380 036 —0.11 022 1946 042 -0.16

towards negative moderate (—0.26). The genetic correla-
tions of LMP and FI in dam line breeds were negative and
of larger magnitude than in Duroc. In Landrace, genetic
correlations of LMP and FI changed from being weakly
negative at the first week on test to large negative cor-
relations at later weeks on test. In Yorkshire, the genetic
correlations were moderate negative in the early stages
and strong negative at the later stages of the test period.
The genetic correlation of the cumulated FI traits (the
period from wk 1 to 10, P1, and P2) with the ADG100
trait was positive and large, and FI.LP2 had greater cor-
relation than FL.P1 in all breeds. Genetic correlation of
LMP with FL.P1 was negative and low (—0.06) in con-
trast to being negative and moderate with FI1.P2 (—0.26)
in Duroc. Furthermore, dam line breeds showed negative
and low genetic correlations with FL.P1 in addition to
negative and strong genetic correlations with FI.P2. The
ADG30 showed stronger genetic correlations with FL.P1
(0.34 to 0.51) than with F1.P2 (0.13 to 0.42) in all breeds.
Phenotypic correlations of LMP and FI were negative
low and close to 0 in Duroc, with the dam line breeds
showing negative low to moderate phenotypic correla-
tions. Average daily gain from birth to 30 kg BW and FI
showed varying genetic correlations during the test pe-
riod. In Duroc, the correlations were moderately positive,
ranging from 0.22 to 0.38 until wk 7 and thereafter re-
duced towards zero correlation with the last week on test.
In Landrace, the correlations were moderate, ranging
from 0.19 to 0.39. In Yorkshire, correlations were stron-
ger than the other breeds, with positive moderate correla-
tions in the early and late weeks and positive strong in the
rest of the weeks on test.

Genetic correlations of ADG30 and RFI were low
positive in the early weeks on test but low to moderate
negative by end of the test period for the Duroc and
Landrace breeds. For the Yorkshire breed, the genetic
correlations of ADG30 and RFI had a quadratic de-
velopment, with being positive but low in early weeks
then positive moderate by middle of the test and be-
coming slightly negative towards the end of test period.
The genetic correlations of ADG30 with RFI.P1 were
positive and low (0.12 to 0.32) in all breeds. However,

RFI.P2 had negative and low genetic correlations with
ADG30 in Duroc (—0.23) and Landrace (—0.04) com-
pared with positive and low genetic correlations (0.10)
in Yorkshire. This was followed by RFL.TP and ADG30
having negative and low (—0.11) genetic correlations
in Duroc, positive and low (0.05) genetic correlations
in Landrace, and positive and moderate (0.29) genetic
correlations in Yorkshire. Phenotypic correlations be-
tween RFI and ADG100 were moderately negative
with a quadratic development and reached their peak
by wk 5 on test in Duroc. In Landrace, the correlations
were positive but low at the early weeks on test and
moderate afterwards. However, Yorkshire showed neg-
ative correlations, with low correlations in the begin-
ning of the test and moderate correlations later in the
test. Lean meat percentage and RFT had varying pheno-
typic correlations between different breeds, with Duroc
having negative low correlations in the early weeks and
positive low correlations in the late weeks on test. In
Landrace, the correlations were negative and increased
by weeks on test, resulting in negative low to moderate
phenotypic correlations. However, Yorkshire showed
constant low positive correlations throughout the test
period. Average daily gain from birth to 30 kg BW and
RFI had very low phenotypic correlations in all breeds.

Genetic regression coefficients for ADG100 and
LMP can provide a biological explanation to further
reveal the underlying dynamics of RFI over the growth
period (Supplementary Table S8; see the online ver-
sion of the article at http://journalofanimalscience.
org). The partial genetic regression coefficients of
ADGI100 increased and those for LMP decreased by
weeks on test. This resulted in ADG100 having a larg-
er and LMP having less partial regression coefficient
in P2 than in P1. Duroc showed larger partial regres-
sion coefficients for ADG100 but less for LMP in P1
and P2 compared with dam line breeds.

DISCUSSION

In the present study, the Horizontal model was pro-
posed and shown to be feasible for dissecting the ge-
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Table 4. Genetic (r
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) and phenotypic (7)) correlations of feed intake (FI) during wk 1 to 10 on test (FI.{week})

with ADG from birt%l to 30 kg BW (AD(p}30) and from 30 to 100 kg BW (ADG100) as well as lean meat percent-
age (LMP) in Danish Duroc, Landrace, and Yorkshire breeds

Breed
Duroc Landrace Yorkshire
ADG100 LMP ADG30 ADG100 LMP ADG30 ADG100 LMP ADG30
Traits! Ty I~ Ty r Ty I~ Ty r o y Ty r Ty y Ty r Ty I~
FIL.1 048 0.09 0.05 0.00 028 0.06 049 0.11 -0.11 -0.04 0.19 0.04 023 0.07 -027 —0.11 023 0.05
FL2 0.64 0.14 0.00 -0.01 036 0.08 0.63 0.15 -020 —-0.07 030 0.06 045 0.13 -034 —0.13 043 0.10
FL3 0.73 0.17 -0.05 -0.02 038 0.09 0.71 0.19 -029 -0.11 036 0.08 0.62 0.19 —-038 —0.15 0.53 0.12
FL4 0.80 0.19 -0.10 —0.03 038 0.08 0.77 021 -036 —0.13 038 0.09 0.73 022 -042 —0.17 0.58 0.14
FL5 0.86 021 -0.15 -0.04 036 0.08 0.80 023 -042 -0.16 039 0.09 0.82 025 -045 —0.18 0.58 0.14
FL6 0.89 021 -0.20 -0.05 031 0.06 0.83 025 -048 -0.19 037 0.10 0.89 027 -047 —0.18 0.56 0.14
FL7 0.85 021 -0.25 -0.06 022 0.05 0.85 026 -0.53 -0.21 033 0.09 092 028 -049 —0.19 0.51 0.13
FL.8 0.76 0.19 -0.27 -0.07 0.13 0.03 0.84 026 -0.56 —-0.22 029 0.08 092 028 -049 —0.19 043 0.11
FL9 0.66 0.17 -0.27 -0.07 0.05 0.01 0.82 025 -0.58 —-0.22 024 0.07 090 028 -048 —0.19 0.36 0.10
FL.10 0.58 0.14 -0.26 -0.06 000 0.00 0.79 022 -0.58 —-0.20 0.19 0.05 0.86 026 -046 —0.18 0.29 0.08
FLP1 0.75 028 -0.06 -0.03 037 0.13 0.72 031 -029 -0.18 034 0.12 0.63 029 -040 —0.24 0.51 0.18
FL.P2 0.77 030 -0.26 —0.10 0.13 0.04 0.84 040 -0.56 —-0.33 028 0.12 092 044 -049 —030 042 0.17
FL.TP 0.87 037 -021 -0.09 026 0.10 0.83 042 -047 -031 032 0.14 0.88 045 -0.50 —0.33 0.50 0.21

IFLP1 = feed intake during wk 1 to 5; FI.P2 = feed intake during wk 6 to 10; FL.TP = feed intake during wk 1 to 10.

netic background of the feed efficiency complex when
feed efficiency is studied over the growth period. The
model allowed flexible multivariate analysis of lon-
gitudinal data with single recorded traits by allowing
separate estimation of environmental variance for each
longitudinal time point without forcing any structure
on the environmental variances and covariances in the
model. Such assumptions would fit many situations
where longitudinal and single traits are recorded in ani-
mal breeding programs. In common longitudinal genet-
ic analysis, the random regression method decomposes
the environmental variance into permanent effects over
repeated records and temporal effects affecting each re-
cord specifically. Hence, the between-animal variance
in random regression models includes at least 2 sets of
random regression coefficients for each animal, repre-
senting additive genetic and permanent environmental
effects, respectively. However, this leads to problems in
joint analysis where some traits are repeatedly record-
ed and others are single recorded traits, because of the
partitioning of the environmental variance between the
permanent and temporal residual variance for the single
recorded trait. In the Horizontal approach, the fixed ef-
fects that are common to several traits can also be mod-
eled to have a common effect across the longitudinal
time points by specifying common effects. Furthermore,
the Horizontal model can provide estimates of environ-
mental variance and covariance for each week on test.
The Horizontal model has the advantage of easy mod-
eling of the environmental covariances between lon-
gitudinal and single recorded traits. This allows more
accurate estimation of genetic merits of animals, as

mis-specifying environmental covariance structure can
lead to biased estimation of genetic variances and co-
variances, for example, Schnyder et al. (2002).

Genetic Background of Feed Intake

The genetic influence on FI changed during the
growth of the pigs. Increasing genetic variance of FI
with advancing week on test was observed for all breeds,
with Duroc having larger variances than Landrace and
Yorkshire despite heritabilities similar to or lower than
the dam line breeds. Increase in mean and SD of FI dur-
ing the test period along with the change in the genetic
parameters illustrate the change in FI capacity of ani-
mals during growth. In addition, numerically greater FI
in Duroc compared with dam line breeds could be due
to greater ADG100 and less LMP than Landrace and
Yorkshire. This indicates a larger feed intake capacity
in the Duroc breed. In Danish pig breeding, Duroc is a
terminal sire line with strong selection pressure for feed
efficiency, growth, and lean meat production; however,
Landrace and Yorkshire are dam line breeds with the
primary selection objective of improvement in maternal
traits but still a substantial emphasis on feed efficiency
and growth. Figure 1 shows smooth results also towards
the borders of the data, suggesting no border effects,
which are sometimes seen in random regression mod-
els using Legendre polynomials, for example, David
et al. (2015). Cai et al. (2011) reported heritabilities of
0.10 to 0.37 for daily FI during the test period using
random regression with second-order Legendre poly-
nomials of age in boars of Yorkshire pigs. In addition,
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Table 5. Genetic (r,) and phenotypic (rp) correlations of residual feed intake (RFI) during wk 1 to 10 on test
(RFI.{week}) with ADG from birth to 30 kg BW (ADG30) and from 30 to 100 kg BW (ADG100) as well as lean
meat percentage (LMP) in Danish Duroc, Landrace, and Yorkshire breeds

Breed
Duroc Landrace Yorkshire
ADG100 LMP ADG30 ADG100 LMP ADG30 ADG100 LMP ADG30
Traitsl }’g }’p I"g I"p }’g }’p I"g I"p }’g }’p I"g I"p }’g }’p I"g I"p }’g }’p
RFL1 0.00 —0.26  0.00 —0.05 0.12 0.02 0.00 0.11 0.00 —0.04 0.01 0.04 0.00 —0.08 0.00 0.04 0.14 0.03
RFL.2 0.00 —0.36  0.00 —0.04 0.16 0.03 0.00 0.15 0.00 —0.07 0.09 0.06 0.00 —0.18 0.00 0.04 027 0.05
RFL3 0.00 —0.42  0.00 —0.03 0.17 0.02 0.00 0.19 0.00 -0.11 0.15 0.08 0.00 —0.27 0.00 0.04 0.35 0.06
RFL4 0.00 —0.46 0.00 —0.01 0.15 0.02 0.00 021 0.00 -0.13 0.17 0.09 0.00 -0.33 0.00 0.04 041 0.06
RFL5 0.00 —0.48 0.00 0.01 0.09 0.01 0.00 023 0.00 -0.16 0.17 0.09 0.00 -0.37 0.00 0.04 044 0.05
RFL6 0.00 —0.48 0.00 0.03 —-0.03 0.00 0.00 025 0.00 -0.19 0.14 0.10 0.00 —0.39 0.00 0.04 044 0.04
RFL7 0.00 —0.47 0.00 0.05 -0.17 —0.02 0.00 026 0.00 -0.21 006 0.09 0.00 040 0.00 0.04 035 0.02
RFL.8 0.00 —0.42 0.00 0.07 —-0.24 -0.03 0.00 026 0.00 —0.22 -0.04 0.08 0.00 —041 0.00 0.04 0.13 0.01
RFL9 0.00 —0.37 0.00 0.08 -0.25 -0.04 0.00 025 0.00 -0.22 -0.12 0.07 0.00 —041 0.00 0.04 -0.06 0.00
RFL10 0.00 —0.32  0.00 0.08 -0.26 —0.04 0.00 022 0.00 -0.20 -0.18 0.05 0.00 —0.39 0.00 0.04 -0.16 —0.02
RFLP1 0.00 —0.61 0.00 —0.04 0.15 0.03 0.00 031 0.00 -0.18 0.12 0.12 0.00 —-041 0.00 0.06 0.32 0.08
RFLP2 0.00 —0.61 0.00 0.09 -0.23 -0.04 0.00 040 0.00 -0.33 -0.04 0.12 0.00 —0.61 0.00 0.06 0.10 0.01
RFLTP 0.00 —0.71  0.00 0.04 -0.11 -0.01 0.00 042 0.00 -0.31 0.05 0.14 0.00 -0.62 0.00 0.07 029 0.04

IRFI.P1 = residual feed intake during wk 1 to 5; RFL.P2 = residual feed intake during wk 6 to 10; RFL.TP = residual feed intake during wk 1 to 10.

Schulze et al. (2002) showed an increase in heritabilities
of weekly FI from 0.12 to 0.32 from wk 1 to 9 of test
for 2 dam lines of PIC Germany (Genus-PIC, Schleswig,
Germany). Furthermore, Schnyder et al. (2001) mod-
eled FI of French Landrace and Large White growing
pigs with random regression analysis using quadratic
polynomials and reported a heritability of 0.09 to 0.25
for this trait during the test period. The above results are
in agreement with the heritability found in the current
study. Wetten et al. (2012) reported that the heritabilities
of daily FI decrease by increasing days on test, ranging
from 0.15 to 0.05 in Norwegian Duroc and 0.10 to 0.05
in Norwegian Landrace when using random regression
analysis with Legendre polynomials. Do et al. (2013)
reported heritabilities of 0.41 for Duroc and 0.48 for
Landrace and 0.56 for Yorkshire breeds of the Danish
population when analyzing ADFI over the entire test pe-
riod. This is 26, 20, and 10% lower than heritabilities for
FL.TP reported in the current study for Duroc, Landrace,
and Yorkshire, respectively. In addition, lower heritabili-
ties are expected for weekly FI compared with analysis
where the traits were measured as ADFI during the entire
test period. This is due to larger genetic variance in cu-
mulated or averaged traits over a greater period of time
compared with average traits over a short time period,
which could be the result of averaging over positively
correlated periods. In addition, the averaging reduces the
environmental variance. The results indicate the varying
genetic background of FI during the growing—finishing
period in diverse Danish pig breeds.

Genetic and phenotypic correlations between FI re-
cords were reduced as the time interval between mea-

surements increased. This pattern was also observed by
Schulze et al. (2002) for FI of nucleus boars during the
growing—finishing period. Genetic correlations of FI at
wk 5 and FI at wk 10 with other weeks on test illustrate
that FI has a dynamic genetic background in each breed.
However, it should be considered that Legendre polyno-
mials of age used for Duroc were not equidistance with
those of the dam line breeds in the later stages. This could
be due to larger BW growth in Duroc, which results in
finishing the test at younger ages compared with the dam
lines. Significant deviation from unity was observed for
genetic correlations of FL.TP with different weeks on
test, indicating that selection for cumulated FI does not
use the dynamics of genetic effects on this trait during
the growth period. Lower genetic correlations among FI
records in Duroc compared with Landrace may reflect
breed differences in the development of FI capacity over
the test period. Schnyder et al. (2001) reported that the
genetic covariances between intercept, linear, and qua-
dratic regression coefficients of FI were different be-
tween French Landrace and Large White breeds. This is
in agreement with the results of the current study. These
results suggest that the genetic influence on FI capacity
varies among the breeds included in this study.

Genetic Background of Production Traits

Heritability for ADG30 in Duroc (0.22), Landrace
(0.25), and Yorkshire (0.22) were larger than the heritabil-
ity of 0.05 for BW at weaning in terminal sire Duroc pigs
reported by Jiao et al (2014). Heritability of ADG100 in
Duroc (0.24), Landrace (0.34), and Yorkshire (0.34) were
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lower than those reported by Do et al. (2013) for Danish
Duroc (0.32), Landrace (0.54), and Yorkshire (0.47).
This could be due to analyzing only the test station data
set of the Danish pigs in the study of Do et al. (2013)
compared with the current study, which includes data
from the nucleus breeder herds as well. The heritability
of LMP in Duroc (0.37) was substantially lower than
heritability for ultrasound measured back fat for Danish
Duroc (0.54) reported by Do et al. (2013). However, in
Landrace (0.62) and Yorkshire (0.60), the obtained heri-
tabilities were in agreement with reported heritability
found by Do et al. (2013) for ultrasonically measured
back fat for Danish Landrace (0.67) and Yorkshire (0.63).
Furthermore, Saintilan et al. (2013) reported heritability
of ADG and ultrasound lean meat content in Landrace
(0.26 and 0.66, respectively), Large White (0.33 and 0.60,
respectively), and Pietrain (0.48 and 0.49, respectively)
pigs. In the current study, lower heritabilities of ADG100
and LMP for Duroc were due to lower genetic variance
compared with Landrace (30 and 67%, respectively) and
Yorkshire (31 and 8%, respectively). This could be due to
lower selection pressure on these traits and subsequently
larger fat deposition in Landrace, as it is a maternal line
breed. Genetic background of performance traits of BW
growth at the weaning and growing—finishing periods as
well as LMP was profound for each breed, suggesting the
potential for further genetic improvement of these traits.
In addition, breed differences in BW growth and LMP
were observed between Duroc and maternal line breeds.
Feed intake in individual weeks had positive ge-
netic correlations with ADG100, and these correlations
increased by weeks on test. This was followed by an
increase in unfavorable genetic correlations between
weekly FI and LMP. The results indicate that as pigs
grow, more nutrients are allocated for fat deposition.
Shirali et al. (2012) showed that late stages of growth (90
to 120 kg BW) are associated with greater nutrient in-
take and more lipid to protein deposition compared with
earlier stages (60 to 90 kg BW) in crossbred growing—
finishing pigs. Schulze et al. (2002) observed an increase
in the genetic correlation between FI and ADG (0.12 to
0.54) and back fat (0.22 to 0.41) by increasing weeks on
test from wk 1 to 9. Furthermore, Schnyder et al. (2002)
observed that FI at different weeks on test had positive
and large genetic correlations with ADG and moderately
negative correlations with carcass lean content in a Large
White breed. The above findings are in agreement with
the results in the current study. In addition, Schulze et al.
(2002) reported moderate favorable correlations of inter-
cept (0.21) and slope (0.42) of FI with ADG and moder-
ate unfavorable correlations of intercept (0.21) and slope
(0.31) with back fat thickness. Furthermore, Schnyder et
al. (2002) estimated the genetic correlation of intercept,
linear, and quadratic regression coefficients for FI with
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single record performance traits of ADG (0.82, 0.38, and
0.63, respectively) and carcass lean content (—0.33,—0.55,
and 0.13, respectively). This indicates that selection for
quadratic effects on FI improves not only the BW gain
but also lean meat production in pigs through reduction
in FI with increasing weeks on test. Strathe et al. (2014)
estimated parameters among FI and BW (both recorded
longitudinally) for Danish Duroc pigs using a bivariate
random regression model with second-order Legendre
polynomials. The genetic correlation between FI and
growth as average over the entire test period was 0.87.
In the current study, the genetic correlation of cumulat-
ed FI during the entire test was also substantially large
for all breeds, ranging from 0.83 to 0.88. Furthermore,
moderate favorable genetic correlations between single
recorded performance traits of ADG30 and ADG100
suggest that pigs with improved BW growth at weaning
time would have superior ADG during the growing—fin-
ishing period with no or small side effects on lean meat
production. The results suggest that the later stages of
growth are associated with higher FI and therefore fat
deposition. However, selection for curves of FI can al-
low improvement in BW growth and LMP followed by
reduction in FI at later stages of growth.

Dynamic Genetic Background of Feed Efficiency

The current study shows that the genetic effects
on partial feed efficiency changes over the period of
performance testing animals for growth and feed effi-
ciency—and that these dynamics differ between breeds.
Heritability of RFI was larger at the beginning and the
end of the test period, with wk 6 to 8 being the nadir.
Strathe et al. (2014) observed a low heritability estimate
range of 0.01 to 0.07 in Duroc breed using a bivariate
random regression analysis of cumulative FI and longi-
tudinal BW records during the growth of pigs. Shirali et
al. (2014) reported large RFI heritabilities (0.47 to 0.50)
at different stages of growth for crossbred pigs grown
from 60 to 140 kg BW. This was substantially larger
than the 0.05 to 0.25 heritabilities obtained in the cur-
rent study for RFI in P1 and P2 in Danish terminal and
dam line breeds. This difference could be due to using
purebred nucleus animals in this study compared with
the crossbred commercial pigs in the study of Shirali et
al. (2014). When RFI was calculated for the entire test
period, the range of heritabilities was from 0.10 to 0.40
(Cai et al., 2008; Do et al., 2013; Saintilan et al., 2013).
The heritabilities of RFL.TP were in the lower range of
the above reported heritabilities. In general, RFI is a par-
tial measure of feed efficiency, with the components of
feed efficiency related to production and maintenance
being excluded; therefore, additive genetic variance in
partial feed efficiency is a consequence of the genetic
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correlations between underlying traits that define this

trait. Hence, a large proportion of FI explained by RFI

in early weeks on test can be due to low genetic cor-
relations of FI with ADG100 and LMP. Furthermore,
the largest genetic correlation of FI with ADG100 and

LMP were found in wk 4 to 8 in Duroc and wk 4 to 10

in the dam line breeds, resulting in less variation avail-
able in FI to be explained by RFI. Shirali et al. (2014)

reported an increase in phenotypic variance in residual

energy intake as a measure of feed efficiency when en-
ergy intake was corrected for lean and fat deposition

using phenotypic regression. This was followed by an

increase in the proportion of variance in energy intake

explained by residual energy intake (26 to 32%). This

could be due to growing animals until an average BW
of 140 kg in above study compared with a BW of 100

kg in the current study. Larger partial genetic regression

coefficient for LMP in P1 compared with P2 indicates

that this period is more associated with lean meat depo-
sition, and substantially larger coefficients for ADG100

in P2 could be due to larger fat deposition in this pe-
riod. Furthermore, Shirali et al. (2012) showed that early
stages of growth (60 to 90 kg BW) are characterized by
a lower lipid-to-protein ratio and also a lower CV in this

trait compared with later stages of growth (90 to 120

kg BW), indicating that later stages are associated with
fat growth compared with early stages for lean growth
deposition. In addition, genetic partial regression coeffi-
cients for ADG and LMP suggest that the improved feed
efficiency in Duroc is due to more efficient production
of lean BW compared with dam line breeds. This indi-
cates that underlying biological factors influencing lean
meat deposition such as less FI and more efficiency in
lean deposition have key roles in improvement of feed
efficiency in pigs. Knap (2012) reported that 35 years
of genetic improvement of lean growth rate in pigs has
resulted in a 31% reduction in nitrogen excreted per ki-
logram of protein produced. Furthermore, better feed
efficiency in Landrace can be explained by less fat de-
position in this breed compared with Yorkshire. Despite
favorable genetic correlations of growth rate and LMP
with more efficient animals, the partial measure of feed
efficiency indicates that further genetic improvement in
efficiency of nutrient utilization can be obtained through
selection for genetic RFI. This is due to the fact that
genetic RFI is a component of efficiency that is inde-
pendent of production and maintenance, with contrib-
uting factors being digestibility, physical activity, tissue
turnover, energy utilization, etc. (Dekkers and Gilbert,
2010). However, selection on phenotypic RFI obtained
through conditioning of FI for BW gain and LMP using
phenotypic partial regression coefficients would result
in disproportional selection pressure on production traits
in the breeding program due to the existence of genetic
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correlations of phenotypic RFI with these production
traits as shown by Shirali et al. (2016).

A varying genetic influence on feed efficiency was
observed in the current study along with a decrease in
the genetic correlations between RFI measured with
increasing interval between measurements. This sug-
gests that different genes can be associated with RFT at
different stages of growth. Shirali et al. (2013) showed
that different QTL influence RFT at different stages of
growth in growing—finishing pigs. In addition, Shirali
et al. (2014) reported that RFI at 60 to 90 kg BW was
lowly correlated with RFI at 90 to 120 kg BW and 120
to 140 kg BW, supporting the findings of this study.

The definition of RFI used in the current study uses
the partial genetic regression coefficient combined with
better modeling of the genetic and environmental ef-
fects on FI capacity during growth. The partial genetic
coefficient ensures that RFI is genetically independent
of production traits; however, the phenotypic correla-
tion between these traits exists (cov(Vrpps yp) = cov(Vgps
y,) — byvar(y,)), which equals cov(ep;, w,) — cov(gy,
g )1 - hpz/hpz) also shown by Kennedy et al. (1993).
Tﬁe Horizontal model combined with estimation of RFI
through covariance functions allows consistent estima-
tion of breeding values for RFI in a population by bet-
ter modeling the FI capacity of pigs during growth and
accurately modeling the genetic and residual variances
and covariances between traits. Kennedy et al. (1993)
showed that partial phenotypic or genetic regression co-
efficients can be used for estimating RFI from multitrait
analysis. The above study observed that using partial ge-
netic regression would result in lower heritability com-
pared with using partial phenotypic regression. However,
the study above suggested that RFI estimated as geneti-
cally adjusting FI for production traits would be easier
to implement in index selection. When analyzing genetic
RFT as in the current study, the heritability for RFI is less
related to the environmental correlations between FI and
production traits. This is due to the fact that the genetic
and phenotypic variances in FI are adjusted by the par-
tial genetic regression coefficients of FI on ADG100 and
LMP, which are independent of environmental variances
and covariances. Therefore, it results in genetic inde-
pendence between RFI and production traits, which is
favorable for implementation in breeding programs and
yields a breeding value that is easy to communicate to
practitioners. Selection for improvement in feed efficien-
cy under breeding conditions can be achieved through
multiple-trait selection on FI and production traits using
appropriate economic weights in a selection index or
using RFI and production traits (Kennedy et al., 1993).
Furthermore, breeding values for RFI can be defined
on a daily basis or integrated over part of or the entire
test period (Jensen, 2013; Strathe et al., 2014). In the
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current study, FI was modeled and later conditioned on
(correcting for) production traits to yield genetic RFI in
each week on test. Hence, it is illustrated that interesting
biological knowledge of the dynamics of feed efficiency
during growth can be generated from this model. In ad-
dition, by influencing the curve of FI and feed efficiency,
it is possible to further improve lean meat feed efficiency.

In conclusion, the Horizontal model proposed in
this study can be used to analyze repeated records simul-
taneously together with single recorded traits through
specific modeling of the environmental variances and
covariances. The Horizontal model allows modeling
the change in FI capacity during growth. Clear breed
differences between Duroc and dam line breeds in the
genetic parameters of the feed efficiency complex were
illustrated throughout the period of growth. Feed intake
and genetic RFI had varying genetic background during
growing—finishing period in pigs. Defining RFI as ge-
netically independent of production traits leads to easily
interpretable breeding values.
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