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ABSTRACT Random samples from generation S;; of
the Virginia high and low 8-week body weight lines
formed the base population for producing a multigenera-
tional reciprocal intercross population. Although genetic
mapping from this intercross has been reported, lacking
are phenotypic trends across multiple generations. Here,
we provide phenotypic information for the parental base

population, the F; reciprocal cross, and subsequent seg-
regating recombinant generations Fy to Fi;. Heterosis
for the selected trait in the F; was negative for both
reciprocal crosses. Phenotypic correlations for the
selected trait in the recombinant generations were essen-
tially nil for both males and females as was percent sex-
ual dimorphism and coefficients of variation.
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INTRODUCTION

The use of Fy intercrosses is the method of choice for
quantitative trait locus (QTL) mapping when genetic dif-
ferences occur between divergent populations rather than as
variation within outbred populations. However, a problem
with this experimental design is the lack of recombination
events in a single generation, which results in poor map reso-
lution for QTLSs in the Fy generation. Advanced Intercross
Lines (AILs) were thus proposed as a strategy to handle
this problem. Darvasi and Soller (1995) wrote “an advanced
intercross line...can provide more accurate estimates of
QTL map locations than conventional mapping popula-
tions.” This is because via an AIL, recombination events
accumulate by generations, and thus mapping resolution
will be enhanced. Two decades later, Gonzales and Palmer
(2014) pointed out in their review that AILs maintained as
outbred populations further reduced linkage disequilibrium
between adjacent markers, thus allowing for finer scaled
mapping.

Among farm animals, multigenerational AILs lends itself
to chickens because of the short generation interval. The use
of intercross populations for genetic mapping of numerous

© 2024 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

Received November 1, 2023.

Accepted January 15, 2024.

!Corresponding author: pbsicgel@vt.edu

2024 Poultry Science 103:103480
https://doi.org/10.1016/j.psj.2024.103480

traits in chickens has thus become common (e.g., Jennen et
al., 2005; Hasenstein and Lamont, 2007; Heifetz et al., 2009;
Prashar et al., 2009; Redmond et al., 2011; Wang et al.,
2020), including an especially long-term (F g, F1g) one (van
Goor et al., 2015) and the one described in this submission
based on an intercross between the Virginia high and low
weight selection lines (Jacobsson et al., 2005). The initial
QTL mapping using the F5 generation suggested that the
selection response was highly polygenic with many loci each
with a small phenotypic effect (Carlborg et al. 2006; Wahl-
berg et al., 2009). Genetic analysis using the AIL derived
from this intercross confirmed this conclusion, enhanced the
map resolution substantially, and demonstrated how epi-
static interaction contributed to genetic variance (Petters-
son et al., 2011; Sheng et al., 2015; Brandt et al., 2017; Zan
et al. 2017; Lillie et al., 2018; Ronneburg et al., 2022). Our
series of publications demonstrates the value of AIL as a
resource for genetic analysis due to the enhanced mapping
resolution. Both Darvasi and Soller (1995) and Gonzales
and Palmer (2014) pointed out the “real world” issues of
population size, relatedness among individuals, and breed-
ing strategies when designing an AIL. A detailed example of
these issues was provided by Heifetz et al. (2009), who
focused on Marek’s Disease.

Surprisingly, however, there is a general void in the AIL
poultry literature on phenotypic changes in their mapping
populations. Here we describe the design and phenotypic
characteristics across 17 generations in the AIL we devel-
oped from the Virginia lines that had undergone long-term
selection for 8-week body weight (Harrison et al., 2023).
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MATERIALS AND METHODS
Animal Use and Care

All procedures and protocols used in this experiment
were approved by the Institutional Animal Care and
Use Committee at Virginia Tech.

Data

The base populations for the Virginia advanced inter-
cross line (AIL) were the Virginia high (HWS) and low
(LWS) lines. These lines, established from a common
founder population, had undergone divergent selection
for the single trait body weight at 8 weeks of age (Siegel,
1962; Harrison et al., 2023). In generation Sy, reciprocal
crosses were made from individuals randomly selected
from each line to produce an F;.

The F; progeny were from matings of 10 HWS males
with 22 LWS females, and 8 LWS males with 19 HWS
females. The Fy was from 8 males (4 LH and 4 HL males
to 39 HL and 37 LH females). The F3 was produced
from 58 matings each from 1 male to 2 females. For the
F,, there were 3 matings of 1 male to 3 females, 47 of 1
to 2, and 32 of 1 to 1. Thereafter, all generations were by
single pair matings ranging from 25 (F13) to 57 (F5). All
matings were by artificial insemination with sire-dam
assignments random with the restriction that none
involved sibs.

Body weights (g) were obtained for 384 males and 413
females in the Fy generation. Respective numbers for F
through Fi; were 1,763 and 1,890. The age of breeders
varied across generations because we were focused on
accelerating the production of the AIL. Also, there were
ongoing peripheral experiments with the AIL which
influenced timing of the next generation. Thus, we
expected a generational effect on 8 wk body weight
which would not be unlike that seen for hatch effects
that are routine for flocks over the course of their pro-
duction cycle.

Husbandry

At hatch, chicks were wing banded for individual
identification and vaccinated for Marek’s Disease.
They were transferred to pens with concrete floors
and wood shavings for litter. Feed in mash form and
water were allowed ad libitum. The antibiotic-free
diet contained 20% CP and 2,685 kcal of ME/kg and
was the same formulation as that fed to the parental
lines. At 8 wk, chicks were weighed to the nearest
gram and sex determined.

Data Analysis

Body weights were analyzed by ANOVA (SAS Insti-
tute, 2013) with log transformation because means and
variances were correlated. The statistical model was:

Yijk = L + Gz’ + S] + (Gs)ij+ Cijk

where i = 2...17 generations, j = 1, 2 sexes, and k = 1,
2...n individuals per generation and sex. Because we
expected significant generation effects because of differ-
ences in ages of breeders, we decided a priori to calculate
correlations between mean body weight and generation
(2 to 17) for each sex.

Coefficients of variation and percent sexual dimor-
phism (female/male) were calculated for generations 2
to 17. Values for the parental population and F; were
not included, because they were the base and the cross
of those that formed the AIL (i.e. recombinants would
be in the F5 and subsequent generations).

Comparisons for the parental with the F; involve the
estimates of heterosis, which was using means. The for-
mula and data were then same as those used by Williams
et al. (2002) who did a more extensive analysis for a mul-
titude of traits and made comparison computational
methods.

Heterosis : (F; — [(P; 4+ P2)/2]/(P1 + P3)/2 x 100

where F; represents the line cross offspring and P; and
P, are the progeny from each of the two parental popu-
lations. Coefficients of variation were calculated for each
generation.

RESULTS AND DISCUSSION

Phenotypic comparisons for an AIL may be viewed in
the Mendelian context of 3 phases — the parental lines,
the F; crosses, and subsequent recombinant generations.
In this experiment, the parental lines were the S4; gener-
ation of the Virginia high and low lines that had under-
gone selection for the single trait 8-wk body weight.
Means and standard deviations were 1,827 + 120, 1,433
+ 101, 234 + 52, and 168 £ 38 g for HWS and LWS
males and females, respectively. Values for the F; crosses
were 774 £ 104 and 627 £ 101 g for HWS x LWS males
and females, respectively. For the LWS x HWS matings,
respective values were 917 £ 101 and 716 £ 87 g. As
expected, coefficients of variation (Figure 1) were lower
for the F; than for the recombinant generations. Hetero-
sis for 8-week body weight from the respective matings
was -25, -22, -11, and -11%. The negative heterosis was
consistent with previous crosses between these lines at
this age (Williams et al., 2002), and its sign does not
reflect “good” or “bad.” Also, long-term selection may
have purged genes associated with either high or low
body weight in their respective lines (Haldane, 1954). In
addition, heterosis at a chronological age may differ
from that at a physiological stage (Liu et al., 1993) and
is population specific (Fairfull, 1990).

In developing an AIL, a goal is to design and maintain
a reproductive population of adequate size for pheno-
typic and genetic stability across generations. Although
number of matings to produce specific generations
ranged across generation as we tried different mating
schemes after the Fy, we decided that single pair matings
were necessary to minimize inbreeding. This seemed
appropriate as the chosen trait had a moderate
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Figure 1. Coefficients of variation (%) for males and females for recombinant generations F; to Fy7.

heritability. This was a good decision because we know
that in our lines body weight is influenced by many
genes, each with small effects (Jacobsson et al., 2005;
Lillie et al., 2018).

Although there were fluctuations across recombinant
generations, the pattern for body weight was the same
for males and females (Figure 2) with no significant sex
by generation interactions (p > 0.05). Correlations
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between body weight and generation 2 to 17 were -0.06
for males and -0.07 for females. Also, sexual dimorphism
ranged from 73 to 80% across generations with the corre-
lation between them of 0.02. This shows that there was
no genetic trend by generation and that we have estab-
lished an AIL that serves its purpose as a resource to
study the segregation of alleles underlying the dramatic
differences in body weight between the HWS and LWS
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Figure 2. Mean 8-wk body weights (g) for males and females for recombinant generations Fs to Fy7.
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lines. The fluctuations in body weight among genera-
tions are not surprising. They can be precipitated by fac-
tors such as environmental effects or age of breeder.

A literature on development of randombred popula-
tions of chickens was summarized by Hess (1962). These
lines were designed to serve as a base and control for
selection experiments. Because we were interested in
various uses of our AIL per se we deviated from where
the population would serve as a basis for a selection
experiment per se. An example being the Virginia high
and low antibody lines, which were derived from the
Cornell Randombred population (e.g., Nolin et al.,
2023). Thus, in our AIL, there were some “bottlenecks”
due to fewer matings in some generations. An estimate
was made for loss of heterozygosity (1/8 M) + (1/8 F),
where M is the number of sires and F is the number of
dams in each generation (Lush, 1949). By generation 17,
the population may have been ~25% inbred.

Although intercross populations for genomic analyses
have become common in the poultry literature, there is a
dearth of information on phenotypic aspects of AIL.
Moreover, there appears to be a general lack of studies
where the parental lines were traced back, pedigree-
wise, to a common founder. Juvenile body weight in
chickens is a trait with moderate heritability influenced
by many genes with small effects, thus reflecting the
interface between genomic studies with phenotypic sta-
bility over the long term where sophistication in techni-
ques for the former have occurred over time. Namely,
the analytical techniques that are developed have and
will continue to allow for further insights into the biolog-
ical phenomena of AILs.
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