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Genomic selection (GS) as a promising molecular breeding strategy has been widely
implemented and evaluated for plant breeding, because it has remarkable superiority in
enhancing genetic gain, reducing breeding time and expenditure, and accelerating the breeding
process. In this study the factors affecting prediction accuracy (rMG) in GS were evaluated
systematically, using six agronomic traits (plant height, ear height, ear length, ear diameter,
grain yield per plant and hundred-kernel weight) evaluated in one natural and two biparental
populations. The factors examined included marker density, population size, heritability,
statistical model, population relationships and the ratio of population size between the training
and testing sets, the last being revealed by resampling individuals in different proportions from
a population. Prediction accuracy continuously increased asmarker density and population size
increased and was positively correlated with heritability; rMG showed a slight gain when the
training set increased to three times as large as the testing set. Low predictive performance
between unrelated populations could be attributed to different allele frequencies, and predictive
ability and prediction accuracy could be improved by includingmore related lines in the training
population. Among the seven statistical models examined, including ridge regression best
linear unbiased prediction (RR-BLUP), genomic BLUP (GBLUP), BayesA, BayesB, BayesC, Bayesian
least absolute shrinkage and selection operator (Bayesian LASSO), and reproducing kernel
Hilbert space (RKHS), the RKHS and additive-dominance model (Add + Dom model) showed
credible ability for capturing non-additive effects, particularly for complex traits with low
heritability. Empirical evidence generated in this study for GS-relevant factors will help plant
breeders to develop GS-assisted breeding strategies for more efficient development of varieties.
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1. Introduction

Genomic selection (GS), or genome-wide selection, has
become increasingly important in the field of molecular
plant breeding with development of high-throughput, cost-
effective genotyping technology [1–3]. The GS strategy based
on genome-wide polymorphic markers was initially proposed
in 2001 with several publications of statistical models [4]. GS
can be applied in improving preselection accuracies for
complex agronomic traits based on genomic information.
The hypothesis of GS primarily depends on the fact that
chromosome segments contributing to phenotypic variation
are in high linkage disequilibrium (LD) with aminimum of one
marker locus within the genome [4]. The GS procedure, it
usually utilizes both phenotypic and genotypic data from a
training population (TP) to train a statistical model, which can
be used to estimate genomic-estimated breeding values
(GEBVs) for precise selection of each individual from a
candidate (breeding) population that is genotyped without
phenotyping [5]. The GS strategy obviously has advantages in
comparison with previous molecular breeding technologies
such as marker-assisted selection (MAS) and marker-assisted
recurrent selection (MARS), which depend on identified
significant markers, tagged genes or mapped quantitative
trait loci (QTL). Moreover, MAS or MARS has some shortcom-
ings because the search for significant marker-QTL associa-
tions has low power in capturing genes with minor effects
[6,7]. GS removes the requirement to unearth QTL, and can
directly estimate all marker effects in whole genome and
capture genetic loci with minor effects for complex traits [8,9].
Beyond that, GS can substantially enhance the rate of annual
genetic gain by accelerating breeding cycles and by reducing
time and cost because selection of the candidate population
depends only on genotypes of individuals without need for
phenotypic records [10,11].

GS has long been practiced in livestock and animal
breeding [12–14]. For plant breeding, simulation analysis and
empirical evaluation of prediction accuracy of GS had been
accomplished by using cross-validation method in the exper-
imental populations of Arabidopsis [15], rice [16,17], wheat
[18,19], barley [20,21], maize [3,22–24], and forest trees [25–27].
Prediction accuracy (rMG) is regarded as a vital parameter to
evaluate the performance of GS in breeding programs. It is
usually defined as Pearson's correlation (r) between the true
breeding value and the GEBVs of candidate individuals. The
factors affecting the estimate accuracy of GEBV will have an
influence on prediction ability of GS. These key factors are
more or less interrelated in a comprehensive manner. They
generally include model performances, relationship between
training and breeding populations (BP), heritability of target
trait, population size of both TP and BP, population structure,
and marker density. rMG varies with particular GS statistical
models that depend on prior assumptions and treatment of
marker effects [28–31]. Several statistical models have been
applied in genomic prediction, including ridge regression best
linear unbiased prediction (RR-BLUP) [32,33], genomic best
linear unbiased prediction (GBLUP) [3,31,34,35], Bayesian
models [4,28,30,36,37], and machine learning models [38–42].
Moreover, developing optimum models with consideration of

genotype × environment interaction can significantly im-
prove the predictive ability in multi-environment trials
[43–46]. Designing the composition of the TP with reference
to BP is an important factor for maintaining a high degree of
prediction accuracy in GS breeding programs [47–49]. Agro-
nomic traits with high heritability are regulated by major-
effect genes and are rarely affected by environment, and thus
they will be positively correlated with higher rMG with good
selection response [50,51]. High marker density can improve
the proportion of genetic variation explained by molecular
markers such as single nucleotide polymorphisms (SNPs), and
thus result in high prediction accuracy, the latter being used
as a selection criterion to assist plant breeders to select target
traits with precision [51,52]. Population structure, as a specific
factor affecting GEBV prediction, can give rise to biased
estimates in GS [53–55]. Hence, taking all GS-relevant factors
into account can be deemed a rational strategy that will be
more helpful for plant breeders in making selections based on
the superiority of breeding individuals rather than their
phenotypic data alone.

In this research article, we focus on better understanding
GS-relevant factors to seek a few available measures to
instruct plant breeders in reasonably designing GS breeding
programs for enhancing genetic gain per unit time while
reducing cost. The major challenge in GS is how to integrate
empirical results into plant breeding practices to improve crop
yield and create more economic values. The datasets used in
the study contain genotypic data from the 55 K SNP array and
phenotypic data for six complex traits generated for one
natural and two biparental populations. The objectives of the
case study were to (1) evaluate the prediction accuracy of
different traits in three maize populations; (2) assess the
effects of six GS-relevant factors on prediction accuracy,
including population size, marker density, heritability, model
performance, relationship between TP and BP, and the
relative population size between the training and testing
sets; and (3) utilize the results to make recommendations for
plant breeders in implementing GS in commercial breeding
programs.

2. Materials and methods

2.1. Plant materials

The experiment started with one natural population (NAT)
and three biparental populations, including recombinant
inbred line (RIL), doubled haploid (DH) and F2:3 populations.
The natural population comprised 435 maize elite inbred lines
derived from temperate and tropical regions around the
world, so that it has rich genetic diversity. The three
biparental populations were derived from a widely grown
single-cross maize hybrid, Zhongdan 909, with elite Chinese
inbred lines Zheng 58 and HD568 as parents, and included 212
RILs, 79 DH lines, and 304 F2:3 families. As the RILs were
generated with many generations of selfing, and DH popula-
tion had only a limited number of individuals, we combined
the RILs and DH lines as a single population, and named it the
RIL&DH population.
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