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1. Introduction

Molecular breeding (MB) may be defined in a broad-sense as the use of genetic manipula-
tion performed at DNA molecular levels to improve characters of interest in plants and ani-
mals, including genetic engineering or gene manipulation, molecular marker-assisted
selection, genomic selection, etc. More often, however, molecular breeding implies molecu-
lar marker-assisted breeding (MAB) and is defined as the application of molecular biotech-
nologies, specifically molecular markers, in combination with linkage maps and genomics,
to alter and improve plant or animal traits on the basis of genotypic assays. This term is
used to describe several modern breeding strategies, including marker-assisted selection
(MAS), marker-assisted backcrossing (MABC), marker-assisted recurrent selection (MARS),
and genome-wide selection (GWS) or genomic selection (GS) (Ribaut et al., 2010). In this ar-
ticle, we will address general principles and methodologies of marker-assisted breeding in
plants and discuss some issues related to the procedures and applications of this methodolo-
gy in practical breeding, including marker-assisted selection, marker-based backcrossing,
marker-based pyramiding of multiple genes, etc., beginning with a brief introduction to mo-
lecular markers as a powerful tool for plant breeding.

2. Genetic markers in plant breeding: Conceptions, types and application

Genetic markers are the biological features that are determined by allelic forms of genes or ge-
netic loci and can be transmitted from one generation to another, and thus they can be used as
experimental probes or tags to keep track of an individual, a tissue, a cell, a nucleus, a chromo-
some or a gene. Genetic markers used in genetics and plant breeding can be classified into two
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categories: classical markers and DNA markers (Xu, 2010). Classical markers include morpho-
logical markers, cytological markers and biochemical markers. DNA markers have developed
into many systems based on different polymorphism-detecting techniques or methods (south-
ern blotting —nuclear acid hybridization, PCR - polymerase chain reaction, and DNA sequenc-
ing) (Collard et al., 2005), such as RFLP, AFLP, RAPD, SSR, SNP, etc.

2.1. Classical markers

Morphological markers: Use of markers as an assisting tool to select the plants with desired
traits had started in breeding long time ago. During the early history of plant breeding, the
markers used mainly included visible traits, such as leaf shape, flower color, pubescence col-
or, pod color, seed color, seed shape, hilum color, awn type and length, fruit shape, rind
(exocarp) color and stripe, flesh color, stem length, etc. These morphological markers gener-
ally represent genetic polymorphisms which are easily identified and manipulated. There-
fore, they are usually used in construction of linkage maps by classical two- and/or three-
point tests. Some of these markers are linked with other agronomic traits and thus can be
used as indirect selection criteria in practical breeding. In the green revolution, selection of
semi-dwarfism in rice and wheat was one of the critical factors that contributed to the suc-
cess of high-yielding cultivars. This could be considered as an example for successful use of
morphological markers to modern breeding. In wheat breeding, the dwarfism governed by
gene Rht10 was introgressed into Taigu nuclear male-sterile wheat by backcrossing, and a
tight linkage was generated between Rht10 and the male-sterility gene Tal. Then the dwarf-
ism was used as the marker for identification and selection of the male-sterile plants in
breeding populations (Liu, 1991). This is particularly helpful for implementation of recur-
rent selection in wheat. However, morphological markers available are limited, and many of
these markers are not associated with important economic traits (e.g. yield and quality) and
even have undesirable effects on the development and growth of plants.

Cytological markers: In cytology, the structural features of chromosomes can be shown by
chromosome karyotype and bands. The banding patterns, displayed in color, width, order
and position, reveal the difference in distributions of euchromatin and heterochromatin. For
instance, Q bands are produced by quinacrine hydrochloride, G bands are produced by
Giemsa stain, and R bands are the reversed G bands. These chromosome landmarks are
used not only for characterization of normal chromosomes and detection of chromosome
mutation, but also widely used in physical mapping and linkage group identification. The
physical maps based on morphological and cytological markers lay a foundation for genetic
linkage mapping with the aid of molecular techniques. However, direct use of cytological
markers has been very limited in genetic mapping and plant breeding.

Biochemical/protein markers: Protein markers may also be categorized into molecular markers
though the latter are more referred to DNA markers. Isozymes are alternative forms or
structural variants of an enzyme that have different molecular weights and electrophoretic
mobility but have the same catalytic activity or function. Isozymes reflect the products of
different alleles rather than different genes because the difference in electrophoretic mobility
is caused by point mutation as a result of amino acid substitution (Xu, 2010). Therefore, iso-



Molecular Markers and Marker-Assisted Breeding in Plants
http://dx.doi.org/10.5772/52583

zyme markers can be genetically mapped onto chromosomes and then used as genetic
markers to map other genes. They are also used in seed purity test and occasionally in plant
breeding. There are only a small number of isozymes in most crop species and some of them
can be identified only with a specific strain. Therefore, the use of enzyme markers is limited.

Another example of biochemical markers used in plant breeding is high molecular weight
glutenin subunit (HMW-GS) in wheat. Payne et al. (1987) discovered a correlation between
the presence of certain HMW-GS and gluten strength, measured by the SDS-sedimentation
volume test. On this basis, they designed a numeric scale to evaluate bread-making quality
as a function of the described subunits (Glu-1 quality score) (Payne et al., 1987; Rogers et al.,
1989). Assuming the effect of the alleles to be additive, the Bread-making quality was pre-
dicted by adding the scores of the alleles present in the particular line. It was established
that the allelic variation at the GIu-D1 locus have a greater influence on bread-making quali-
ty than the variation at the others Glu-1 loci. Subunit combination 5+10 for locus Glu-D1
(Glu-D1 5+10) renders stronger dough than Glu-D1 2+12, largely due to the presence of an
extra cysteine residue in the Dx-5 subunit compared to the Dx-2 subunit, which would pro-
mote the formation of polymers with larger size distribution. Therefore, breeders may en-
hance the bread-making quality in wheat by selecting subunit combination Glu-D1 5+10
instead of Glu-D1 2+12. Of course, the variation of bread-making quality among different
varieties cannot be explained only by the variation in HMW-GS composition, because the
low molecular weight glutinen subunit (LMW-GS) (as well as the gliadins in a smaller pro-
portion) and their interactions with the HMW-GS also play an important role in the gluten
strength and bread-making quality.

2.2. DNA markers

DNA markers are defined as a fragment of DNA revealing mutations/variations, which can
be used to detect polymorphism between different genotypes or alleles of a gene for a par-
ticular sequence of DNA in a population or gene pool. Such fragments are associated with a
certain location within the genome and may be detected by means of certain molecular tech-
nology. Simply speaking, DNA marker is a small region of DNA sequence showing poly-
morphism (base deletion, insertion and substitution) between different individuals. There
are two basic methods to detect the polymorphism: Southern blotting, a nuclear acid hybrid-
ization technique (Southern 1975), and PCR, a polymerase chain reaction technique (Mullis,
1990). Using PCR and/or molecular hybridization followed by electrophoresis (e.g. PAGE —
polyacrylamide gel electrophoresis, AGE — agarose gel electrophoresis, CE — capillary elec-
trophoresis), the variation in DNA samples or polymorphism for a specific region of DNA
sequence can be identified based on the product features, such as band size and mobility. In
addition to Sothern blotting and PCR, more detection systems have been also developed.
For instance, several new array chip techniques use DNA hybridization combined with la-
beled nucleotides, and new sequencing techniques detect polymorphism by sequencing.
DNA markers are also called molecular markers in many cases and play a major role in mo-
lecular breeding. Therefore, molecular markers in this article are mainly referred to as DNA
markers except specific definitions are given, although isozymes and protein markers are al-
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so molecular markers. Depending on application and species involved, ideal DNA markers
for efficient use in marker-assisted breeding should meet the following criteria:

* High level of polymorphism
* Even distribution across the whole genome (not clustered in certain regions)

* Co-dominance in expression (so that heterozygotes can be distinguished from homozy-
gotes)

* Clear distinct allelic features (so that the different alleles can be easily identified)
* Single copy and no pleiotropic effect

* Low cost to use (or cost-efficient marker development and genotyping)

* Easy assay/detection and automation

* High availability (un-restricted use) and suitability to be duplicated/multiplexed (so that
the data can be accumulated and shared between laboratories)

* Genome-specific in nature (especially with polyploids)
* No detrimental effect on phenotype

Since Botstein et al. (1980) first used DNA restriction fragment length polymorphism (RFLP)
in human linkage mapping, substantial progress has been made in development and im-
provement of molecular techniques that help to easily find markers of interest on a large-
scale, resulting in extensive and successful uses of DNA markers in human genetics, animal
genetics and breeding, plant genetics and breeding, and germplasm characterization and
management. Among the techniques that have been extensively used and are particularly
promising for application to plant breeding, are the restriction fragment length polymor-
phism (RFLP), amplified fragment length polymorphism (AFLP), random amplified poly-
morphic DNA (RAPD), microsatellites or simple sequence repeat (SSR), and single
nucleotide polymorphism (SNP). According to a causal similarity of SNPs with some of
these marker systems and fundamental difference with several other marker systems, the
molecular markers can also be classified into SNPs (due to sequence variation, e.g. RFLP)
and non-SNPs (due to length variation, e.g. SSR) (Gupta et al., 2001). The marker techniques
help in selection of multiple desired characters simultaneously using F, and back-cross pop-
ulations, near isogenic lines, doubled haploids and recombinant inbred lines. In view of
page limitation, only five marker systems mentioned above are briefly addressed here ac-
cording to published literatures. The details about the technical methods how to develop
DNA markers and the procedures how to detect in practice have been described in the re-
cently published reviews and books in this area (Farooq and Azam, 2002a, 2002b; Gupta et
al., 2001; Semagn et al., 2006a; Xu, 2010).

RFLP markers: RFLP markers are the first generation of DNA markers and one of the impor-
tant tools for plant genome mapping. They are a type of Southern-Boltting-based markers.
In living organisms, mutation events (deletion and insertion) may occur at restriction sites
or between adjacent restriction sites in the genome. Gain or loss of restriction sites resulting
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from base pair changes and insertions or deletions at restriction sites within the restriction
fragments may cause differences in size of restriction fragments. These variations may cause
alternation or elimination of the recognition sites for restriction enzymes. As a consequence,
when homologous chromosomes are subjected to restriction enzyme digestion, different re-
striction products are produced and can be detected by electrophoresis and DNA probing
techniques.

RFLP markers are powerful tools for comparative and synteny mapping. Most RFLP mark-
ers are co-dominant and locus-specific. RFLP genotyping is highly reproducible, and the
methodology is simple and no special equipment is required. By using an improved RFLP
technique, i.e., cleaved amplified polymorphism sequence (CAPS), also known as PCR-
RFLP, high-throughput markers can be developed from RFLP probe sequences. Very few
CAPS are developed from probe sequences, which are complex to interpret. Most CAPS are
developed from SNPs found in other sequences followed by PCR and detection of restric-
tion sites. CAPS technique consists of digesting a PCR-amplified fragment and detecting the
polymorphism by the presence/absence of restriction sites (Konieczny and Ausubel, 1993).
Another advantage of RFLP is that the sequence used as a probe need not be known. All
that a researcher needs is a genomic clone that can be used to detect the polymorphism.
Very few RFLPs have been sequenced to determine what sequence variation is responsible
for the polymorphism. However, it may be problematic to interpret complex RFLP allelic
systems in the absence of sequence information. RFLP analysis requires large amounts of
high-quality DNA, has low genotyping throughput, and is very difficult to automate. Radio-
active autography involving in genotyping and physical maintenance of RFLP probes limit
its use and share between laboratories. RFLP markers were predominantly used in 1980s
and 1990s, but since last decade fewer direct uses of RFLP markers in genetic research and
plant breeding have been reported. Most plant breeders would think that RFLP is too labori-
ous and demands too much pure DNA to be important for plant breeding. It was and is,
however, central for various types of scientific studies.

RAPD markers: RAPD is a PCR-based marker system. In this system, the total genomic DNA
of an individual is amplified by PCR using a single, short (usually about ten nucleotides/
bases) and random primer. The primer which binds to many different loci is used to amplify
random sequences from a complex DNA template that is complementary to it (maybe in-
cluding a limited number of mismatches). Amplification can take place during the PCR, if
two hybridization sites are similar to one another (at least 3000 bp) and in opposite direc-
tions. The amplified fragments generated by PCR depend on the length and size of both the
primer and the target genome. The PCR products (up to 3 kb) are separated by agarose gel
electrophoresis and imaged by ethidium bromide (EB) staining. Polymorphisms resulted
from mutations or rearrangements either at or between the primer-binding sites are visible
in the electrophoresis as the presence or absence of a particular RAPD band.

RAPD predominantly provides dominant markers. This system yields high levels of poly-
morphism and is simple and easy to be conducted. First, neither DNA probes nor sequence
information is required for the design of specific primers. Second, the procedure does not
involve blotting or hybridization steps, and thus it is a quick, simple and efficient technique.
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Third, relatively small amounts of DNA (about 10 ng per reaction) are required and the pro-
cedure can be automated, and higher levels of polymorphism also can be detected com-
pared with RFLP. Fourth, no marker development is required, and the primers are non-
species specific and can be universal. Fifth, the RAPD products of interest can be cloned,
sequenced and then converted into or used to develop other types of PCR-based markers,
such as sequence characterized amplified region (SCAR), single nucleotide polymorphism
(SNP), etc. However, RAPD also has some limitations/disadvantages, such as low reprodu-
cibility and incapability to detect allelic differences in heterozygotes.

AFLP markers: AFLPs are PCR-based markers, simply RFLPs visualized by selective PCR
amplification of DNA restriction fragments. Technically, AFLP is based on the selective PCR
amplification of restriction fragments from a total double-digest of genomic DNA under
high stringency conditions, i.e., the combination of polymorphism at restriction sites and hy-
bridization of arbitrary primers. Because of this AFLP is also called selective restriction frag-
ment amplification (SRFA). An AFLP primer (17-21 nucleotides in length) consists of a
synthetic adaptor sequence, the restriction endonuclease recognition sequence and an arbi-
trary, non-degenerate “selective’ sequence (1-3 nucleotides). The primers used in this techni-
que are capable of annealing perfectly to their target sequences (the adapter and restriction
sites) as well as a small number of nucleotides adjacent to the restriction sites. The first step
in AFLP involves restriction digestion of genomic DNA (about 500 ng) with two restriction
enzymes, a rare cutter (6-bp recognition site, EcoRI, PtsI or Hindlll) and a frequent cutter (4-
bp recognition site, Msel or Tagl). The adaptors are then ligated to both ends of the frag-
ments to provide known sequences for PCR amplification. The double-stranded
oligonucleotide adaptors are designed in such a way that the initial restriction site is not re-
stored after ligation. Therefore, only the fragments which have been cut by the frequent cut-
ter and rare cutter will be amplified. This property of AFLP makes it very reliable, robust
and immune to small variations in PCR amplification parameters (e.g., thermal cycles, tem-
plate concentration), and it also can produce a high marker density. The AFLP products can
be separated in high-resolution electrophoresis systems. The fragments in gel-based or capil-
lary DNA sequencers can be detected by dye-labeling primers radioactively or fluorescently.
The number of bands produced can be manipulated by the number of selective nucleotides
and the nucleotide motifs used.

A typical AFLP fingerprint (restriction fragment patterns generated by the technique) con-
tains 50-100 amplified fragments, of which up to 80% may serve as genetic markers. In gen-
eral, AFLP assays can be conducted using relatively small DNA samples (1-100 ng per
individual). AFLP has a very high multiplex ratio and genotyping throughput, and is rela-
tively reproducible across laboratories. Another advantage is that it does not require se-
quence information or probe collection prior to generating the fingerprints, and a set of
primers can be used for different species. This is especially useful when DNA markers are
rare. However, AFLP assays have some limitations also. For instance, polymorphic informa-
tion content for bi-allelic markers is low (the maximum is 0.5). High quality DNA is re-
quired for complete restriction enzyme digestion. AFLP markers usually cluster densely in
centromeric regions in some species with large genomes (e.g., barley and sunflower). In ad-



Molecular Markers and Marker-Assisted Breeding in Plants
http://dx.doi.org/10.5772/52583

dition, marker development is complicated and not cost-efficient, especially for locus-specif-
ic markers. The applications of AFLP markers include biodiversity studies, analysis of
germplasm collections, genotyping of individuals, identification of closely linked DNA
markers, construction of genetic DNA marker maps, construction of physical maps, gene
mapping, and transcript profiling.

SSR markers: SSRs, also called microsatellites, short tandem repeats (STRs) or sequence-tag-
ged microsatellite sites (STMS), are PCR-based markers. They are randomly tandem repeats
of short nucleotide motifs (2-6 bp/nucleotides long). Di-, tri- and tetra-nucleotide repeats,
e.g. (GT)n, (AAT)n and (GATA)n, are widely distributed throughout the genomes of plants
and animals. The copy number of these repeats varies among individuals and is a source of
polymorphism in plants. Because the DNA sequences flanking microsatellite regions are
usually conserved, primers specific for these regions are designed for use in the PCR reac-
tion. One of the most important attributes of microsatellite loci is their high level of allelic
variation, thus making them valuable genetic markers. The unique sequences bordering the
SSR motifs provide templates for specific primers to amplify the SSR alleles via PCR. SSR
loci are individually amplified by PCR using pairs of oligonucleotide primers specific to
unique DNA sequences flanking the SSR sequence. The PCR-amplified products can be sep-
arated in high-resolution electrophoresis systems (e.g. AGE and PAGE) and the bands can
be visually recorded by fluorescent labeling or silver-staining.

SSR markers are characterized by their hyper-variability, reproducibility, co-dominant na-
ture, locus-specificity, and random genome-wide distribution in most cases. The advantages
of SSR markers include that they can be readily analyzed by PCR and easily detected by
PAGE or AGE. SSR markers can be multiplexed, have high throughput genotyping and can
be automated. SSR assays require only very small DNA samples (~100 ng per individual)
and low start-up costs for manual assay methods. However, SSR technique requires nucleo-
tide information for primer design, labor-intensive marker development process and high
start-up costs for automated detections. Since the 1990s SSR markers have been extensively
used in constructing genetic linkage maps, QTL mapping, marker-assisted selection and
germplasm analysis in plants. In many species, plenty of breeder-friendly SSR markers have
been developed and are available for breeders. For instance, there are over 35,000 SSR mark-
ers developed and mapped onto all 20 linkage groups in soybean, and this information is
available for the public (Song et al., 2010).

SNP markers: An SNP is a single nucleotide base difference between two DNA sequences or
individuals. SNPs can be categorized according to nucleotide substitutions either as transi-
tions (C/T or G/A) or transversions (C/G, A/T, C/A or T/G). In practice, single base variants
in cONA (mRNA) are considered to be SNPs as are single base insertions and deletions (in-
dels) in the genome. SNPs provide the ultimate/simplest form of molecular markers as a sin-
gle nucleotide base is the smallest unit of inheritance, and thus they can provide maximum
markers. SNPs occur very commonly in animals and plants. Typically, SNP frequencies are
in a range of one SNP every 100-300 bp in plants (Edwards et al., 2007; Xu, 2010). SNPs may
present within coding sequences of genes, non-coding regions of genes or in the intergenic
regions between genes at different frequencies in different chromosome regions.
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Based on various methods of allelic discrimination and detection platforms, many SNP geno-
typing methods have been developed. A convenient method for detecting SNPs is RFLP (SNP-
RFLP) or by using the CAPS marker technique. If one allele contains a recognition site for a
restriction enzyme while the other does not, digestion of the two alleles will produce different
fragments in length. A simple procedure is to analyze the sequence data stored in the major da-
tabases and identify SNPs. Four alleles can be identified when the complete base sequence of a
segment of DNA is considered and these are represented by A, T, G and C at each SNP locus in
that segment. There are several SNP genotyping assays, such as allele-specific hybridization,
primer extension, oligonucleotide ligation and invasive cleavage based on the molecular
mechanisms (Sobrino et al., 2005), and different detection methods to analyze the products of
each type of allelic discrimination reaction, such as gel electrophoresis, mass spectrophotome-
try, chromatography, fluorescence polarization, arrays or chips, etc. At the present, SNPs are
also widely detected by sequencing. Detailed procedures are described in the review by Gup-
taatel. (2001) and the book Molecular Plant Breeding by Xu (2010).

SNPs are co-dominant markers, often linked to genes and present in the simplest/ultimate
form for polymorphism, and thus they have become very attractive and potential genetic
markers in genetic study and breeding. Moreover, SNPs can be very easily automated and
quickly detected, with a high efficiency for detection of polymorphism. Therefore, it can be
expected that SNPs will be increasingly used for various purposes, particularly as whole
DNA sequences become available for more and more species (e.g., rice, soybean, maize,
etc.). However, high costs for start-up or marker development, high-quality DNA required
and high technical/equipment demands limit, to some extent, the application of SNPs in
some laboratories and practical breeding programs.

The features of the widely used DNA markers discussed above are compared in Table 1. The
advantages or disadvantages of a marker system are relevant largely to the purposes of re-
search, available genetic resources or databases, equipment and facilities, funding and per-
sonnel resources, etc. The choice and use of DNA markers in research and breeding is still a
challenge for plant breeders. A number of factors need to be considered when a breeder
chooses one or more molecular marker types (Semagn et al., 2006a). A breeder should make
an appropriate choice that best meets the requirements according to the conditions and re-
sources available for the breeding program.

Feature and RFLP RAPD AFLP SSR SNP
description
Genomic abundance  High High High Moderate to Very high
high
Genomic coverage Low copy coding Whole genome Whole genome  Whole genome Whole genome
region
Expression/inheritance Co-dominant Dominant Dominant / co- Co-dominant Co-dominant

dominant
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Feature and RFLP RAPD AFLP SSR SNP

description

Number of loci Small (<1,000) Small (<1,000)  Moderate High (1,000s-  Very high
(1,000s) 10,000s) (=100,000)

Level of polymorphism Moderate High High High High

Type of polymorphism  Single base Single base Single base Changesin Single base

changes, indels

changes, indels

changes, indels

length of repeats

changes, indels

Type of probes/primers Low copy DNAor 10 bprandom  Specific sequence Specific Allele-specific
cDNA clones nucleotides sequence PCR primers

Cloning and/or Yes No No Yes Yes

sequencing

PCR-based Usually no Yes Yes Yes Yes

Radioactive detection  Usually yes No Yes or no Usually no No

Reproducibility/ High Low High High High

reliability

Effective multiplex ratio Low Moderate High High Moderate to high

Marker index Low Moderate Moderate to high High Moderate

Genotyping Low Low High High High

throughput

Amount of DNA Large (5-50pg) Small (0.01-0.1 Moderate (0.5—- Small (0.05 - Small (= 0.05 ug)

required ug) 1.0 ug) 0.12 ug)

Quality of DNA High Moderate High Moderate to High

required high

Technically demanding Moderate Low Moderate Low High

Time demanding High Low Moderate Low Low

Ease of use Not easy Easy Moderate Easy Easy

Ease of automation Low Moderate Moderate to high High High

Development/start-up Moderate to high Low Moderate Moderate to High

cost high

Cost per analysis High Low Moderate Low Low

Number of 1.0-3.0 1.5-5.0 20-100 1.0-3.0 1.0

polymorphic loci per

analysis

Primary application Genetics Diversity Diversity and All purposes All purposes

genetics

Table 1. Comparison of most widely used DNA marker systems in plants; Adapted from Collard et al. (2005), Semagn
et al. (2006a), Xu (2010), and others.
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3. Pre-requisites and general activities of marker-assisted breeding

3.1. Prerequisites for an efficient marker-assisted breeding program

Compared with conventional breeding approaches, molecular breeding, mainly referred to
as DNA marker-assisted breeding, needs more complicated equipment and facilities. In gen-
eral, the pre-requisites listed below are essential for marker-assisted breeding (MAB) in
plants.

a. Appropriate marker system and reliable markers: For a plant species or crop, a suitable
marker system and reliable markers available are critically important to initiate a mark-
er-assisted breeding program. As discussed above, suitable markers should have fol-
lowing attributes:

* Ease and low-cost of use and analysis;

* Small amount of DNA required;

* Co-dominance;

* Repeatability/reproducibility of results;

* High levels of polymorphism; and

* Occurrence and even distribution genome wide

In addition, another important desirable attribute for the markers to be used is close associa-
tion with the target gene(s). If the markers are located in close proximity to the target gene
or present within the gene, selection of the markers will ensure the success in selection of the
gene. Although they can also be used in plant breeding programs, the number of classical
markers possessing these features is very small. DNA markers for polymorphism are availa-
ble throughout the genome, and their presence or absence is not affected by environments
and usually do not directly affect the phenotype. DNA markers can be detected at any stage
of plant growth, but the detection of classical markers is usually limited to certain growth
stages. Therefore, DNA markers are the predominant types of genetic markers for MAB.
Each type of markers has advantages and disadvantages for specific purposes. Relatively
speaking, SSRs have most of the desirable features and thus are the current marker of choice
for many crops. SNPs require more detailed knowledge of the specific, single nucleotide
DNA changes responsible for genetic variation among individuals. However, more and
more SNPs have become available in many species, and thus they are also considered an im-
portant type for marker-assisted breeding.

b. Quick DNA extraction and high throughput marker detection: For most plant breeding
programs, hundreds to thousands of plants/individuals are usually screened for desired
marker patterns. In addition, the breeders need the results instantly to make selections
in a timely manner. Therefore, a quick DNA extraction technique and a high through-
put marker detection system are essentially required to handle a large number of tissue
samples and a large-scale screening of multiple markers in breeding programs. Extract-
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ing DNA from small tissue samples in 96- or 384-well plates and streamlined operations
are adopted in many labs and programs. High throughput PAGE and AGE systems are
commonly used for marker detection. Some labs also provide marker detection services
using automated detection systems, e.g. SNP chips based on thousands to ten thou-
sands of markers.

c¢. Genetic maps: Linkage maps provide a framework for detecting marker-trait associa-
tions and for choosing markers to use in marker-assisted breeding. Therefore, a genetic
linkage map, particularly high-density linkage map is very important for MAB. To use
markers and select a desired trait present in a specific germplasm line, a proper popula-
tion of segregation for the trait is required to construct a linkage map. Once a marker or
a few markers are found to be associated with the trait in a given population, a dense
molecular marker map in a standard reference population will help identify makers
that are close to (or flank) the target gene. If a region is found associated with the de-
sired traits of interest, fine mapping also can be done with additional markers to identi-
ty the marker(s) tightly linked to the gene controlling the trait. A favorable genetic map
should have an adequate number of evenly-spaced polymorphic markers to accurately
locate desired QTLs/genes (Babu et al., 2004).

d. Knowledge of marker-trait association: The most crucial factor for marker-assisted
breeding is the knowledge of the associations between markers and the traits of interest.
Only those markers that are closely associated with the target traits or tightly linked to
the genes can provide sufficient guarantee for the success in practical breeding. The
more closely the markers are associated with the traits, the higher the possibility of suc-
cess and efficiency of use will be. This information can be obtained in various ways,
such as gene mapping, QTL analysis, association mapping, classical mutant analysis,
linkage or recombination analysis, bulked segregant analysis, etc. In addition, it is also
critical to know the linkage situation, i.e. the markers are linked in cis/trans (coupling or
repulsion) with the desired allele of the trait. Even if some markers have been reported
to be tightly linked with a QTL, a plant breeder still needs to determine the association
of alleles in his own breeding material. This makes QTL information difficult to directly
transfer between different materials.

e. Quick and efficient data processing and management: In addition to above-mentioned
pre-requisites, quick and efficient data process and management may provide timely
and useful reports for breeders. In a marker-assisted breeding program, not only are
large numbers of samples handled, but multiple markers for each sample also need to
be screened at the same time. This situation requires an efficient and quick system for
labeling, storing, retrieving, processing and analyzing large data sets, and even inte-
grating data sets available from other programs. The development of bioinformatics
and statistical software packages provides a useful tool for this purpose.

3.2. Activities of marker-assisted breeding

Marker-assisted breeding involves the following activities provided the prerequisites are
well equipped or available:
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Planting the breeding populations with potential segregation for traits of interest or
polymorphism for the markers used.

Sampling plant tissues, usually at early stages of growth, e.g. emergence to young seed-
ling stage.

Extracting DNA from tissue sample of each individual or family in the populations, and
preparing DNA samples for PCR and marker screening.

Running PCR or other amplifying operation for the molecular markers associated with
or linked to the trait of interest.

Separating and scoring PCR/amplified products, by means of appropriate separation
and detection techniques, e.g. PAGE, AGE, etc.

Identifying individuals/families carrying the desired marker alleles.

Selecting the best individuals/families with both desired marker alleles for target traits
and desirable performance/phenotypes of other traits, by jointly using marker results
and other selection criteria.

Repeating the above activities for several generations, depending upon the association
between the markers and the traits as well as the status of marker alleles (homozygous
or heterozygous), and advancing the individuals selected in breeding program until sta-
ble superior or elite lines that have improved traits are developed.

4. Marker-assisted selection

4.1. MAS procedure and theoretical and practical considerations

Marker-assisted selection (MAS) refers to such a breeding procedure in which DNA marker
detection and selection are integrated into a traditional breeding program. Taking a single
cross as an example, the general procedure can be described as follow:

a.

Select parents and make the cross, at least one (or both) possesses the DNA marker al-
lele(s) for the desired trait of interest.

Plant F, population and detect the presence of the marker alleles to eliminate false hy-
brids.

Plant segregating F, population, screen individuals for the marker(s), and harvest the
individuals carrying the desired marker allele(s).

Plant F,; plant rows, and screen individual plants with the marker(s). A bulk of F; indi-
viduals within a plant row may be used for the marker screening for further confirma-
tion in case needed if the preceding F, plant is homozygous for the markers. Select and
harvest the individuals with required marker alleles and other desirable traits.
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e. In the subsequent generations (F, and F;), conduct marker screening and make selection
similarly as for F,;s, but more attention is given to superior individuals within homozy-
gous lines/rows of markers.

f. In Fs; or F 5 generations, bulk the best lines according to the phenotypic evaluation of
target trait and the performance of other traits, in addition to marker data.

g. Plant yield trials and comprehensively evaluate the selected lines for yield, quality, re-
sistance and other characters of interest.

A frequently asked question about marker-assisted selection is that “how many QTLs
should be selected for MAS?” Theoretically, all the QTLs contributing to the trait of interest
could be taken into account. For a quantitatively-inherited character like yield, numerous
QTLs or genes are usually involved. It is almost impossible to select all QTLs or genes si-
multaneously so that the selected individuals incorporate all the desired QTLs due to the
limitation of resources and facilities. The number of individuals in the population increases
exponentially with the increase of target loci involved. The relative efficiency of MAS de-
creases as the number of QTLs increases and their heritability decreases (Moreau et al.,
1998). In other words, MAS will be less effective for a highly complex character governed by
many genes than for a simply inherited character controlled by a few genes. The number of
genes/QTLs not only impacts the efficiency of MAS, but also the breeding design and imple-
ment scheme (detail will be discussed below). Typically no more than three QTLs are re-
garded as an appropriate and feasible choice (Ribaut and Betran, 1999), although five QTLs
were used in improvement of fruit quality traits in tomato via marker-assisted introgression
(Lecomte et al., 2004). With development of SNP markers (especially rapid automated detec-
tion and genotyping technologies), selection of more QTLs at the same time might be prefer-
red and practicable (Kumpatla et al., 2012).

For MAS for multiple genes/QTLs, it was suggested to limit the number of genes undergo-
ing selection to three to four if they are QTLs selected on the basis of linked markers, and to
five to six if they are known loci selected directly (Hospital, 2003). Only the multi-environ-
mentally verified QTLs that possess medium to large effects are selected. The first priority
should be given to the major QTLs that can explain greatest proportion of phenotypic varia-
tion and/or can be consistently detected across a range of environments and different popu-
lations. In addition, an index for selection that weights markers differently could be
constructed, depending on their relative importance to the breeding objectives. Flint-Garcia
et al. (2003) presented an example of such an index used to select for QTLs with different
effect magnitudes.

Another question that is commonly asked also is that “how many markers should be used in
MAS?” The more markers associated with a QTL are used, the greater opportunity of suc-
cess in selecting the QTL of interest will be ensured. However, efficiency is also important
for a breeding program, especially when the resources and facilities are limited. From the
point of both effectiveness and efficiency, for a single QTL it is usually suggested to use two
markers (i.e. flanking markers) that are tightly linked to the QTL of interest. The markers to
be used should be close enough to the gene/QTL of interest (<5cM) in order to ensure that
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only a minor proportion of the selected individuals will be recombinants. If a marker (e.g.
the peak marker) is found to be located within the region of gene sequence of interest or in
such a close proximity to the QTL/gene that no recombination occurs between the marker
and the QTL/gene, such a marker only should be preferable. However, if a marker is not
tightly linked to a gene of interest, recombination between the marker and gene may reduce
the efficiency of MAS because a single crossover may alternate the linkage association and
leads to selection errors. The efficiency of MAS decreases as the recombination frequency
(genetic distance) between the marker and gene increases. Use of two flanking markers rath-
er than one may decrease the chance of such errors due to homologous recombination and
increase the efficiency of MAS. In this case, only a double crossover (i.e. two single cross-
overs occurring simultaneously on both sides of the gene/QTL in the region) may result in
selection errors, but the frequency of a double crossover is considerably rare. For instance, if
two flanking markers with an interval of 20cM or so between them are used, there will be
higher probability (99%) for recovery of the target gene than only one marker used.

In practical MAS, a breeder is also concerned about how the markers should be detected,
how many generations of MAS have to be conducted, and how large size of the population
is needed. In general, detection of marker polymorphism is performed at early stages of
plant growth. This is true especially for marker-assisted backcrossing and marker-assisted
recurrent selection, because only the individuals that carry preferred marker alleles are ex-
pected to be used in backcrossing to the recurrent parent and/or inter-mating between se-
lected individuals/progenies. The generations of MAS required vary with the number of
markers used, the degree of association between the markers and the QTLs/genes of interest,
and the status of marker alleles. In many cases, marker screening is performed for two to
four consecutive generations in a segregating population. If fewer markers are used and the
markers are in close proximity to the QTL or gene of interest, fewer generations are needed.
If homozygous status of marker alleles of interest is detected in two consecutive generations,
marker screening may not be performed in their progenies. Bonnett et al. (2005) discussed
the strategies for efficient implementation of MAS involving several issues, e.g. breeding
systems or schemes, population sizes, number of target loci, etc. Their strategies include F,
enrichment, backcrossing, and inbreeding.

In MAS, phenotypic evaluation and selection is still very helpful if conditions permit to do
so, and even necessary in cases when the QTLs selected for MAS are not so stable across en-
vironments and the association between the selected markers and QTLs is not so close.
Moreover, one should also take the impact of genetic background into consideration. The
presence of a QTL or marker does not necessarily guarantee the expression of the desired
trait. QTL data derived from multiple environments and different populations help a better
understanding of the interactions of QTL x environment and QTL x QTL or QTL x genetic
background, and thus help a better use of MAS. In addition to genotypic (markers) and phe-
notypic data for the trait of interest, a breeder often pays considerable attention to other im-
portant traits, unless the trait of interest is the only objective of breeding.

There are several indications for adoption of molecular markers in the selection for the traits
of interest in practical breeding. The situations favorable for MAS include:
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* The selected character is expressed late in plant development, like fruit and flower fea-
tures or adult characters with a juvenile period (so that it is not necessary to wait for the
plant to become fully developed before propagation occurs or can be arranged)

* The target gene is recessive (so that individuals which are heterozygous positive for the
recessive allele can be selected and/or crossed to produce some homozygous offspring
with the desired trait)

* Special conditions are required in order to invoke expression of the target gene(s), as in
the case of breeding for disease and pest resistance (where inoculation with the disease or
subjection to pests would otherwise be required), or the expression of target genes is
highly variable with the environments.

* The phenotype of a trait is conditioned by two or more unlinked genes. For example, se-
lection for multiple genes or gene pyramiding may be required to develop enhanced or
durable resistance against diseases or insect pests.

4.2. MAS for major genes or improvement of qualitative traits

In crop plants, many economically important characteristics are controlled by major genes/
QTLs. Such characteristics include resistance to diseases/pests, male sterility, self-incompati-
bility and others related to shape, color and architecture of whole plants and/or plant parts.
These traits are often of mono- or oligogenic inheritance in nature. Even for some quality
traits, one or a few major QTLs or genes can account for a very high proportion of the phe-
notypic variation of the trait (Bilyeu et al., 2006; Pham et al., 2012). Transfer of such a gene to
a specific line can lead to tremendous improvement of the trait in the cultivar under devel-
opment. The marker loci which are tightly linked to major genes can be used for selection
and are sometimes more efficient than direct selection for the target genes. In some cases,
such advantages in efficiency may be due to higher expression of the marker mRNA in such
cases that the marker is actually within a gene. Alternatively, in such cases that the target
gene of interest differs between two alleles by a difficult-to-detect SNP, an external marker
of which polymorphism is easier to detect, may present as the most realistic option.

Soybean cyst nematode (SCN) (Heterodera glycines Inchinoe) may be taken as an example of
MAS for major genes. This pathogen is the most economically significant soybean pest. The
principal strategy to reduce or eliminate damage from this pest is the use of resistant culti-
vars (Cregan et al., 1999). However, identifying resistant segregants in breeding populations
is a difficult and expensive process. A widely used phenotypic assay takes five weeks, re-
quires a large greenhouse space, and about 5 to 10 h of labor for every 100 plant samples
processed (Young, 1999). Fortunately, the SSR marker Satt309 has been identified to be locat-
ed only 1-2 cM away from the resistance gene rhgl (Cregan et al., 1999), which forms the
basis of many public and commercial breeding efforts. In a direct comparison, genotypic se-
lection with Satt309 was 99% accurate in predicting lines that were susceptible in subse-
quent greenhouse assays for two test populations, and 80% accurate in a third population,
each with a different source of SCN resistance (Young, 1999). In soybean, Shi et al. (2009)
reported that using molecular markers in a cross J05 x V94-5152, they developed five F,;
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lines that were homozygous for all eight marker alleles linked to the genes/loci of resistance
to soybean mosaic virus (SMV). These lines exhibited resistance to SMV strains G1 and G7
and presumably carried all three resistance genes (Rsv1, Rsv3 and Rsv4) that would poten-
tially provide broad and durable resistance to SMV.

4.3. MAS for improvement of quantitative traits

Most of the important agronomic traits are polygenic or controlled by multiple QTLs. MAS
for the improvement of such traits is a complex and difficult task because it is related to
many genes or QTLs involved, QTL x E interaction and epistasis. Usually, each of these
genes has a small effect on the phenotypic expression of the trait and expression is affected
by environmental conditions. Phenotyping of quantitative traits becomes a complex endeav-
or consequently, and determining marker-phenotype association becomes difficult as well.
Therefore, repeated field tests are required to accurately characterize the effects of the QTLs
and to evaluate the stability across environments. The QTL x E interaction reduces the effi-
ciency of MAS and epistasis can result in a skewed QTL effect on the trait.

Despite a tremendous amount of QTL mapping experiments over the past decade, applica-
tion and utilization of the QTL mapping information in plant breeding has been constrained
by a number of factors (Collard and Mackill, 2008):

1. Strong QTL-environmental interaction which make phenotyping difficult since expres-
sion may vary from one location/year to another;

2. Lack of universally valid QTL-marker associations applicable across populations. The
notion that QTL mapping to identify new QTL markers whenever a new germplasm is
used, puts some people off and they lose interest in MAS;

3. Deficiencies in QTL statistical analysis which lead to either overestimation or underesti-
mation of the number of QTLs involved and their effect on the trait;

4. Often times, there are no QTLs with major effects on the trait and this means a large
number of QTLs have to be identified and in many cases this becomes a tough goal to
achieve and further complicates identification of marker-QTL association.

In order to improve the efficiency of MAS for quantitative traits, appropriate field experi-
mental designs and approaches have to be employed. Attention should be given to replica-
tions both over time and space, consistency in experimental techniques, samplings and
evaluations, robust data processing and statistical analysis. For example, composite interval
mapping (CIM) allows the integration of data from different locations for joint analysis to
estimate QTL-environment interaction so that stable QTLs across environments can be iden-
tified. A saturated linkage map enables accurate identification of both targeted QTLs as well
as linked QTLs in coupling and repulsion linkage phases. In practical breeding for improve-
ment of a quantitative trait, usually not many minor QTLs are considered but only a few
major QTLs are used in MAS. In case many QTLs especially minor-effect QTLs are involved,
a breeder would prefer to consider the strategy of gene pyramiding (see the later section).
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Fusarium head blight (FHB) caused by Fusarum species is one of the most destructive diseas-
es in wheat and barley worldwide. To combat this disease, a great effort from multiple
tields, including plant breeding and genetics, molecular genetics and genomics, plant path-
ology, and integrated management, has been dedicated since 1990s. Resistance to HFB in
both wheat and barley is quantitatively inherited, and many QTLs have been identified
from different resources of germplasm (Buerstmayr et al., 2009). Use of MAS to improve the
resistance has become a choice for many breeding programs. In wheat, a major QTL desig-
nated as Fhbl was consistently detected across multiple environments and populations, and
explained 20-40% of phenotypic variation in most cases (Buerstmayr et al., 2009; Jiang et al.,
2007a, 2007b). Thus wheat breeders would especially prefer to use this major QTL to devel-
op new cultivars with FHB resistance. Pumphrey et al. (2007) compared 19 pairs of NIL for
Fhb1 derived from an ongoing breeding program and found that the average reduction in
disease severity between NIL pairs was 23% for disease severity and 27% for kernel infec-
tion. Later investigation from the group also demonstrated successful implementation of
MAS for this QTL (Anderson et al. 2007).

In addition, researchers also tried to incorporate multiple QTLs by MAS. Miedaner et al. (2006)
demonstrated that MAS for three FHB resistance QTLs simultaneously was highly effective in
enhancing FHB resistance in German spring wheat. FHB resistance was the highest in recombi-
nant lines with multiple QTLs combined, especially 3B plus 5A. Jiang et al. (2007a) made a
comparison of multiple-locus combinations in a RIL population derived from the cross “Veery
x CJ 9306”. For three loci, the average levels of resistance from low to high in genotypes were:
no favorable allele — one favorable allele — two favorable alleles — three favorable alleles, ex-
cept for the non-reciprocal comparisons. When four or five loci carrying favorable alleles from
the resistant parent CJ 9306 were considered simultaneously, the coefficients of determination
between the accumulated effects of alleles for different combinations and the averages of num-
ber or percentage of diseased spikelets for the corresponding RILs were 0.33-0.41 (P<0.01)
(Jiang et al., 2007a). Therefore, the authors concluded that the effects of FHB resistance QTLs
could be accumulated and the resistance could be feasibly enhanced by selection of favorable
marker alleles for multiple loci in breeding programs.

In the U.S., the Coordinated Agricultural Projects (CAPs) with aims to encourage collabora-
tive efforts in applied plant genomics and molecular research have been implemented in
several crops, such as rice, wheat, barley, beans, potato, tomato, etc. An important strategy
CAPs take is applying marker-assisted selection to plant breeding and efficiently using ge-
netic resources and facilities available, including thousands and ten thousands of DNA
markers and plant introductions, to facilitate development of crop cultivars with improved
yield, resistance and quality.

5. Marker-assisted backcrossing

5.1. MABC procedure and theoretical and practical considerations

Marker-assisted or marker-based backcrossing (MABC) is regarded as the simplest form of
marker-assisted selection, and at the present it is the most widely and successfully used
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method in practical molecular breeding. MABC aims to transfer one or a few genes/QTLs of
interest from one genetic source (serving as the donor parent and maybe inferior agronom-
ically or not good enough in comprehensive performance in many cases) into a superior cul-
tivar or elite breeding line (serving as the recurrent parent) to improve the targeted trait.
Unlike traditional backcrossing, MABC is based on the alleles of markers associated with or
linked to gene(s)/QTL(s) of interest instead of phenotypic performance of target trait. The
general procedure of MABC is as follow, regardless of dominant or recessive nature of the
target trait in inheritance:

a. Select parents and make the cross, one parent is superior in comprehensive perform-
ance and serves as recurrent parent (RP), and the other one used as donor parent (DP)
should possess the desired trait and the DNA markers allele(s) associated with or
linked to the gene for the trait.

b. Plant F; population and detect the presence of the marker allele(s) at early stages of
growth to eliminate false hybrids, and cross the true F; plants back to the RP.

c¢. Plant BCF, population, screen individuals for the marker(s) at early growth stages, and
cross the individuals carrying the desired marker allele(s) (in heterozygous status) back
to the RP. Repeat this step in subsequent seasons for two to four generations, depend-
ing upon the practical requirements and operation situations as discussed below.

d. Plant the final backcrossing population (e.g. BC,F;), and screen individual plants with
the marker(s) for the target trait and discard the individuals carrying homozygous
markers alleles from the RP. Have the individuals with required marker allele(s) selfed
and harvest them.

e. Plant the progenies of backcrossing-selfing (e.g. BC,F,), detect the markers and harvest
individuals carrying homozygous DP marker allele(s) of target trait for further evalua-
tion and release.

Theoretically, the proportion of the RP genome after n generations of backcrossing is given
by 1 - (1/2)™! for a single locus and [1 — (1/2)™']* for k loci, respectively, for a population
large enough in size (or with adequate individuals) and no selection being made during
backcrossing (i.e. “blind” backcrossing only). The percentage of the RP genome is the aver-
age of the population, with some individuals possessing more of the RP genome than oth-
ers. To fully recover the genome of the RP, 6-8 generations of backcrossing is needed
typically in case no selection is made for the RP. However, this process is usually slower
than expected for the target gene-carrier chromosome, i.e. linkage drag, especially in case a
linkage exists between the target gene and other undesirable traits. On the other hand, the
process of introgression of QTLs/genes and recovery of the RP genome may be accelerated
by selection using markers flanking QTLs and evenly spaced markers from other chromo-
somes (i.e. unlinked to QTLs) of the RP (Collard et al., 2005) or selection for the performance
of the RP conducted simultaneously. For MABC program, therefore, there are two types of
selection recognized: Foreground selection and background selection (Hospital, 2003).
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In foreground selection, the selection is made only for the marker allele(s) of donor pa-
rent at the target locus to maintain the target locus in heterozygous state until the final
backcrossing is completed. Then the selected plants are selfed and the progeny plants
with homozygous DP allele(s) of selected markers are harvested for further evaluation
and release. As described above, this is the general procedure of MABC. The effective-
ness of foreground selection depends on the number of genes/loci involved in the selec-
tion, the marker-gene/QTL association or linkage distance and the undesirable linkage to
the target gene/QTL.

In background selection, the selection is made for the marker alleles of recurrent parent in
all genomic regions of desirable traits except the target locus, or selection against the unde-
sirable genome of donor parent. The objective is to hasten the restoration of the RP genome
and eliminate undesirable genes introduced from the DP. The progress in recovery of the RP
genome depends on the number of markers used in background selection. The more mark-
ers evenly located on all the chromosomes are selected for the RP alleles, the faster recovery
of the RP genome will be achieved but larger population size and more genotyping will be
required as well. In addition, the linkage drag also can be efficiently addressed by back-
ground selection using DNA markers, although it is difficult to overcome in a traditional
backcrossing program.

Foreground selection and background selection are two respective aspects of MABC with
different foci of selection. In practice, however, both foreground and background selection
are usually conducted in the same program, either simultaneously or successively. In many
cases, they can be performed alternatively even in the same generation. The individuals that
have the desired marker alleles for target trait are selected first (foreground selection). Then
the selected individuals are screened for other marker alleles again for the RP genome (back-
ground selection). It is understandable to do so because selection of the target gene/QTL is
the essential and only critical point for backcrossing program, and the individuals that do
not have the allele of target gene will be discarded and thus it is not necessary to genotype
them for other traits.

The efficiency of MABC depends upon several factors, such as the population size for
each generation of backcrossing, marker-gene association or the distance of markers
from the target locus, number of markers used for target trait and RP background, and
undesirable linkage drag. Based on simulations of 1000 replicates, Hospital (2003) pre-
sented the expected results of a typical MABC program, in which heterozygotes were
selected at the target locus in each generation, and RP alleles were selected for two
flanking markers on target chromosome each located 2 ¢cM apart from the target locus
and for three markers on non-target chromosomes. As shown in Table 2, a faster recov-
ery of the RP genome could be achieved by MABC with combined foreground and
background selection, compared to traditional backcrossing. Therefore, using markers
can lead to considerable time savings compared to conventional backcrossing (Frisch et
al.,, 1999; Collard et al., 2005).
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Backcross Number of % homozygosity of recurrent parent % recurrent parent genome

generation individuals alleles at selected markers
Chromosome with All other Marker-assisted Conventional
target locus chromosomes backcross backcross

BC, 70 38.4 60.6 79.0 75.0

BG, 100 73.6 87.4 92.2 87.5

BG, 150 93.0 98.8 98.0 93.7

BC, 300 100.0 100.0 99.0 96.9

Table 2. Expected results of a MABC program with combined foreground and background selection used; Adapted
from Hospital (2003).

In a MABC program, the population to be analyzed should contain at least one genotype
that has all favorable alleles for a particular QTL. Later, the number of QTLs may be in-
creased progressively, but not beyond six QTLs in most cases because of prohibitive difficul-
ty in handling all QTLs (Hospital, 2003). In addition, the more QTLs/genes are transferred,
the larger the proportion of unwanted genes would be due to linkage drag. In general, most
of the unwanted genes are located on non-target chromosomes in early BC generations, and
are rapidly removed in subsequent BC generations. On the contrary, the quantity of DP
genes on the target chromosome decreases much more slowly, and even after generation
BC, many of the unwanted donor genes are still located on the target chromosome in segre-
gating state (Newbury, 2003). Given a total genome length is 3000 cM, 1% donor DNA frag-
ments after six backcrosses represents a 30 cM chromosomal segment or region, which may
host many unwanted genes, especially if the DP is a wild genetic resource. Young and
Tanksley (1989) genotyped a collection of tomato varieties in which the resistance gene was
previously transferred at the Tm-2 locus with RLFP markers. Their data indicated that the
size of chromosomal segment retained around the Tm-2 locus during backcross breeding
was very variable, with one line exhibiting a donor segment of 50 cM after 11 backcrosses
and other one possessing 36 cM donor segment after 21 backcrosses. This clearly demon-
strates the need for background selection.

As discussed above, linkage drag can be reduced by performing background selection. Typi-
cally, two markers flanking the target gene are used, and the individuals (or double re-
combinants) that are heterozygous at the target locus and homozygous for the recipient (RP)
alleles at both flanking markers are selected. Use of closer flanking markers leads to more
effective and faster reduction of linkage drag compared to distant markers. However, less
distance between two flanking markers implies less probability of double recombination,
and thus larger populations and more genotyping are needed. In order to optimize genotyp-
ing effort (i.e. the cost of the program), therefore, it is important to determine the minimal
population sizes necessary to ensure the desired genotypes can be obtained. Hospital and
Decoux (2002) developed a statistical software for determining the minimum population
size required in BC program to identify at least one individual that is double-recombinant
with heterozygosity at target locus and homozygosity for recurrent parent alleles at flanking
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marker loci. In addition, for closely-linked flanking markers, it is unlikely to obtain double
recombinant genotypes through only one generation of backcrossing. Therefore, additional
backcrossing should be conducted. For instance, in one BC generation (e.g. BC,) single re-
combination on one side of the target gene is selection, and single recombination on the oth-
er side may be selected in another BC generation (e.g. BC,) (Young and Tanksley 1989). In
this way, individuals with desired RP alleles at two flanking markers and donor allele at tar-
get locus can be finally obtained.

To accelerate the recovery of RP genome on non-target chromosomes, scientists suggested
using markers in backcrossing and discussed how many makers should be used (Tanksley
et al., 1989; Hospital et al. 1992; Visscher et al. 1996). In background selection, the ap-
proaches involve selecting individuals that are of homozygous recipient type at a collection
of markers located on non-carrier chromosomes. From a point of both effectiveness and effi-
ciency, it is important to determine an appropriate number of markers to be used. More
markers do not necessarily mean better benefits in practice. Generally, several markers are
involved and MABC should be performed over two or more generations. It is unlikely that
the selection objective can be realized in a single BC generation.

Dense marker coverage of non-target chromosomes is not mandatory to increase the overall
proportion of recurrent parent genome, unless fine-mapping of specific chromosome re-
gions is highly important. An appropriate number of markers and optimal position on chro-
mosomes are important. Computer simulation suggested that for a chromosome of 100 cM,
two to four markers are sufficient, and selection based on markers would be most efficient if
the markers are optimally positioned along the chromosomes (Servin and Hospital, 2002). In
practice, at least two or three markers per chromosome are needed, and every chromosome
should be involved. In such a MABC scheme, three to four generations of backcrossing is
generally enough to achieve more than 99% of the recurrent parent genome. With respect to
the time necessary to release new varieties, the gain due to background selection can be eco-
nomically valuable. In addition, background selection is more efficient in late BC genera-
tions than in early BC generations. For example, if a BC breeding scheme is conducted over
three successive BC generations and yet the preference is to genotype individuals only once,
then it is more efficient to genotype and select the individuals in BC; generation rather than
in the BC, generation (Hospital et al. 1992, Ribaut et al. 2002).

5.2. Application of MABC

Success in integrating MABC as a breeding approach lies in identifying situations in which
markers offer noticeable advantages over conventional backcrossing or valuable comple-
ments to conventional breeding effort. MABC is essential and advantageous when:

1. Phenotyping is difficult and/or expensive or impossible;
2. Heritability of the target trait is low;

3. The trait is expressed in late stages of plant development and growth, such as flowers,
fruits, seeds, etc.;
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4. The traits are controlled by genes that require special conditions to express;
5. The traits are controlled by recessive genes; and

6. Gene pyramiding is needed for one or more traits.

Among the molecular breeding methods, MABC has been most widely and successfully used
in plant breeding up to date. It has been applied to different types of traits (e.g. disease/pest re-
sistance, drought tolerance and quality) in many species, e.g. rice, wheat, maize, barley, pear
millet, soybean, tomato, etc. (Collard et al., 2005; Dwivedi et al., 2007; Xu, 2010). In maize, for
example, Bacillus thuringiens is a bacterium that produces insecticidal toxins, which can kill
corn borer larvae when they ingest the toxins in corn cells (Ragot et al. 1995). The integration of
the Bt transgene into various corn genetic backgrounds has been achieved by using MABC. Ar-
oma in rice is controlled by a recessive gene which is due to an eight base-pair deletion and
three single nucleotide polymorphism in a gene that codes for betaine aldehyde dehydrge-
nase 2 (Bradbury et al., 2005a). This discovery allows identification of the aromatic and non-ar-
omatic rice varieties and discriminates homozygous recessive and dominant as well as
heterozygous individuals in segregating population for the trait. MABC has been used to se-
lect for aroma in rice (Bradbury et al. 2005b). High lysine opaque2 gene in corn was incorporat-
ed using MABC (Babu et al. 2005). However, the rate of success decreases when large numbers
of QTL, are targeted for introgression. Sebolt et al. (2000) used MABC for two QTL for seed pro-
tein content in soybeans. However, only one QTL was confirmed in BC;F, 5. When that QTL
was introduced in three different genetic backgrounds, it had no effect in one background. In
tomato, Tanksley and Nelson (1996) proposed a MABC strategy, called advanced backcross-
QTL (AB-QTL), to transfer resistance genes from wild relative/unadapted genotype into elite
germplasm. The strategy has proven effective for various agronomically important traits in to-
mato, including fruit quality and black mold resistance (Tanksley and Nelson, 1996; Bernacchi
etal., 1998; Fulton et al., 2002). In addition, AB-QTL has been used in other crop species, such as
rice, barley, wheat, maize, cotton and soybean, collectively demonstrating that this strategy is
effective in transferring favorable alleles from the wild/unadapted germplasm to elite germ-
plasm (Wang and Chee, 2010; Concibido et al., 2003).

In barley, a marker linked (0.7 cM) to the Yd2 gene for resistance to barley yellow dwarf virus
was successfully used to select for resistance in a backcrossing scheme (Jefferies et al., 2003).
Compared to lines without the marker, the BC,F,-derived lines carrying the linked marker had
lighter leaf symptoms and higher yield when infected by the virus. In maize, marker-facilitat-
ed backcrossing was also successfully employed to improve complex traits such as grain yield.
Using MABC, six chromosomal segments each in two elite lines, Tx303 and Oh43, were trans-
ferred into two widely used inbred lines, B73 and Mo17, through three generations of back-
crossing followed by two selfing generations. Then the enhanced lines with better
performance were selected based on initial evaluations of testcross hybrids. The single-cross
hybrids of enhanced B73 x enhanced Mo17 out-yielded the check hybrids by 12-15% (Stuber et
al.,, 1999). Zhao et al. (2012) reported that a major quantitative trait locus (named gHSR1) for re-
sistance to head smut in maize was successfully integrated into ten high-yielding inbred lines
(susceptible to head smut). Each of the ten high-yielding lines was crossed with a donor pa-
rent Ji 1037 that contains gHSR1 and is completely resistant to head smut, followed by five gen-
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erations of backcrossing to the respective recurrent parents. In BC, through BC; only
phenotypic selection was conducted to identify highly resistant individuals after artificial in-
oculation. In BC,phenotypic selection, foreground selection and recombinant selection were
conducted to screen for resistant individuals with the shortest §HSR1 donor regions. In BG;,
phenotypic selection, foreground selection and background selection were performed to iden-
tify resistant individuals with the highest proportion of the recurrent parent genome, fol-
lowed by one generation of self-pollination to obtain homozygous genotypes at the gHSR1
locus. The ten improved inbred lines all showed substantial resistance to head smut, and the
hybrids derived from these lines also showed a significant increase in the resistance. Semagn et
al. (2006b) provided a detail review on the progress and prospects of MABC in crop breeding.

Currently, a cooperative marker-based backcrossing project for high-oleic acid in soybean
has been initiated among multiple U.S. land-grant universities and USDA-ARS. Backcross-
ing and selection will be performed using the markers tightly linked to the high-oleic genes/
loci. Hopefully, the high-oleic (80% or higher) traits will be successfully transferred from
mutant lines or derived lines into other locally superior cultivars/lines, or combined with
other unique traits like low linolenic acid (Pham et al., 2012).

6. Marker-assisted gene pyramiding and marker-assisted recurrent
selection

Marker-assisted gene pyramiding (MAGP) is one of the most important applications of
DNA markers to plant breeding. Gene pyramiding has been proposed and applied to en-
hance resistance to disease and insects by selecting for two or more than two genes at a time.
For example in rice such pyramids have been developed against bacterial blight and blast
(Huang et al., 1997; Singh et al., 2001; Luo et al., 2012). Castro et al. (2003) reported a success
in pyramiding qualitative gene and QTLs for resistance to stripe rust in barley. The advant-
age of using markers in this case allows selecting for QTL-allele-linked markers that have
the same phenotypic effect. To enhance or improve a quantitatively inherited trait in plant
breeding, pyramiding of multiple genes or QTLs is recommended as a potential strategy
(Richardson et al., 2006). The cumulative effects of multiple-QTL pyramiding have been pro-
ven in crop species like wheat, barley and soybean (Richardson et al., 2006; Jiang et al.,
2007a, 2007b; Li et al., 2010; Wang et al., 2012). Pyramiding of multiple genes/QTLs may be
achieved through different approaches: multiple-parent crossing or complex crossing, back-
crossing, and recurrent selection. A suitable breeding scheme for MAGP depends on the
number of genes/QTLs required for improvement of traits, the number of parents that con-
tain the required genes/QTLs, the heritability of traits of interest, and other factors (e.g.
marker-gene association, expected duration to complete the plan and relative cost). Assum-
ing three or four desired genes/QTLs exist separately in three or four lines, pyramiding of
them can be realized by three-way, four-way or double crossing. They may also be integrat-
ed by convergent backcrossing or stepwise backcrossing. However, if there are more than
four genes/QTLs to be pyramided, complex or multiple crossing and/or recurrent selection
may be often preferred.
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For MABC-based gene pyramiding, in general, there may be three strategies or breeding
schemes: stepwise, simultaneous/synchronized and convergent backcrossing or transfer.
Supposing one cultivar W is superior in comprehensive performance but lack of a trait of
interest, and four different genes/QTLs contributing to the trait have been identified in four
germplasm lines (e.g. P1, P2, P3 and P4). Three MABC schemes for pyramiding the genes/
QTLs can be described as follow.

Step 1 W X P,AA
FA*X W

BC Aa

Step 2 WAA X P,3®
F,Bb x WAA
BCan
Step 3 W AABB X P;¢
F,CC X WAABB
BCnCc

Step 4 \%% AABBCC X P4DD

\

F]Dd X WAABBCC
BC Dd

W AABBCCDD

Scheme 1. Stepwise Backcrossing
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W X P W X P,BB W X P;¢¢ W x p,°P
Y Y \ Y
FlAa X Fle FlCc X FlDd

Y Y
F]AaBb X FlCch
\
F]AaBchDd X W
Y
BC]AaBaCch X W
Y
BC“A;:BaCch
Y
W AABBCCD

Scheme 2. Simultaneous/Synchronized Backcrossing

Backcrossing

Crossing

W X PAY W X P58 W X P3¢ W x P,°°
Y Y Y \
FA*X W F®xwW F,C°XW F xw
BC,A* X W BC,2* x W BC,“ X W BC,”!x W
s s s s
BC, Bé“" B(:;.,C° BC,™
Y Y \ \
\%% AA X W BB \%% CcC X \V% DD
Y v
W AaBb X W CceDd
Y
WAaBchDd
\
W AABBCCDD

Scheme 3. Convergent Backcrossing
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In the stepwise backcrossing, four target genes/QTLs are transferred into the recurrent pa-
rent W in order. In one step of backcrossing, one gene/QTL is targeted and selected, fol-
lowed by next step of backcrossing for another gene/QTL, until all target genes/QTLs have
been introgressed into the RP. The advantage is that gene pyramiding is more precise and
easier to implement as it involves only one gene/QTL at one time and thus the population
size and genotyping amount will be small. The improved recurrent parent may be released
before the final step as long as the integrated genes/QTLs (e.g. two or three) meet the re-
quirement at that time. The disadvantage is that it takes a longer time to complete. In the
simultaneous or synchronized backcrossing, the recurrent parent W is first crossed to each
of four donor parents to produce four single-cross F;s. Two of the four single-cross F;s are
crossed with each other to produce two double-cross F;s, and these two double-cross F;s are
crossed again to produce a hybrid integrating all four target genes/QTLs in heterozygous
state. The hybrid and/or progeny with heterozygous markers for all four target genes/QTLs
is subsequently crossed back to the RP W until a satisfactory recovery of the RP genome,
and finalized by one generation of selfing. The advantage of this method is that it takes the
shortest time to complete. However, in the backcrossing all target genes/QTLs are involved
at the same time and thus it requires a large population and more genotyping. Convergent
backcrossing is a strategy combining the advantages of stepwise and synchronized back-
crossing. First the four target gene/QTLs are transferred separately from the donors into the
recurrent parent W by single crossing followed by backcrossing based on markers linked to
the target genes/QTLs, to produce four improved lines (W44, W8, W<, and WPP). Two of
the improved lines are crossed with each other and the two hybrids are then intercrossed to
integrate all four genes/QTLs together and develop the final improved line with all four
genes/QTLs pyramided (i.g. WAAPBCCPD) Relatively speaking, convergent backcrossing is
more acceptable because in this scheme not only is time reduced (compared to stepwise
transfer) but gene fixation and/or pyramiding is also more easily assured (compared to si-
multaneous transfer).

Theoretical issues and efficiency of MABC for gene pyramiding have been investigated
through computer simulations (Ribaut et al., 2002; Servin et al., 2004; Ye and Smith, 2008).
Practical application of MABC to gene pyramiding has been reported in many crops, includ-
ing rice, wheat, barley, cotton, soybean, common bean and pea, especially for developing
durable resistance to stresses in crops. However, there is very limited information available
about the release of commercial cultivars resulted from this strategy. Somers et al. (2005)
implemented a molecular breeding strategy to introduce multiple pest resistance genes into
Canadian wheat. They used high throughput SSR genotyping and half-seed analysis to
process backcrossing and selection for six FHB resistance QTLs, plus orange blossom wheat
midge resistance gene Sml and leaf rust resistance gene Lr21. They also used 45-76 SSR
markers to perform background selection in backcrossing populations to accelerate the re-
storation of the RP genetic background. This strategy resulted in 87% fixation of the elite ge-
netic background at the BC,F, on average and successfully introduced all (up to 4) of the
chromosome segments containing FHB, Sm1 and Lr21 resistance genes in four separate
crosses(Somers et al., 2005). Joshi and Nayak (2010) and Xu (2010) recently reviewed the
techniques and practical cases in marker-based gene pyramiding.
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Similar to the simultaneous/synchronized backcrossing scheme, marker-assisted complex or
convergent crossing (MACC) can be undertaken to pyramid multiple genes/QTLs. In partic-
ular, MACC is a proper option of breeding schemes for gene pyramiding if all the parents
are improved cultivars or lines with good comprehensive performance and have different or
complementary genes or favorable alleles for the traits of interest. The difference from si-
multaneous backcrossing is that selfing hybrid and progenies replaces backcrossing hybrid
to the recurrent parent. In MACC, the hybrid of convergent crossing is subsequently self-
pollinated and marker-based selection for target traits is performed for several consecutive
generations until genetically stable lines with desired marker alleles and traits have been de-
veloped. In order to reduce population size and to avoid loss of most important genes/QTLs,
different markers may be used and selected in different generations, depending on their rel-
ative importance. The markers for the most important genes/QTLs can be detected and se-
lected first in early generations and less important markers later. Once homozygous alleles
of the markers for a gene/locus are detected, they may not be necessarily detected again in
the subsequent generations. Instead, phenotypic evaluation should be conducted if condi-
tions permit.

Using markers to select or pyramid for multiple genes/QTLs is more complex and less proven.
Recurrent selection is widely regarded as an effective strategy for the improvement of poly-
genic traits. However, the effectiveness and efficiency of selection are not so satisfactory in
some cases because phenotypic selection is highly dependent upon environments and geno-
typic selection takes a longer time (2-3 crop seasons at least for one cycle of selection). Marker-
assisted recurrent selection (MARS) is a scheme which allows performing genotypic selection
and intercrossing in the same crop season for one cycle of selection (Fig. 1). Therefore, MARS
could enhance the efficiency of recurrent selection and accelerate the progress of the proce-
dure (Jiang et al., 2007a), particularly helps in integrating multiple favorable genes/QTLs from
different sources through recurrent selection based on a multiple-parental population.

Population

Intermating between selected Marker detection and
individuals/ progenies selection for favorable alleles

Figure 1. General procedure of marker-assisted recurrent selection (MARS)
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For complex traits such as grain yield, biotic and abiotic resistance, MARS has been pro-
posed for “forward breeding” of native genes and pyramiding multiple QTLs (Ragot et
al., 2000; Ribaut et al., 2000, 2010; Eathington, 2005; Crosbie et al., 2006). As defined by
Ribaut et al. (2010), MARS is a recurrent selection scheme using molecular markers for
the identification and selection of multiple genomic regions involved in the expression of
complex traits to assemble the best-performing genotype within a single or across related
populations. Johnson (2004) presented an example to demonstrate the efficiency of MARS
for quantitative traits. In their maize MARS programs, a large-scale use of markers in bi-
parental populations, first for QTL detection and then for MARS on yield (i.e. rapid cy-
cles of recombination and selection based on associated markers for yield), could allow
increased efficiency of long-term selection by increasing the frequency of favorable alleles
(Johnson, 2004). Eathington (2005) and Crosbie et al. (2006) also indicated that the genetic
gain achieved through MARS in maize was about twice that of phenotypic selection (PS)
in some reference populations. In upland cotton, Yi et al. (2004) reported significant effec-
tiveness of MARS for resistance to Helicoverpa armigera. The mean levels of resistance in
improved populations after recurrent selection were significantly higher than those of pre-
ceding populations.

7. Genomic selection

Genomic selection (GS) or genome-wide selection (GWS) is a form of marker-based selec-
tion, which was defined by Meuwissen (2007) as the simultaneous selection for many
(tens or hundreds of thousands of) markers, which cover the entire genome in a dense
manner so that all genes are expected to be in linkage disequilibrium with at least some
of the markers. In GS genotypic data (genetic markers) across the whole genome are used
to predict complex traits with accuracy sufficient to allow selection on that prediction
alone. Selection of desirable individuals is based on genomic estimated breeding value
(GEBV) (Nakaya and Isobe, 2012), which is a predicted breeding value calculated using
an innovative method based on genome-wide dense DNA markers (Meuwissen et al.,
2001). GS does not need significant testing and identifying a subset of markers associated
with the trait (Meuwissen et al., 2001). In other words, QTL mapping with populations
derived from specific crosses can be avoided in GS. However, it does first need to devel-
op GS models, i.e. the formulae for GEBV prediction (Nakaya and Isobe, 2012). In this
process (training phase), phenotypes and genome-wide genotypes are investigated in the
training population (a subset of a population) to predict significant relationships between
phenotypes and genotypes using statistical approaches. Subsequently, GEBVs are used for
the selection of desirable individuals in the breeding phase, instead of the genotypes of
markers used in traditional MAS. For accuracy of GEBV and GS, genome-wide genotype
data is necessary and require high marker density in which all quantitative trait loci
(QTLs) are in linkage disequilibrium with at least one marker.

GS can be possible only when high-throughput marker technologies, high-performance
computing and appropriate new statistical methods become available. This approach has be-
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come feasible due to the discovery and development of large number of single nucleotide
polymorphisms (SNPs) by genome sequencing and new methods to efficiently genotype
large number of SNP markers. As suggested by Goddard and Hayes (2007), the ideal meth-
od to estimate the breeding value from genomic data is to calculate the conditional mean of
the breeding value given the genotype at each QTL. This conditional mean can only be cal-
culated by using a prior distribution of QTL effects, and thus this should be part of the re-
search to implement GS. In practice, this method of estimating breeding values is
approximated by using the marker genotypes instead of the QTL genotypes, but the ideal
method is likely to be approached more closely as more sequence and SNP data are ob-
tained (Goddard and Hayes, 2007).

Since the application of GS was proposed by Meuwissen et al. (2001) to breeding popula-
tions, theoretical, simulation and empirical studies have been conducted, mostly in animals
(Goddard and Hayes, 2007; Jannink et al., 2010). Relatively speaking, GS in plants was less
studied and large-scale empirical studies are not available in public sectors for plant breed-
ing (Jannink et al., 2010), but it has attracted more and more attention in recent years (Ber-
nardo, 2010; Bernardo and Yu, 2007; Guo et al., 2011; Heffner et al., 2010, 2011; Lorenzana
and Bernardo, 2009; Wong and Bernardo, 2008; Zhong et al., 2009). Studies indicated that in
all cases, accuracies provided by GS were greater than might be achieved on the basis of
pedigree information alone (Jannink et al., 2010). In oil palm, for a realistic yet relatively
small population, GS was superior to MARS and PS in terms of gain per unit cost and time
(Wong and Bernardo, 2008). The studies have demonstrated the advantages of GS, suggest-
ing that GS would be a potential method for plant breeding and it could be performed with
realistic sizes of populations and markers when the populations used are carefully chosen
(Nakaya and Isobe, 2012).

GS has been highlighted as a new approach for MAS in recent years and is regarded as
a powerful, attractive and valuable tool for plant breeding. However, GS has not be-
come a popular methodology in plant breeding, and there might be a far way to go be-
fore the extensive use of GS in plant breeding programs. The major reason might be the
unavailability of sufficient knowledge of GS for practical use (Nakaya and Isobe, 2012).
Statistics and simulation discussed in terms of formulae in GS studies are most likely
too specific and hard for plant breeders to understand and to use in practical breeding
programs. From a plant breeder’s point of view, GS can be practicable for a few breed-
ing populations with a specific purpose, but may be impractical for a whole breeding
program dealing with hundreds and thousands of crosses/populations at the same time.
Therefore, GS must shift from theory to practice, and its accuracy and cost effectiveness
must be evaluated in practical breeding programs to provide convincing empirical evi-
dence and warrant a practicable addition of GS to a plant breeder’s toolbox (Heffner et
al., 2009). Development of easily understandable formulae for GEBVs and user-friendly
software packages for GS analysis is helpful in facilitating and enhancing the applica-
tion of GS in plant breeding. Kumpatla et al. (2012) recently presented an overall re-
view on the GS for plant breeding.
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8. Marker-based breeding and conventional breeding: Challenges and
perspectives

Marker-assisted breeding became a new member in the family of plant breeding as various
types of molecular markers in crop plants were developed during the 1980s and 1990s. The
extensive use of molecular markers in various fields of plant science, e.g. germplasm evalua-
tion, genetic mapping, map-based gene discovery, characterization of traits and crop im-
provement, has proven that molecular technology is a powerful and reliable tool in genetic
manipulation of agronomically important traits in crop plants. Compared with conventional
breeding methods, MAB has significant advantages:

a. MAB can allow selection for all kinds of traits to be carried out at seedling stage and
thus reduce the time required before the phenotype of an individual plant is known.
For the traits that are expressed at later developmental stages, undesirable genotypes
can be quickly eliminated by MAS. This feature is particularly important and useful for
some breeding schemes such as backcrossing and recurrent selection, in which crossing
with or between selected individuals is required.

b. MAB can be not affected by environment, thus allowing the selection to be performed
under any environmental conditions (e.g. greenhouse and off-season nurseries). This is
very helpful for improvement of some traits (e.g. disease/pest resistance and stress tol-
erance) that are expressed only when favorable environmental conditions present. For
low-heritability traits that are easily affected by environments, MAS based on reliable
markers tightly linked to the QTLs for traits of interest can be more effective and pro-
duce greater progress than phenotypic selection.

c¢. MAB using co-dominance markers (e.g. SSR and SNP) can allow effective selection of
recessive alleles of desired traits in the heterozygous status. No selfing or test crossing
is needed to detect the traits controlled by recessive alleles, thus saving time and accel-
erating breeding progress.

d. For the traits controlled by multiple genes/QTLs, individual genes/QTLs can be identi-
fied and selected in MAB at the same time and in the same individuals, and thus MAB
is particularly suitable for gene pyramiding. In traditional phenotypic selection, howev-
er, to distinguish individual genes/loci is problematic as one gene may mask the effect
of additional genes.

e. Genotypic assays based on molecular markers may be faster, cheaper and more accu-
rate than conventional phenotypic assays, depending on the traits and conditions, and
thus MAB may result in higher effectiveness and higher efficiency in terms of time, re-
sources and efforts saved.

The research and use of MAB in plants has continued to increase in the public and private
sectors, particularly since 2000s. However, MAS and MABC were and are primarily con-
strained to simply-inherited traits, such as monogenic or oligogenic resistance to diseases/
pests, although quantitative traits were also involved (Collard and Mackill, 2008; Segmagn
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et al., 2006; Wang and Chee, 2010). The application of molecular markers in plant breeding
has not achieved the results as expected previously in terms of extent and success (e.g. re-
lease of commercial cultivars). Collard and Mackill (2008) listed ten reasons for the low im-
pact of MAS and MAB in general. Improvement of most agronomic traits that are of
complicated inheritance and economic importance like yield and quality is still a great chal-
lenge for MAB including the newly developed GS. From the viewpoint of a plant breeder,
MAB is not universally or necessarily advantageous. The application of molecular technolo-
gies to plant breeding is still facing the following drawbacks and/or challenges:

a. Not all markers are breeder-friendly. This problem may be solved by converting of non-
breeder-friendly markers to other types of breeder-friendly markers (e.g. RFLP to STS,
sequence tagged site, and RAPD to SCAR, sequence characterized amplified region).

b. Not all markers can be applicable across populations due to lack of marker polymor-
phism or reliable marker-trait association. Multiple mapping populations are helpful in
understanding marker allelic diversity and genetic background effects. In addition,
QTL positions and effects also need to be validated and re-estimated by breeders in
their specific germplasm (Heffner et al., 2009).

c. False selection may occur due to recombination between the markers and the genes/
QTLs of interest. Use of flanking markers or more markers for the target gene/QTL can
help.

d. Imprecise estimates of QTL locations and effects result in slower progress than expect-
ed. The efficiency of QTL detection is attributed to multiple factors, such as algorithms,
mapping methods, number of polymorphic markers, and population type and size
(Wang et al., 2012). High marker density fine mapping with large populations and well-
designed phenotyping across multiple environments may provide more accurate esti-
mates of QTL location and effects.

e. A large number of breeding programs have not been equipped with adequate facilities
and conditions for a large-scale adoption of MAB in practice.

f. The methods and schemes of MAB must be easily understandable, acceptable and im-
plementable for plant breeders, unless they are not designed for a large scale use in
practical breeding programs.

g. Higher startup expenses and labor costs.

With a long history of development, especially since the fundamental principles of inheri-
tance were established in the late 19" and early 20" centuries, plant breeding has become an
important component of agricultural science, which has features of both science and arts.
Conventional breeding methodologies have extensively proven successful in development
of cultivars and germplasm. However, subjective evaluation and empirical selection still
play a considerable role in conventional breeding. Scientific breeding needs less experience
and more science. MAB has brought great challenges, opportunities and prospects for con-
ventional breeding. As a new member of the whole family of plant breeding, however,
MAB, as transgenic breeding or genetic manipulation does, cannot replace conventional
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breeding but is and only is a supplementary addition to conventional breeding. High costs
and technical or equipment demands of MAB will continue to be a major obstacle for its
large-scale use in the near future, especially in the developing countries (Collard and Mack-
ill, 2008; Ribaut et al., 2010). Therefore, integration of MAB into conventional breeding pro-
grams will be an optimistic strategy for crop improvement in the future. It can be expected
that the drawbacks of MAB will be gradually overcome, as its theory, technology and appli-
cation are further developed and improved. This should lead to a wide adoption and use of
MAB in practical breeding programs for more crop species and in more countries as well.
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