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sequencing to breeding, and highlight how sequencing 
facilitates the application of markers in breeding practice.

Introduction

Plant domestication by human beings commenced some 
10,000  years ago. Gregor Mendel’s classical pea experi-
ments in the 1850s laid the foundation of plant genetics 
and traditional plant breeding that was primarily based on 
bi-parental crossing. Over the last few decades, the emer-
gence of modern plant breeding technologies has further 
enhanced the power of plant genetic improvement. The 
development of hybrid rice and maize has demonstrated the 
potential for dramatic yield increases simply by combin-
ing beneficial genes and alleles (Cheng et al. 2004; Moose 
and Mumm 2008). Double haploid (DH) breeding either 
by tissue culture or by inducer-based approach to produce 
homozygous diploid plants from haploid pollen cells has 
greatly shortened the breeding cycle to expedite the release 
of new cultivars (Xu 2010). A fast generation system based 
on single seed decent has also been developed in a number 
of plants to complement the DH technology for the quick 
production of recombinant inbreeding lines or near iso-
genic lines (Zheng et al. 2013; Ma et al. 2011). Recurrent 
selection employs the power of re-selection from genera-
tion to generation with selected plants as the initial popu-
lation each cycle, ensuring that superior inbred plants can 
be easily isolated and selected (Vales et  al. 2009). Multi-
parent advanced generation inter-cross (MAGIC) breeding 
employs complex crossing that introduces multiple alleles 
to increase recombination resolutions (Cavanagh et  al. 
2008). Transgenic plants containing artificially inserted 
genes also have significant economic benefit to farming 
communities.
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In both classical and modern plant breeding approaches, 
markers are important to accelerate genetic improvement. 
Although thousands of articles were published with the 
term “marker-assisted selection” (MAS) or “quantitative 
trait loci” (QTLs) or “molecular markers”, a large gap still 
exists between the expectations and actual applications in 
practical plant breeding (Xu and Crouch 2008; Brumlop 
and Finckh 2011). This review attempts to identify the 
major factors limiting the application of molecular markers 
in plant breeding, and illustrates how sequencing technolo-
gies, if used properly, could resolve these limitations and 
advance molecular plant breeding.

Historical view of marker‑assisted plant breeding

Plant breeding essentially includes two major activities: the 
creation of genetic variation and the selection of beneficial 
traits. Marker development, in association with agronomic 
traits, is crucial for the transition from crop genomics to 
breeding practice. In marker-assisted plant breeding, eco-
nomic consideration usually comes first. To achieve effec-
tive cost, molecular markers for application in plant breed-
ing must satisfy the following criteria: (1) polymorphic and 
evenly distributed in the crop genome to provide adequate 
genetic resolution for marker-trait association discovery, 
(2) cost-effective in genotyping procedure, (3) high toler-
ance of impurity in DNA samples from rapid and inexpen-
sive extraction methods, and (4) amenable to automation to 
efficiently process large numbers of crop samples.

Different molecular breeding methods require differ-
ent number of markers to work with, which in turn deter-
mines the overall cost and the choice of genotyping plat-
forms. Marker-based molecular breeding methods include 
marker-assisted germplasm evaluation (MAGE), marker-
assisted backcrossing (MABC), marker-assisted recurrent 
selection (MARS), and marker-assisted gene pyramid-
ing (Xu 2010; Varshney et al. 2012b). These applications 
usually involve in a small number of plant samples, while 
large scale MAS is commonly associated with screening 
and selection on large scale of F2 populations (Collard and 
Mackill 2008).

DNA markers developed in the last 30  years can be 
roughly classified into two categories according to their 
suitability for application in plant breeding: (1) markers 
without sequence information generated from generic DNA 
fingerprinting, and (2) markers with sequence specificity 
to alleles in the genome. The first generation DNA marker 
developed in the mid-1980s was restriction fragment length 
polymorphism (RFLP), which required a large amount of 
high purity DNA to run. RFLPs are no longer used nowa-
days because more efficient genotyping methods emerged 
and many RFLPs have been replaced by or converted to 

PCR-based methods. Several prevailing PCR-based marker 
systems were developed a few years later such as random 
amplified polymorphic DNA (RAPD) markers. Unfortu-
nately, these markers were later found to be unreliable and 
unrepeatable. Amplified fragment length polymorphism 
(AFLP) markers appeared in the mid-1990s with improved 
reliability and reasonable efficiency. Microsatellite-
anchored fragment length polymorphism (MFLP) mark-
ers were developed taking advantage of high efficiency 
of AFLP in capturing SSR markers. In the early 2000s, 
microarray-based DNA fingerprinting methods (e.g. DArT) 
were invented to increase the volume of markers for geno-
typing. However, it is very difficult to apply those markers 
in MAS practice due to several reasons. For example, the 
genotyping procedures in AFLP, MFLP and DArT are too 
complex for automation, let alone their high costs; the lack 
of sequencing information of these markers makes them 
difficult to be transferred and interpret in different breeding 
populations; and the deficiency of suitable markers linked 
to genes of interest restricts MAS application.

Most of the markers applied in MAS were PCR markers 
with DNA sequence specificity to loci in genomes (Sha-
hidul et al. 2013), such as sequence-tagged microsatellite 
site (STMS) or simple sequence repeat (SSR), sequence 
characterized amplified region (SCAR), sequence-tagged 
site (STS) markers and allele-specific PCR (AS-PCR) 
markers. Sequence-specific PCR markers tolerate high 
levels of impurities in crude DNA extracts, making them 
cost-effective and robust for marker implementation in 
breeding programs. Usually, several sequence-specific 
PCR markers can be multiplexed in genotyping, which 
increases throughput with reduced costs. Theoretically, 
non-specific markers from electrophoresis gel-based DNA 
fingerprinting methods can be converted into sequence-
specific PCR markers. A successful conversion requires 
sequence information beyond the marker fragments to 
design a pair of sequence-specific primers. Unfortunately, 
it was often difficult to obtain flanking sequences before 
the sequencing era.

The experience with narrow-leafed lupin as an example 
illustrates the importance of marker development to follow 
the needs of plant breeding. In the last 20  years, several 
molecular marker technologies have been used in lupin, 
including RAPD (Wolko and Weeden 1994), AFLP (Brien 
et al. 1999), RFLP (Francki and Mullan 2004; Nelson et al. 
2006, 2010) and DArT (Kroc et al. 2014). Disappointingly, 
none of these markers has been used for MAS owing to the 
failure in meeting the basic requirements of MAS, despite 
some being linked to agronomic genes of interest. One 
exception is MFLP markers, where DNA polymorphisms 
can be easily converted into cost-effective and sequence-
specific PCR markers (Yang et al. 2002, 2004, 2008, 2010; 
Boersma et al. 2007a, b, 2009; Li et al. 2010b, 2011, 2012a, 
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b). With them, about 20,000–30,000 F2 breeding progenies 
from approximately 200 crosses were screened annually 
in the Australian National Lupin Breeding Program. Even 
with MFLP, however, not all attempts were successful in 
marker conversion (Yang et al. 2001).

The trends of crop sequencing toward breeding

The advances in parallel sequencing technologies have 
opened an unprecedented opportunity to systematically 
understand crop genomics. There has been a flood of crop 
genomes  being sequenced in three waves during recent 
years, taking advantage of improved high-throughput read 
lengths and single-base accuracy, reduced costs, as well 
as matching analytical approaches in genomic sequenc-
ing. The earliest wave aimed at models for crop genomics 
employed bacterial artificial chromosome (BAC) clones 
from corresponding physical maps such as Arabidopsis 
(The Arabidopsis Genome Initiative 2000), rice (Goff et al. 
2002; Yu et  al. 2002; International Rice Genome Sequenc-
ing Project 2005), Brachypodium (The International Brachy-
podium Initiative 2010) and Medicago (Young et al. 2011). 
These small genomes, generated and assembled by Sanger 
sequencing, lead to high quality and close-to-complete 
genome sequences. The second wave primarily focused on 
staple or major economic crops such as sorghum (Pater-
son et  al. 2009), soybean (Schmutz et  al. 2010) and maize 
(Schnable et  al. 2009). The crop genomes decoded dur-
ing this wave were relatively large and full of repetitive 
sequences (>60  %), resulting in high quality rather than 
complete genomes despite the combined application of the 
Sanger method and the whole genome shotgun (WGS) strat-
egy. Maize was an exception due to its high level (~85 %) 
of transposable elements. The BAC-by-BAC strategy was 
adopted to sequence a minimum tiling path (Schnable 
et al. 2009). During this stage, new sequencing or so-called 
next-generation sequencing (NGS) platforms emerged and 
matured, making genome sequencing affordable with the 
collaboration of a few laboratories. The third and current 
wave has extended to important crops with large genomes 
[e.g. barley (The International Barley Genome Sequenc-
ing Consortium 2012) and wheat (Brenchley et  al. 2013)], 
orphan crops [e.g. pigeonpea (Varshney et al. 2012a), chick-
pea (Varshney et  al. 2013)] and horticultural plant species, 
incorporating fruits [e.g. apple (Velasco et al. 2010), peach 
(International Peach Genome Initiative et  al. 2013)], veg-
etables [e.g. potato (Xu et  al. 2011), cabbage (Wang et  al. 
2011)] and flowers [e.g. plum flower (Chen et al. 2012), Car-
nation (Yagi et al. 2014)]. Tens of thousands of genomes are 
in the process of being sequenced. In the frame of the WGS 
strategy, these genomes were sequenced and assembled 
using either single or multiple NGS platforms. However, 

an intrinsic feature of the NGS is their short read length. 
To circumvent this problem, most modern assemblers such 
as Velvet (Zerbino and Birney 2008) and SOAPdenovo (Li 
et  al. 2010a) employ the de Bruijn graph-based algorithm 
and hierarchical pair-end information generated by differ-
ent insert-size libraries. Nevertheless, these assemblers are to 
some extent stymied by sequencing errors; as a result, most 
genome assemblies are draft sequences and need continuous 
effort to pursue a high quality or complete version.

Despite the progress in crop genomics, some genomes 
remain challenging. From an evolutionary perspective, 
plants tend to take an alternative strategy such as whole 
genome duplications to adapt to changing environments. 
Factors such as a relatively high level of heterozygosity, 
large and diverse gene families, ubiquitous variations, 
active transposable elements and repetitive redundancy, 
and frequent polyploidy contribute to the size and dynamic 
complexity of crop genomes and exacerbate challenges to 
decode them. As shown by K-mer analysis, a lower peak, 
reflecting heterozygosity, will appear before the highest 
one, which is then followed by a peak caused by polyploidy 
(Fig. 1). The high head indicates sequencing errors whereas 
a long tail means abundant repetitive sequences in a large 
genome. Figure 1 provides some empirical criteria to dis-
tinguish simple and complex plant genomes. Unfortunately, 
cultivated wheat (Triticum aestivum) has all the difficulties 
except heterozygosity, making it the Himalayan Mountain 
in crop genomics. Controversy remains in the wheat com-
munity about the best approach to sequence the wheat 
genome. The international community has largely concen-
trated on using sorted chromosome arms to construct physi-
cal maps by BAC-by-BAC sequencing of the minimal tiling 
path (Feuillet et al. 2011; The International Wheat Genome 
Sequencing Consortium (IWGSC) et  al. 2014). Consider-
ing time-saving and cost-effectiveness of the method, Ling 
et al. (2013) and Jia et al. (2013) used the WGS approach 
to assemble the progenitors of the wheat A sub-genome 
(Triticum urartu) and D sub-genome (Aegilops tauschii), 
respectively. At a technical level, these studies represent a 
transient accomplishment that improves genomic resources 
and understanding of polyploidy genomes and breeding 
efforts in relation to Triticeae crops.

Typically, the road of crop sequencing to breeding prac-
tice could be divided into the genome scale, population 
scale and panel scale (Fig.  2). The genome scale primar-
ily focuses on the quality of the crop genome. Most of the 
crops stay at this stage except some model and staple crops. 
Considerable effort is made to obtain a crop genome, to 
improve the genome from draft to high quality, and even-
tually to obtain a complete genome. Sometimes, a sin-
gle genome is insufficient for the studies of a given crop 
species. Take rice as an example, considering the genome 
divergence between Japonica and Indica, at least two 
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separate reference genomes are needed. A similar scenario 
occurs in maize. Cultivated crops are differentiated from 
their wild ancestors by morphological, physiological and 
genomic changes that have occurred during domestication 
and subsequent crop improvement. A genome reference for 
the wild ancestor or close relative of a given crop is often 
needed to explore its genetic diversity, which has been real-
ized in some crops such as rice (Chen et al. 2013) and soy-
bean (Kim et al. 2010; Qi et al. 2014).

Having the genome for a given crop allows genomic 
studies to advance to the population scale. At this stage, 
the most critical step is to mine genetic variations that can 
be used to infer population stratification and to detect the 

relationship between genotypes and phenotypes. Generally, 
a given crop needs both natural and breeding populations 
to elucidate different features. Parallel sequencing technol-
ogies enable us to sequence a specified population at low 
depth coverage for each individual. A series of statistical 
methods have been developed to improve the accuracy of 
variation calling, which is decisive for subsequent analysis 
(Nielsen et al. 2011, 2012). These variations usually refer 
to single nucleotide polymorphisms (SNP), small insertion 
and deletions (InDel), copy number variations and struc-
tural variations. Based on the variations in a natural popu-
lation, genetic diversity can be calculated to infer popula-
tion structure, haplotypes and linkage disequilibrium (LD). 

Fig. 1   Genomic features 
exhibited by K-mer analysis and 
standards fora complex plant 
genome. The difficulties that 
affect plant genome assembly 
can be reflected using K-mer 
analysis: the lower peaks before 
and after the highest indicate 
heterozygosity and polyploidy, 
respectively. The long tail 
probably represents amount of 
repetitive sequences and a large 
genome
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These form the basis for understanding the demographic 
process, including the geographic origin, natural selection 
signals, domestication history, and tracking introgressions 
between cultivated and wild taxa. High-density genetic var-
iations make it possible to explore causal loci in genome-
wide association studies (GWAS). Whereas for breeding 
populations, abundant markers provided by sequencing 
improve the resolution of linkage analysis using combina-
tion of different genetic mapping strategies. In addition, 
novel RNAs and splice events are now being identified 
and quantified by sequencing that target specific aspects 
of the transcriptome (Mortimer et al. 2014). These studies 
promote understanding the relationship between genes and 
traits.

After population-based genomics, crop studies can then 
move to the panel scale where more attention is paid to 
precise assessments of crop phenotypes, to further charac-
terize genotypes. The marker-trait association and marker 
effects need to be evaluated under specific environmental 
conditions. Thus, modern phenotyping largely depends on 
how environmental factors contribute to a specific phe-
notype, which is particularly important for traits such as 
abiotic stress tolerance (Xu et al. 2012). A panel of popu-
lations with large-scale phenotyping and multiple environ-
ment typing (e-typing) is crucial at this stage. By detect-
ing transcriptomic regulation and epigenetic modification, 
the interaction between genes and traits and environments 
can be better deciphered. By accumulating these large data 
sets and the corresponding data mining, novel germplasm 
of higher productivity and better quality will eventually 
be created through computational modeling and modern 
breeding technologies such as MARS, advanced backcross 
quantitative trait loci (QTL) analysis, genomic selection, 
gene pyramiding, etc.

Sequencing leads to explosion of cost‑effective 
markers

The overall cost in molecular plant breeding consists of 
marker development and marker application. The rapid 
advancement of NGS technologies substantially reduces 
the cost in marker development in plant breeding pro-
grams. Serving as high-throughput genotyping platforms, 
NGS technologies triggered the explosion of cost-effective 
DNA markers (Fig.  2). More than 55  million SNPs were 
discovered in maize by genome-wide sequencing of several 
hundred lines representing wild, landrace and improved 
genotypes (Jiao et al. 2012; Chia et al. 2012; Hufford et al. 
2012). With the same strategy as in maize, about 5.1 mil-
lion SNPs were identified in 55 soybean accessions (Li 
et al. 2013). About 3.6 million variations were detected in 
cucumber germplasm (Qi et al. 2013) and 11.6 million in 

tomato (Lin et  al. 2014). Recently, an international com-
munity reported approximately 18.9  million SNPs by re-
sequencing a core collection of 3000 rice accessions from 
89 countries (Li et al. 2014).

For crops with available genome sequences, known 
DNA markers can be anchored to corresponding positions 
in the genomes. New variations can be identified from dif-
ferent cultivars by sequencing or PCR amplification using 
these sequences as templates. Sequence-specific primers or 
probes flanking the variations can then be designed to con-
vert original markers into cost-effective markers. For lupin 
breeding in Australia, marker implementation has recently 
switched to SNP technologies following the adoption of the 
Fluidigm SNP-genotyping platform and the LightScanner 
high resolution melting (HRM) system. The successful and 
smooth transition was achieved by the NGS-based draft 
genome sequences, from which corresponding scaffolds for 
all 16 MFLP markers were identified (Yang et al. 2013b). 
Using these scaffolds as templates, the MFLP-derived 
InDel markers were converted into sequence-specific SNP 
markers, which are now being applied in lupin breeding.

For plant species without genome references, several 
NGS-based methods of complexity-reduced representa-
tion offer a rapid approach to develop cost-effective DNA 
markers. These methods include reduced-representation 
libraries (RRLs) (Gore et al. 2009; Hyten et al. 2010), com-
plexity reduction of polymorphic sequences (Mammadov 
et  al. 2010), restriction-site associated DNA sequencing 
(RAD-seq) (Baird et  al. 2008), sequence-based polymor-
phic marker technology (Sahu et  al. 2012), low-coverage 
multiplexed shotgun genotyping (Andolfatto et  al. 2011) 
and genotyping by sequencing (GBS) (Elshire et al. 2011; 
Poland et al. 2012b), of which RAD-seq and GBS are the 
most popular in recent years. It is worth noting that the 
RAD method was originally developed on a microarray 
platform (Miller et  al. 2007), and then adapted to NGS 
platforms (Baird et  al. 2008). Beginning with a specific 
restriction enzyme digestion, DNA fragments were ligated 
to P1 adaptors, pooled, randomly sheared, size selected, 
then ligated to P2 adaptors for RAD-seq. In this way, 
almost all of the fragments with enzyme recognition sites 
could be sequenced (Davey et al. 2011). For GBS, digested 
fragments were ligated to barcoded and common adaptors 
before being pooled and amplified. Thus, only short frag-
ments with a barcode adaptor on one side and a common 
adaptor on the other could be sequenced.

RAD-seq is widely applied to detect SNPs and InDels 
for QTL mapping (Baird et  al. 2008; Bus et  al. 2012), in 
addition to evolutionary analysis (Emerson et  al. 2010; 
Wang et  al. 2013). RAD-seq can also be used in de novo 
assembly to identify missing SNPs by paired-end sequenc-
ing (Etter et  al. 2011; Willing et  al. 2011). However, the 
cost is still prohibitive for using RAD-seq in crops with 
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large genomes, whereas GBS is a suitable alternative 
(Chutimanitsakun et al. 2011; Poland et al. 2012b). More-
over, the cost of GBS can be further reduced when pro-
cessing with a methylation-sensitive restriction enzyme, 
ApeKI for instance. Considering simple and quick library 
construction, lower coverage requirement, and more impor-
tantly, lower cost, GBS is particularly wellsuited for GWAS 
and genomic selection (GS) in large sample size genotyp-
ing (Poland et  al. 2012a; Uitdewilligen et  al. 2013; Ward 
et  al. 2013; Morris et  al. 2013). In essence, NGS-based 
complexity-reduced representation sequencing shares the 
same principles as traditional DNA fingerprinting methods 
in sampling genome-wide DNA markers (Yang et al. 2012). 
By this approach, 416,856 markers were obtained in wheat 
(Saintenac et al. 2013), then 34,000 in barley (Poland et al. 
2012b), 25,047 in soybean (Hyten et  al. 2010), and over 
10,000 markers in eggplant (Barchi et al. 2011).

The most distinct advantage of sequencing generated 
markers over traditional fingerprinting markers is that all 
markers have DNA sequence information available. The 
sequences can be readily applied for primer design or 
probe design. This enables sequencing-derived markers 
to be easily converted to cost-effective formats, which are 
amenable to large samples in plant breeding. Researchers 
have applied RAD-seq in the absence of lupin genome to 
develop SNP markers for anthracnose and phomopsis stem 
blight (PSB) disease resistance (Yang et al. 2012, 2013a). 
More than 30 SNP markers linked to disease resistance 
genes were discovered in each case. Although the sequenc-
ing reads are short, many of the SNPs were located in the 
middle, leaving enough flanking sequences for primer 
design. The SNPs were successfully converted into 
sequence-specific PCR markers, which have been applied 
in lupin breeding using the HRM platform.

The cost of marker application in plant breeding is 
largely determined by genotyping platforms. With the 
fast accumulation of sequence-defined markers, a num-
ber of high-throughput genotyping platforms emerged for 
marker development and implementation in plant breeding 
(Table  1). High-density oligonucleotide arrays designed 
by Affymetrix or Illumina are now commercially avail-
able for several crops, allowing parallel genotyping of a 
few individuals for thousands of markers or, alternatively, 
thousands of individuals for a few markers (Gupta et  al. 
2008). These array-based markers are widely used in crop 
genomic investigation such as population dynamics, origin 
and evolution, GWAS and QTL interval mapping (Atwell 
et al. 2010; Molina et al. 2011; Dai et al. 2012). Thousands 
of SNP markers can be assayed in microarrays in some 
crops, which potentially can be applied to large-scale plant 
breeding practices (Fig. 3). For example, sequence-specific 
markers were applied to genotype a segregating popula-
tion in soybean using the Illumina GoldenGate genotyping 

platform (Hyten et al. 2010). Marker-assisted breeding has 
been routinely used by some large private companies ben-
efit from their long-term basic research and investment on 
genotyping infrastructures. Several versatile high-through-
put genotyping platforms have been developed in recent 
years (Table  1) including KASPar, Fluidignnanofluidic 
arrays, HRM, SNaPshot multiplex SNP genotyping and 
TaqMan SNP genotyping. They provide more choices to 
meet the cost-effective requirement, which may help small-
sized companies, public sector and developing countries to 
take up molecular plant breeding. A comprehensive review 
on marker genotyping platforms was published recently 
(Xu et al. 2013).

Sequencing facilitates development of functional 
or diagnostic markers

Plant breeding programs usually involve germplasm from 
diverse genetic backgrounds. Implementation of molecu-
lar markers in different breeding populations requires 
high consistency between marker genotypes and trait phe-
notypes in a wide range of germplasm, and the markers 
should be able to screen progeny resulting from complex 
crosses involving multiple parents. Unfortunately, most 
molecular markers are not “perfect”, for example, distinct 
from target genes. Owing to genetic recombination, culti-
vars showing desirable marker alleles may not necessarily 
possess targeted genes, and vice versa. To deal with this 
prevalent problem, molecular biologists need to conduct 
marker validation to figure out suitable markers for a cer-
tain cross, which not only increases the overall cost, but 
also slows down MAS application.

The best solution for this plight is to develop func-
tional markers or non-genic diagnostic markers that can 
be applied in a wide range of breeding germplasm with-
out marker validation. Functional markers are part of the 
genes of interest, whose genotypes will always match up 
with trait phenotypes on all individuals in a breeding pro-
gram. Hence, marker validation is no longer necessary 
in marker-assisted plant breeding (Gebhardt 2013). Two 
famous markers implemented in Australia were “diagnos-
tic” for cereal cyst nematode (CCN) resistance in all breed-
ing crosses (Ogbonnaya et al. 2001).

Gene sequences obtained from genome sequencing 
greatly facilitate the development of genic markers for 
plant breeding. In soybean, functional markers were devel-
oped for the fragrance gene (Juwattanasomran et al. 2012), 
for the phosphorus stress genes (Zhang et al. 2014), and for 
seed oil storage genes (Goettel et  al. 2014). Genic mark-
ers were developed in rice for the bacterial leaf blight dis-
ease resistance genes xa5 (Iyer-Pascuzzi and McCouch 
2007), xa13 (Antony et  al. 2010), xa21 (Park and Ronald 
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2012), and for plant hopper resistance gene Bph14 (Zhou 
et  al. 2013). Functional markers were also developed in 
wheat for the gene Pm3 conferring resistance against pow-
dery mildew disease (Brunner et  al. 2010), and for the 
polyphenol oxidase gene (PPO) (He et  al. 2007). A thor-
ough understanding of the gene structure and function can 
greatly expedite the development of functional markers. In 
barley for example, the beta-Amylase (α-1,4-glucan malto-
hydrolase) is a key enzyme in the hydrolysis of starch in 
germinating barley grains, which determines the diastatic 
power during malting and brewing. A non-synonymous 
substitution of Arg115Cys in the gene determines the bind-
ing ability with the enzyme inhibitor. Another substitution 
of Val233Ala influences the refolding after heating giv-
ing a benefit during malt kilning. The third substitution of 
Leu347Ser confers maintenance of activity at higher mash-
ing temperature. Each of these amino acid substitutions is 

caused by a SNP variation, and three genic markers were 
separately designed for these variations. Now, barley breed-
ers can select specific malting and brewing quality traits 
with different enzyme activity, thermostability and inhibi-
tor binding ability without the time consuming chemi-
cal analysis for malting and brewing quality (Evans et  al. 
2010).

Although genic markers are clearly the most ideal ones 
for molecular plant breeding, it still remains a difficult task 
to develop them. Even with available genome sequences, 
it requires a considerable amount of research work to pin-
point the corresponding genes for agronomic traits of inter-
est. Fortunately, non-genic diagnostic markers and semi-
diagnostic markers can be developed without sequence 
knowledge of causal genes. The SSR marker Xgwm382 was 
identified in wheat through bulk segregant analysis, which 
was diagnostic for yellow rust disease resistance (Akfirat 

Fig. 3   A schematic overview 
of sequencing strategies for 
marker-assisted plant breed-
ing. For a given crop, at least 
a core germplasm is needed, 
from which crucial accessions 
can be picked out to construct 
a draft genome by sequencing. 
Traditional markers can be con-
verted into sequence-specific, 
diagnostic markers using the 
draft genome. Then natural and 
segregating populations can be 
sequenced to develop diagnostic 
markers through linkage and 
association mapping. The infor-
mation obtained from the link-
age mapping can also be used 
to improve the quality of the 
draft genome for more precise 
analyses. The diagnostic mark-
ers can then be used to screen 
large breeding progeny, based 
on which novel germplasm will 
be constructed both for breeding 
practice through multi-trials and 
for functional studies through 
trans-omics strategies

Crucial 
accessions

Core 
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Draft genome

Functional/diagnostic 
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Association 
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markers

Linkage 
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et al. 2013). Sequence-tagged microsatellite markers were 
identified to be diagnostic for stem rust disease resistance 
gene Sr2 in wheat (Hayden et al. 2004; Ellis et al. 2014). 
In lupin, the first marker AntjM1, tagging the anthracnose 
disease resistance (R−) gene Lanr1, was developed in 
2002 (Yang et  al. 2004). Unfortunately, the initial excite-
ment quickly subsided when cultivars highly susceptible to 
the disease were found to have the R-marker allele. With 
a careful marker validation, AntjM1 was used to screen 
F2 breeding populations from only 32 and 61 crosses of 
approximately 400 crosses in 2003 and 2004, respectively. 
The resistance to anthracnose disease was so important to 
have a veto power on the release of new lupin cultivars 
(Yang et al. 2001) that researchers kept on developing more 
markers for Lanr1 gene over the following 2 years until the 
identification of the diagnostic marker AntjM2 (You et al. 
2005). Based on this observation, a new protocol was for-
mulated to identify diagnostic or semi-diagnostic mark-
ers: (1) multiple candidate makers are generated (2) and 
then validated on a set of key cultivars; (3) markers with 
the least false positives are selected and converted into 
sequence-specific PCR markers for routine breeding (Yang 
et  al. 2008). This protocol was applied to later marker 
implementation, which to some degree broadens the appli-
cation of developed markers in lupin breeding (Li et  al. 
2010b, 2011, 2012a, b).

NGS-based reduced complexity sequencing technolo-
gies provide powerful tools to develop non-genic but diag-
nostic or semi-diagnostic markers. In wheat, diagnostic 
SNP markers were developed using RNA-seq for the yel-
low rust disease resistance gene Yr15 (Ramirez-Gonzalez 
et al. 2014). When RAD-seq was applied in marker devel-
opment for PSB disease resistance in lupin, 7241 SNP 
markers were obtained across 20 plants. Of which, 33 were 
identified as candidate markers linked to the R gene PhtjR. 
Using NGS platforms, the rapid discovery of a large num-
ber of molecular markers associated with a target gene 
provides an excellent source to select diagnostic markers. 
Linkage analysis confirmed that two SNP markers co-seg-
regated with the R gene on a population of 187 recombi-
nant inbred lines (Yang et al. 2013a). Validation tests found 
that these two SNP markers, which were 1.1 cM away from 
the R gene, had marker genotypes consistent with disease 
phenotypes on all commercial cultivars and breeding lines, 
which is “diagnostic” for lupin breeding. In comparison, 
two markers at 0 cM to the R gene had a large number of 
false positives on commercial cultivars (Yang et al. 2013a). 
These results further indicated that a diagnostic marker 
may not necessarily be the one most closely adjacent to the 
target gene of interest (Sharp et al. 2001; Yang et al. 2008).

Genome sequencing and re-sequencing are a valu-
able resource for searching diagnostic markers. In lupin, 
the scaffold2922 (33,979  bp in length) was linked to 

anthracnose disease resistance by a combination of genome 
sequencing and genetic mapping from lupin cultivar Tan-
jil (Yang et  al. 2013b). By re-sequencing ten cultivars, 
researchers developed several InDel and SNP markers 
linked to anthracnose resistance genes by sequence align-
ment on scaffold2922. These markers showed significant 
genotypic variations on commercial cultivars, even though 
they originated from the same scaffold (Table 2). One InDel 
marker showing diagnostic genotypes for anthracnose dis-
ease phenotypes; the other four markers had false positives 
on 8–15 out from 27 commercial cultivars (Table  2). In 
rice, by genome-wide sequencing a segregating population, 
each recombination bin was identified to contain an average 
of 525 SNP markers (Huang et  al. 2009). Markers within 
each recombination bin are closely linked, which therefore 
provide a wide scope for the discovery of diagnostic mark-
ers. Some of the markers within a bin could be from the 
causative gene that determines the phenotypic variations. 
Such markers will be “perfect” that are not only diagnostic 
to a wide range of breeding populations, but also provide 
100 % accuracy in predicting the phenotype of interest in 
MAS (Varshney et al. 2005).

Sequencing boosts molecular breeding of neglected 
crops

At present, highly complete genome sequences are only 
available for a few plant species, such as Arabidopsis and 
rice, which serve as model species for plant research. A few 
major staple crops have attracted large amounts of research 
investment worldwide. However, plant breeding covers 
hundreds of plant species, but most of them are “neglected” 
on molecular research and with little genomic information 
available. Until recently, examples of marker application 
in plant breeding have mostly concentrated on a few major 
crop species. For neglected crops, little available molecu-
lar resources make it difficult for marker development, thus 
few successful marker applications for MAS have been 
observed on these plant species. Reduced cost of NGS 
now makes it feasible to sequence the genomes of many 
neglected crops. Low-cost and medium-depth sequencing 
can provide valuable genome resources for the breeding 
of these crops. For example, a draft genome sequence of 
lupin (~1.1 Gb) was achieved by sequencing 27-fold depth 
for less than US $20,000. The scaffold N50 length reached 
12.5  kb, which is sufficient for sequence-specific primer 
and probe design in developing allele-specific markers. 
Researchers have located the previous InDel markers linked 
to various key genes to the respective scaffolds (Yang et al. 
2013b), whose length ranged from 3 to 64 kb. With those 
scaffolds as templates, sequence-specific and cost-effective 
SNP markers have been successfully developed for each of 
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those agronomic genes of interest. The immense number of 
markers developed by whole genome re-sequencing pro-
vides ample choice for molecular lupin breeding.

For plant species without a reference genome sequence, 
NGS-based reduced genome representation sequencing 
approaches are available to generate a large number of high 
quality and cost-effective markers. Before publication of the 
pepper genome, transcriptome analysis by RNA-seq of two 
cultivars yielded 11,849 reliable SNP and 853 SSR markers 
on pepper (Nicolai et al. 2012). Sequencing of reduced-repre-
sentation libraries identified 55,465 SNP markers in eight flax 
(Linum usitatissimum) genotypes (Kumar et  al. 2012). The 
markers generated from these alternative strategies also provide 
an easy way to construct high-density genetic maps on plants 
without any preceding molecular knowledge. NGS-based 
genetic mapping is more rapid and cost-effective than tradi-
tional genetic mapping. For example, several research projects 

have invested millions of dollars over the last 20  years in 
genetic mapping on the same mapping population of narrow-
leafed lupin in Australia (Brien et al. 1999; Nelson et al. 2006, 
2010; Kroc et al. 2014). The combined reference maps from 
these projects contained <1500 markers; and most of these 
markers were anonymous without sequence information. Thus, 
they cannot be transferred and interpreted on different breed-
ing germplasm. In contrast, a dense genetic map with 8,246 
sequence-defined markers was constructed within a month 
using RAD-seq in lupin (Yang et al. 2013b). This NGS-based 
map has several major advantages over previously reported 
maps. First, the marker number is several times higher than 
those reported, which provides higher resolution landmarks for 
the lupin genome. It will provide lupin geneticists and breeders 
a broader suite of options to choose markers for a wide range 
of research purposes. Second, all sequence-defined markers 
can be easily and unambiguously transferred and interpreted in 

Table 2   Disease resistance phenotypes for the anthracnose disease 
resistance gene Lanr1 and the five linked molecular markers derived 
from Scaffold number 29921 of the reference lupin genome assembly 

showing large marker genotype variations on 27 cultivars of Lupinus 
angustifolius illustrating the potential of identification of diagnostic 
markers for MAS

Cultivars Disease resistance 
genotype 

SNP3299
2

[T/C]
3

SNP10116 
[T/C] 

SNP22156 
[A/G] 

Indel 23269 

[TTAC]
4

SNP31649 
[T/C] 

1 Uniwhite S C C G - T 
2 Uniharvest S C C G -  T 
3 Unicrop S C C G -  T 
4 Marri S T

5 T A -  T 
5 Illyarrie S T T A -  T 
6 Yandee S T T A -  T 
7 Chittick S C C G -  T 
8 Danja S C C G -  T 
9 Geebung S C C G -  T 
10 Gungurru S T T A -  C 
11 Yorrel S T T A -  C 
12 Warrah S T T A -  C 
13 Merrit S T T A -  C 
14 Myallie S C C G -  T 
15 Kalya S T T A -  T 
16 Wonga R T T A + C 
17 Belara S T T A -  C 
18 Tallerack S C C G -  T 
19 Tanjil R T T A + C 
20 Moonah S T T A -  T 
21 Quilinock S T T A -  C 
22 Jindalee S T T A -  C 
23 Mandelup S T T A -  T 
24 Coromup S T T A -  T 
25 Jenabillup S T T A -  C 
26 Gunyidi R T T A + C 
27 Barlock R T T A + C 

Number of “false positives” 15 15 15 0
6

8 

Plant disease resistance genotypes are presented in blue

Cultivars possessing the R gene are highlighted in green
1  Reference genome sequence assembly derived from cultivar Tanjil was published by Yang et al. (2013b)
2  Marker positive on scaffold 2992
3  SNP nucleotide
4  InDel nucleotides
5  False positives (marker genotype does not match disease resistance genotypes) are highlighted in red color
6  Markers showing no false positive are diagnostic markers
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any lupin germplasm, and are useful for comparative genomic 
studies. Third, 7563 of the markers are SNP markers, which are 
compatible with high-throughput SNP-genotyping platforms 
for molecular breeding and genetics studies.

Recent work demonstrated that QTL maps could not 
only be employed for mapping quantitative traits, but could 
also improve the genome quality of the parents of a seg-
regating population (Gao et  al. 2013). A core segregating 
system here refers to a mapping population together with 
its parental lines, which could also be expanded to a larger 
population of breeding. By taking full advantage of the 
sequencing data of a segregating population, the genome 
sequence of parents improved by anchoring scaffolds to 
chromosomes, filling up gaps and correcting single-base 
errors. It provided an alternative approach to improve the 
genome sequence of crops. Furthermore, the improvement 
will be accumulative as more mapping populations derived 
from a shared parent are sequenced. It is concluded that, 
for each crop, at least one segregating population and its 
parents should be sequenced to initiate a modern breed-
ing platform (Fig. 3). Core and larger mapping populations 
should be developed and sequenced step-by-step depend-
ing on funding availability. In conclusion, NGS-based rapid 
and high-density genetic mapping provides a cost-efficient 
approach for neglected crop species as well as major crops 
on marker discovery for MAS and GS in breeding practice 
(Pérez-de-Castro et al. 2012; Nakaya and Isobe 2012).

Sequencing ties up breeders and molecular 
biologists

Human society has experienced a surprising population 
explosion over the past 100 years. Amazingly, plant breed-
ing has been successful in keeping mankind well fed. To 
some extent, the major health concern in contemporary 
society is now over-nutrition related diseases, such as dia-
betes, gout, hyperlipemia and obesity. However, slow pro-
gress in producing molecular markers for practical plant 
breeding, and competition from molecular biologists in 
research funding, can hamper the enthusiasm of breeders 
to adopt marker technologies. In Australia, for example, 

multi-million dollar investments have been made in molec-
ular research on several legume crops in the last 20 years, 
including field pea, chickpea, lentil and faba bean. To date, 
no marker has been applied for MAS on F2 populations in 
these breeding programs. As such, it is not easy to convince 
plant breeders to believe in molecular markers. When one 
author of this review (Huaan, Y.), a plant pathologist at the 
time, developed the first two InDel markers that linked to 
PSB disease resistance (Yang et  al. 2002), the breeders 
required thorough validation of the effectiveness of mark-
ers before adopting them. Since then, 20 more InDel mark-
ers have been developed and linked to various agronomic 
genes of interest in lupin (Shahidul et al. 2013; Yang et al. 
2013b). Nowadays, MAS has become an integral part of 
the breeding program yielding significant economic and 
genetic benefit. Take anthracnose resistance for instance; 
before MAS was applied in lupin breeding, glasshouse 
testing was a year-around task plus field trials in five dis-
ease nurseries (1620  m2 each). DNA markers linked to 
the R gene Lanr1 conferring resistance to anthracnose 
disease were then applied to screen all F2 plants (Yang 
et  al. 2004; You et  al. 2005), which made the glasshouse 
anthracnose disease test redundant. The field disease nurs-
ery is now reduced to one bay annually, which serves as 
verification for the advanced breeding lines (Table 3). The 
application of molecular markers not only results in cost 
saving from glasshouse trials, field trials and manpower, 
but more importantly, it greatly increases the efficiency of 
genetic improvement. Without molecular markers, about 
50–60 % of advanced breeding lines were thrown away due 
to anthracnose susceptibility, and the breeder could only 
use the remaining lines to find new cultivars. After MAS, 
98 % of breeding lines are resistant to the disease (Table 3), 
which means that with the same effort the lupin breeding 
team has twice as many advanced breeding lines, from 
which new cultivars can be selected.

Once molecular markers are cost-effective and applica-
ble in plant breeding, it is often straightforward to engage 
plant breeders to apply them in breeding programs. For 
example, breeding for resistance to PSB is a key objective 
in lupin breeding (Yang et al. 2002). Several conventional 
screening methods for PSB resistance are labor-intensive 

Table 3   The impact of MAS on the Australian lupin breeding program as shown by efforts for screening resistance to anthracnose disease in 
response to implementation of DNA markers in the past 12 years

a  Each bay is a 90 m × 18 m field plot

2002 (before MAS) 2013 (after 12 years of MAS)

Glasshouse disease screening All year around Stopped

Size of field disease screening trials 5 baysa 1 baysa

Breeding lines showing disease resistance in field trials 50 % 98 %

Working time spent by (1) plant pathologist; and (2) technical officer (1) 20 %
(2) 80 %

(1) 5 %
(2) 20 %
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and time-consuming (Cowling et  al. 1987; Williamson 
et  al. 1991; Shankar et  al. 1996). With NGS technology, 
SNP markers were developed for two major R genes con-
ferring PSB resistance. One linked to the PhtjR gene was 
developed by the RAD-seq method (Yang et al. 2013a), and 
the other linked to the Phr1 gene was developed by mining 
the draft genome (Yang et al. 2013b). These SNP markers 
are now being implemented in large-scale MAS to screen 
for PSB resistance on F2 populations in lupin breeding.

Another example of marker-assisted breeding is the 
selection for the soft-seed gene mollis. Seeds of wild 
lupin are “hard-seeded”, which means that the seed coat 
is impermeable to water to prevent uniform germination 
as a survival strategy in the wild. During lupin domesti-
cation, a soft-seediness gene (mollis) was selected, which 
confers seed coat permeability to water (Boersma et  al. 
2007a), ensuring a satisfactory germination rate of the 
crop. Screening for the mollis gene by the conventional 
method of soaking seeds in water to observe water absorp-
tion is problematic, since a portion of hard-seeded lupin 
seeds can naturally absorb water, which can be confused 
with truly soft-seeded plants. More importantly, the perme-
ability of the seed coat is maternally determined. That is, if 
a soft-seeded plant is used as a female parent crossed with 
a hard-seeded wild type, the F1 (Mollis/mollis) seed is soft 
seeded, and the resultant F2 seeds are hard seeded including 
homozygous soft-seediness individuals. Therefore, the mol-
lis gene is regarded as the most difficult domestication gene 
to be identified and selected by conventional phenotyping 
methods. Using the draft genome sequence and previously 
identified InDel markers (Boersma et  al. 2007a; Li et  al. 
2012a), two co-dominant SNP markers linked to soft-seed 
gene mollis were developed. Marker-assisted selection of 
the mollis gene has removed the difficulties encountered by 
conventional selection methods.

With breeders and molecular biologists working 
together, molecular markers can be applied to deal with 
some tough challenges in plant breeding, such as broaden-
ing the genetic-based breeding pools. Genetic gains in plant 
breeding are proportional to the phenotypic variations pre-
sent in the original source population, and the phenotypic 
variation is positively associated with genetic diversity in 
the breeding pools (Moose and Mumm 2008). The genetic 
reduction and narrowed gene pools have become major 
issues in many plant breeding programs, which is particu-
larly evident in lupin. From the release of the first cultivar 
Unicrop in 1973 to the latest commercial cultivar Barlock in 
2013, lupin yield has increased by 85 %, from 0.78 to 1.85 
tonnes per hectare. However, all 27 commercially released 
cultivars in Australia can be traced back to no more than 12 
wild lupin accessions by recorded pedigrees. The narrow 
gene pool makes it difficult for further yield improvement. 
The major reason for the narrowed genetic pool is that the 

five wild genes must be replaced with domestication alleles 
when introduced into modern lupin cultivars, including the 
high alkaloid gene Iucundis, the hard-seeded gene Mol-
lis, the late-flowering gene ku, and the two pod-shattering 
genes Tardus and Le (Clements et al. 2005). The percent-
age of F2 individuals containing homozygous domesticated 
alleles of all five genes is very low in breeding populations 
derived from W × D crosses. Thus, it is difficult to select 
such F2 plants with domestication alleles by conventional 
methods. With draft genome sequences, SNP markers for 
each of the five genes were developed and are now applied 
for MAS in the F2 populations (Yang et al. 2013b). A major 
advantage of MAS over conventional selection is the abil-
ity to differentiate homozygous individual from heterozy-
gous plants, making it possible to select and retain F2 plants 
containing domestication alleles for the five genes simul-
taneously. If the number of F2 plants with homozygous 
genotypes is low, F2 plants with heterozygous genotype 
are retained and the selection of homozygous genotypes is 
delayed until the following generation. In this way, MAS 
promoted to integrate wild germplasm into the domesti-
cated gene pool of lupin.

Insufficient communication between molecular biolo-
gists and plant breeders is another major factor limit-
ing MAS application. For example, we heard molecular 
biologists wondering “how can a marker happen to have 
false positives” and “the marker test should be finished in 
1 year on all interested germplasm” and “why use the same 
marker year after year”. Weak knowledge on plant genet-
ics and breeding practice among molecular biologists could 
hinder their ability to develop applicable markers for plant 
breeding. To date, all molecular markers applied in lupin 
breeding were developed by the Australian lupin breeding 
team. Nevertheless, the application of molecular markers to 
accelerate genetic improvement is a joint mission of plant 
breeders and molecular biologists. The rapid NGS-based 
marker development protocol (Yang et al. 2012) and lupin 
draft genome (Yang et  al. 2013b) further convinced lupin 
breeders to willingly invest in modern genotyping plat-
forms for characterizing breeding germplasm and potential 
parental lines, which help breeders design and optimize dif-
ferent crosses. The close cooperation between breeders and 
molecular geneticists succeeds in lupin breeding.

Concluding remarks

Molecular markers have been gradually applied to assist 
plant breeding in a few major agricultural crops in the 
last 30  years. A small number of commercial varieties 
obtained from MAS breeding programs have been released 
in rice, soybean, maize, barley, wheat and potato (Brum-
lop and Finckh 2011). Generally speaking, the potential of 
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molecular markers for crop genetic improvement is yet to 
be fully realized. To date, most fruitful examples of marker-
assisted plant breeding are associated with major genes 
(Gupta et  al. 2008; Brumlop and Finckh 2011). However, 
many agronomic traits of breeding interest, such as yield 
and protein content, are controlled by multiple genes with 
small effect in multiple QTLs. Although thousands of stud-
ies have been published on mapping QTLs in crops, very 
few have been translated into crop genetic improvement. 
Of the few successful cases, the application of MAS based 
on QTL mapping was restricted to one or a few breeding 
populations resulting from bi-parental cross. The scale up 
of MAS in a breeding program requires a new theory for 
integrating QTL information across numerous populations, 
since the marker validation for monogenic traits is diffi-
cult to apply to markers linked to quantitative traits. The 
major difficulties hindering the wide application of molec-
ular markers in plant breeding could be summarized as: 
prolonged methods for identification of marker-trait asso-
ciation; limited numbers of established molecular markers 
linked to traits of breeder interest; the lack of functional/
diagnostic markers resulting in marker validation; the low 
reliability and accuracy of QTL mapping across differ-
ent populations; the high unit cost associated with MAS 
uptake; the lack of suitable infrastructure and platforms for 
high-throughput genotyping in public sector and develop-
ing countries; and the knowledge gaps between molecular 
biologists and plant breeders (Collard and Mackill 2008; 
Ribaut et al. 2010).

Traditional DNA fingerprinting-based marker develop-
ment methods contributed to some of the above technical 
difficulties due to their low efficiency in generating DNA 
markers, and the absence of DNA sequence information. 
NGS-based strategies have superseded previous gel-based 
methods in marker development, which eventually would 
facilitate identification, selection and application of molec-
ular markers for plant breeding. An advantage of sequenc-
ing technologies is the extraordinarily high efficiency 
in generating large numbers of sequence-defined DNA 
markers without the need for prior genome knowledge. 
Sequencing-derived markers can be easily and affordably 
applied to any plant. Sequencing technologies are capable 
of having a major impact on molecular plant breeding even 
on neglected plant species, for example lupin.

In recent years, GS has attracted great attention in plant 
molecular research. It simultaneously estimates all loci or 
all markers in a genome to calculate the genomic estimated 
breeding value (GEBV) (Desta and Ortiz 2014). Selection 
of desirable breeding progeny is based on the joint effect of 
genome-wide dense markers for the total genetic gains. It is 
contrary to traditional MAS where selection is based on a set 
of defined markers with significant genetic effects. GS also 
provides a new avenue for marker-assisted selection for QTL 

controlled complex traits (Varshney et  al. 2009; Connelly 
and Akey 2012). Various statistical models for prediction 
of genetic effects in GS are being proposed (Jannink et  al. 
2010). In simulation studies, GS produced 43 % more genetic 
gain than MAS for polygenic traits (Rex and Yu 2007), and 
has the potential to reduce a 7-year MAS breeding program 
into a 3-year program (Heffner et al. 2009). Despite the fact 
that GS has been applied in animal breeding for some time 
(Schaeffer 2006), it is now still in its infancy in crop breed-
ing (Lorenz et al. 2011; Desta and Ortiz 2014). Example of 
practical application of GS in plant breeding programs is yet 
to be seen. The escalating capacity of sequencing technolo-
gies in developing massive molecular markers, coupled with 
parallel genotyping platforms, holds great promise to advance 
molecular plant breeding in the near future.
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