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Chapter 28
Sequence-Based Marker Assisted Selection 
in Wheat

Marco Maccaferri, Martina Bruschi, and Roberto Tuberosa

Abstract  Wheat improvement has traditionally been conducted by relying on arti-
ficial crossing of suitable parental lines followed by selection of the best genetic 
combinations. At the same time wheat genetic resources have been characterized 
and exploited  with the aim of continuously improving target traits. Over this solid 
framework, innovations from emerging research disciplines have been progres-
sively added over time: cytogenetics, quantitative genetics, chromosome engineer-
ing, mutagenesis, molecular biology and, most recently, comparative, structural, 
and functional genomics with all the related -omics platforms. Nowadays, the inte-
gration of these disciplines coupled with their spectacular technical advances made 
possible by the sequencing of the entire wheat genome, has ushered us  in a new 
breeding paradigm on how to best leverage the functional variability of genetic 
stocks and germplasm collections. Molecular techniques first impacted wheat 
genetics and breeding in the 1980s with the development of restriction fragment 
length polymorphism (RFLP)-based approaches. Since then, steady progress in 
sequence-based, marker-assisted selection now allows for an unprecedently accu-
rate ‘breeding by design’ of wheat, progressing further up to the pangenome-based 
level. This chapter provides an overview of the technologies of the ‘circular genom-
ics era’ which allow breeders to better characterize and more effectively leverage 
the huge and largely untapped natural variability present in the Triticeae gene pool, 
particularly at the tetraploid level, and its closest diploid and polyploid  ances-
tors and relatives.
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28.1  �Learning Objectives

•	 Assessing the feasibility, benefits, and shortcomings of molecular techniques and 
especially marker-assisted selection in wheat breeding.

28.2  �Introduction

Meeting the food demand of a population of 10 billion by 2050 will require a sub-
stantial increase in genetic gain presently achieved mostly by conventional breeding 
approaches (see Chap. 27). In wheat and other crops, gains from selection are taper-
ing off, also in part due to climate change effects, and will not meet the estimated 
70% increase in crop productivity required by 2050 to feed mankind (see Chap. 21). 
This worrisome trend can be mitigated through genomics-assisted breeding, par-
ticularly through marker-assisted selection (MAS) and genomic selection, two pro-
cedures increasingly adopted to accelerate gain from selection in breeding programs 
worldwide [1, 2].

The success of the Green Revolution that fueled the high selection gains in the 
1960s–1980s was mainly due to the previous identification, followed by deploy-
ment, of the semi-dwarf Rht alleles in combination with photoperiod-insensitive 
Ppd alleles which allowed for the selection of short and early flowering cultivars 
able to escape heat and drought and take advantage of higher nitrogen fertilization 
regimes (see Chap. 10). These remarkable results highlight the key role played by 
the genotype x environment x management (GxExM) interaction.

Additional traits played an important role towards the release of novel cultivars 
provided with alleles able to mitigate the negative effects of biotic (e.g., rusts, fusar-
ium head blight, root rot, septoria tritici blotch, etc.), and abiotic (e.g., drought, heat, 
nutrient deficiency and toxicity, etc.) stress on yield and its stability. In both cases, 
the identification of beneficial alleles at the loci (genes and mostly quantitative trait 
loci: QTLs) governing the resistance/tolerance to such factors and their selection 
through MAS are being increasingly adopted to accelerate the gain from selection 
(see Chaps. 5 and 6). The identification of QTLs with a major effect on the target 
traits has been more frequently reported for biotic stress (see Chap. 19; see also 
Fig. 28.5), though some notable examples have been reported for abiotic stress [3, 
4], particularly when targeting morpho-physiological traits (e.g., early vigor, root 
system architecture, staygreen, isotope discrimination, etc.) with predictive value as 
proxies for biomass production, water-use efficiency, yield components, yield and 
its stability [5].
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28.3  �Genetic Resources, Mapping Approaches and Database

The key role played by germplasm collections for both gene discovery and pre-
breeding purposes has been highlighted in hexaploid wheat with the Watkins collec-
tion [6] and in tetraploid wheat with the Global Durum wheat Panel (GDP; [7]) and 
the Tetraploid wheat Global Collection (TGC; [8]) (Fig. 28.1).

Linkage mapping and association mapping also known as genome wide associa-
tion study (GWAS) in wheat have been conducted using various molecular marker 
sets and platforms [9]. Therefore, cross-referencing loci and QTL mapping results 
across experiments and genetic materials is cumbersome but otherwise essential for 
increasing the accuracy of mapping, as well as for mapping the allele/haplotype 
distribution in germplasm collections and breeding pools across the QTLome [10]. 
A valuable approach to prioritize the QTLs to focus on with MAS and eventually 
attempting their cloning is provided by meta-analyses compiling and comparing the 
results of multiple QTL studies, hence providing a more accurate mapping of QTLs 
and their overall value across environments [11, 12].

The wheat community shares the knowledge related to the various molecular 
marker sets used during the past 40 years, mainly through dedicated publications 
and the GrainGenes database (https://wheat.pw.usda.gov/GG3/). Widely used, com-
mon and high-quality molecular marker sets were first adopted for RFLPs and then 
for SSR markers. The genome density of SSR markers allowed for cross-referencing 

Fig. 28.1  The Global Durum wheat Panel (GDP; [7]) and the Tetraploid wheat Global Collection 
(TGC; [8]) are instrumental to mine the vast biodiversity present in the A and B tetraploid wheat 
genomes. The higher genetic variability coupled with lower linkage disequilibrium (LD) decay of 
the TGC indicates its suitability for QTL discovery and cloning while the GDP is more suitable for 
breeding purposes

28  Sequence-Based Marker Assisted Selection in Wheat
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across diverse linkage maps and highly polymorphic reference maps. Most impor-
tant were the ITMI mapping population, a highly polymorphic map obtained from 
the cross of the bread wheat cv. Opata with a highly diverse wheat Synthetic line 
obtained from a cross between durum wheat and Aegilops tauschii and the Courtot 
x Chinese Spring intervarietal molecular marker linkage map. Subsequently, thanks 
to dedicated software, consensus maps  providing higher genetic resolution and 
denser markers were assembled in both durum wheat [13] and bread wheat [14].

28.4  �Dissecting the Wheat QTLome

The prevailing assumption has been that the variation in quantitative traits observed 
among wheat accessions is caused by the effects of multiple QTLs – mostly due to 
natural dominant mutations like insertion or deletion of bases (INDELs) in the regu-
latory gene regions – and the environment that inevitably limits our capacity for 
identifying QTLs, particularly under conditions of low heritability frequently pres-
ent under abiotic stress ([5]; Chap. 13). Additionally, the wheat genome is huge and 
highly repetitive [8, 15], thus posing further difficulties in managing map-based 
cloning procedures that are implemented for the most interesting QTLs, clearly a 
very limited number (Fig. 28.2).

Fig. 28.2  The positional (map-based) cloning of a major QTL for a target trait (e.g., root depth) 
requires (1) the phenotyping and genotyping of an adequately large mapping population segregat-
ing for the trait, (2) the statistical analysis to map the QTLs and estimate their additive effect, (3) 
the fine mapping at high genetic resolution (possibly <0.1 cM) usually achieved with the phenotyp-
ing of a very large (from 1000 to 5000 F2 plants depending on the heritability of the trait) popula-
tion usually assembled from the cross of two near-isogenic lines contrasted for the QTL alleles. 
(Modified with permission from [16])

M. Maccaferri et al.
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Fig. 28.3  The wheat QTLome represents the portion of QTLs with a sufficiently strong additive 
effect that makes their mapping and selection of the beneficial alleles via MAS possible. Only a 
minute fraction of these major QTLs can be cloned, hence allowing for the application of new 
breeding technologies (NBT; e.g., gene editing) and/or genetic engineering (GE). The vast major-
ity of QTLs have additive effects too small to allow for their mapping. Their selection is possible 
through genome selection (GS)

Enhancing genetic gain in wheat and other crops relies on the identification and, 
ideally, cloning of the loci governing the variability of the target traits followed by 
their selection via MAS and/or other genomic tools [2, 10].

More than three decades of dedicated experiments indicate that most QTL effects 
are small, as predicted by the so-called ‘infinitesimal’ model [17]. However, major 
QTLs (i.e., those accounting for >10% of the measured phenotypic variability) have 
also been reported and positionally cloned in wheat [18–20] which allows for 
designing the so-called ‘perfect marker’ for MAS (no recombination between the 
marker and the target locus) while advancing our understanding of the functional 
basis of variability of the target traits.

Once a QTL has been cloned via forward-genetics approaches, other reverse-
genomics approaches (e.g., Targeting Induced Local Lesions in Genomes: TILLING, 
genetic engineering and gene editing, see Chap. 29) offer unprecedented opportuni-
ties to exploit native and/or artificially induced novel alleles. Considering the impor-
tance of quantitative traits for sustaining wheat performance under adverse 
conditions, increasing attention is being devoted to the mapping and cloning of 
major QTLs − hereafter defined ‘QTLome’ as a whole − which accounts for a size-
able portion of the variability targeted by breeders ([10]; Fig. 28.3).

Genomics-assisted wheat improvement is implemented in two complementary 
ways: (i) by targeting a limited number of well-characterized major QTLs via MAS 
(the tip of the iceberg in Fig. 28.3) and (ii) by leveraging the plethora of unknown 

28  Sequence-Based Marker Assisted Selection in Wheat
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QTLs with additive effects too small to be mapped (the submerged portion of the 
iceberg in Fig. 28.3) but otherwise indirectly selectable through genomic selection 
(GS; Chap. 30). The two approaches are complementary and their adoption – either 
as single approaches or in combination- should be based on a case-by-case evalua-
tion, depending on the selection objectives, available genetic materials, and infor-
mation on the genetic make-up and heritability of the target trait. The sequential or 
integrated adoption of both approaches (i.e., QTL-MAS followed by the application 
of GS models accounting for known genes/alleles as fixed effects) has been proven 
far more effective than GS alone [21].

Additionally, Fig. 28.4 indicates how, once a QTL has been cloned, the sequence 
information of the causative sequence (coding or non-coding) allows for the design 
of ‘perfect’ markers and the identification of rare native haplotypes present in the 
collection. Alternatively, the sequence of the QTL can be used to create novel alleles 
through gene editing (Chap. 29) and/or through genetic engineering, thereby enrich-
ing the MAS pipeline with novel alleles.

28.5  �Selecting Traits and Loci for the MAS Pipeline

Choosing the traits suitable for the MAS pipeline requires a clear understating of the 
priorities and limiting factors of the breeding project based on (i) the prevailing 
environmental and phytosanitary conditions in the target environment and (ii) the 
concurrent effects on other traits (e.g., quality) of the targeted alleles/haplotypes per 
se caused by metabolic pleiotropy and/or caused by loci tightly linked to the allele/s 
targeted by MAS, the so-called ‘linkage drag’.

QTL discovery

QTL cloning

QTL characterization
• High-throughput phenotyping
• QTL-based modelling
• QTL x G x E x M

Marker-assisted
breeding 

• Backcross breeding
• Breeding by design
• Haplotype breeding

• Genetic
engineering

• Editing

Allelic variants
(native, mutants)

• Mapping (RIL, GWAS)
• QTL effect
• Haplotype identity

Fig. 28.4  How genomics-assisted breeding allows us to identify beneficial QTL alleles and 
deploys marker-assisted selection (MAS), genome editing, and/or genetic engineering (GE) to 
enhance the frequency of beneficial allelic variants in breeders’ pools

M. Maccaferri et al.
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An aspect of paramount importance for loci/QTL/allele proper exploitation in 
applied breeding programs is the thorough evaluation of the QTLxG×E×M interac-
tion that underpins the QTL effects [3]. This issue is often inadequately addressed, 
because an appropriate experimental design of field trials to achieve such a goal can 
be too expensive. Equally important when evaluating QTL effects is the concept of 
‘envirotyping’ as a third ‘typing’ technology, complementing genotyping and phe-
notyping (Chap. 3). Envirotyping is a fundamental prerequisite to crop modeling 
and phenotype prediction through its functional components [22]. In this respect, 
modeling yield in wheat is particularly challenging due to its broad distribution 
across the globe and the contrasting environmental conditions under which wheat is 
grown (Chap. 31).

28.5.1  �Loci for Phenology

The Rht and Ppd loci that fueled the Green Revolution are obvious “low-hanging 
fruit” for the application of MAS since heading date and height are primary deter-
minants optimizing yield while ensuring its stability across environments. Data on 
the haplotype profiles at the Rht and Ppd loci are increasingly available for the 
founders and other modern genotypes that most frequently are used as parents to 
create novel segregating populations. Among the 46 currently known Rht genes and 
alleles (https://shigen.nig.ac.jp/wheat/komugi/), RhtB1b and Rht-D1b confer insen-
sitivity to GA3 and are the first two loci identified and used in the Green Revolution. 
However, taller and faster-growing wheat cultivars can be higher yielding than 
dwarf or semi-dwarf wheat genotypes under early and severe drought conditions, a 
finding likely related to effects of Rht alleles on coleoptile length and seedling/tiller 
vigor at early growth stages but also on root traits (e.g., root mass and depth) as 
shown by Beyer et  al. [23]. The shorter wheat varieties are considered as better 
adapted to well-watered and nutrient-rich conditions rather than conditions of low 
soil moisture, a notable example of GxExM interaction, indicating how breeders 
can leverage MAS for Rht alleles to optimize yield and yield stability based upon 
the environmental conditions. As an example of wide differentiation of allelic dis-
tribution driven by adaptation and yield potential, we can consider the case of 
worldwide RhtB1 allelic distribution in durum wheat. Most of the modern, highly 
productive durum varieties grown in the fertile and temperate areas under fall sow-
ing and overwinter tillering are homozygous for the semi-dwarf RhtB1b allele while, 
on the contrary, this allele is rarely found in modern varieties bred for the Northern 
American prairies including North Dakota, Montana and Canada where extensive 
agriculture and short growing cycle are dominating.

Based on the environmental conditions (e.g., photoperiod, precipitation, tem-
perature, etc.) of the target environment, breeding programs have been optimized 
for the alleles present at these loci in the parental lines and pre-breeding materials 
(Chaps. 3 and 25). Developmental regulatory networks include response to vernal-
ization (VRN  loci; Chap. 3) and response to day-length conditions, including 
PHOTOPERIOD1, PHYB or PHYC, CO1, and CO2 as well as response to 
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vernalization and freezing tolerance, including CBF and COLD REGULATED 
(COR) genes.

A key player for the fine tuning of flowering time in both durum and bread wheat 
is the Vrn-1 locus that regulates the switch from vegetative to the reproductive mode 
based upon the duration of the exposure to a critical threshold of number of days 
with temperatures between −2 and 15  °C.  The regulation of flowering time in 
response to environmental temperature and day-length conditions is further fine-
tuned by partially redundant networks, including a vernalization responsive net-
work with four VRN loci: VRN1, VRN2, VRN3=FLOWERING LOCUS T (FT), and 
VRN4, all amenable to MAS.

A similar situation has been reported for the Ppd1 locus, also present with three 
homeologs (Ppd-A1, Ppd-B1, and Ppd-D1) of different strength and with different 
alleles, including various Ppd-insensitive dominant mutations in the gene promoter 
regions at all the three homeologs that were rapidly selected by breeders due to their 
positive effects in temperate environments. Additionally, copy number variation is 
another major cause of natural allelic variation in VRN and PPD genes. The VRN 
and PPD allelic combinations consciously or unconsciously selected by breeders at 
the three VRN genes, Ppd1,  and at their homeologs, respectively, have been sur-
veyed in both tetraploid and hexaploid wheat [24].

28.5.2  �Loci for the Root System Architecture (RSA)

Notwithstanding the well-demonstrated importance of the Rht loci, increasing 
attention is being devoted to the loci that control RSA, particularly root mass and 
root depth, both of which have been shown to play a pivotal role in capturing soil 
moisture and nutrients [25]. Selection and breeding for RSA traits have been docu-
mented to be effective under conditions where plants complete their cycle based on 
stored soil water, a condition where deeper roots allow the plants to access deeper 
soil layers where more residual moisture is available as compared to upper soil lay-
ers. A marker-assisted approach targeting plants enriched in alleles conferring 
deeper roots would expedite the release of drought-tolerant cultivars under such 
conditions when residual moisture is more likely available at depth around anthesis 
and grain-filling when surface layers become dry [26].

28.5.3  �Loci for Disease Resistance

Nowadays, MAS for resistance to fungal diseases, mainly rusts, fusarium head 
blight and root rot, septoria tritici blotch, and powdery mildew accounts for the vast 
majority of the MAS activities, particularly marker-assisted backcrossing, routinely 
carried out in wheat breeding programs worldwide.

M. Maccaferri et al.
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The release of new cultivars during the Green Revolution largely relied on 
three-way (top crosses) and less from simple crosses. At CIMMYT, the three-
way crosses (top crosses) approach was mostly effective in introducing and 
immediately recombine new innovative and beneficial alleles at multiple loci 
for plant architecture (Rht), phenology (Ppd), and rust (Lr, Yr, and Sr) resis-
tance. Importantly, this approach resembled the three-way cross already 
adopted by the early Italian wheat geneticist and breeder Nazareno Strampelli 
to develop a first series of innovative wheat varieties in the 1920s that in Italy 
supported the ‘Battle for Grain’ launched in 1925 and eventually allowed the 
country to become self-sufficient in wheat production. The many Strampelli’s 
innovative varieties selected from the cross ‘Rieti/Wilhelmina//Akakomugi’ 
carried out in 1913, later spread worldwide, particularly in South America and 
China [27].

Increasing attention and effort are devoted to the identification of markers 
associated to loci for resistance to viruses (e.g., SBCMV) and/or insects (e.g., 
Hessian fly) whose diffusion and damaging effects are being increased by 
global warming. An example is provided by the search of markers linked to the 
loci for resistance to soil-borne cereal mosaic virus (SBCMV) which has been 
shown to reduce yield by 40–50% in susceptible commercial winter wheat cul-
tivars in UK up to 70% in durum wheat in Italy [28].

28.6  �Molecular Marker Technologies for MAS

A summary of marker technologies and their pros and cons is reported in 
Table 28.1. The ‘first generation markers’ developed at the onset of MAS in the 
late 1980s was based on RFLP, a very expensive and time-consuming technol-
ogy. The advent of the PCR technique ushered in a number of much cheaper 
and faster ‘second generation markers’ such as random amplified polymorphic 
DNA (RAPD), and derived markers such as sequence characterized amplified 
regions (SCAR). Previous studies conducted to dissect the QTLome of soil-
borne cereal mosaic virus (SBCMV) resistance in durum wheat were based on 
SSR and Diversity Arrays Technology (DArT) markers [28]. However, these 
marker classes present a series of constraints: low throughput (SSR markers), 
genome density insufficient for fine mapping (SSR and DArT markers [29]) 
and limited informativeness (DArT markers  in their original version). In the 
past decade, efficient use of SNPs has become possible thanks to the develop-
ment of arrays like the Illumina 90K [30]. Based on the wide use of the Illumina 
90K wheat array worldwide, Maccaferri et al. [31] developed a consensus map 
for tetraploid wheat harboring 30,144 markers in which the high density of 
gene-derived SNPs provides useful anchor points for positional cloning. The 
abudance of SNPs in the wheat genome, together with the possibility of cou-
pling them with high-throughput genotyping technologies, like KASP 
(Kompetitive Allele Specific PCR; Chap. 18) makes them suitable for fine 
mapping which requires the sampling of thousands of plants.

28  Sequence-Based Marker Assisted Selection in Wheat
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The adoption of the SNP array technology and genotyping-by-sequencing (GBS) 
allowed for an unprecedented level of marker density and mapping quality [32]. A 
few arrays were quickly adopted by the wheat community, like the Illumina iSelect 
wheat 9K and 90K arrays [30] and the Affymetrix 35K array [33]. This allowed for 
the accumulation of mapping data sufficient to generate a newer, highly dense gen-
eration of reference and consensus maps. These maps reached a density of 1–10 
marker/cM across the entire genome. Among those maps, the SNP-based durum 
consensus map assembled by Maccaferri et al. [31], joined all previous SSR- and 
SNP-based mapping information from tetraploid wheat. Reference consensus maps 
were quickly and widely adopted for (i) projecting QTL mapping results and QTL 
confidence intervals from multiple experiments into reference consensus maps/
assembled genomes and (ii) providing a framework for assisting the wheat genome 
sequence assembly procedures/pipelines.

28.7  �Reference Genome Assembly

Gold-standard wheat genome assemblies have been obtained for the hexaploid 
wheat Chinese Spring [15] and the tetraploid wheat Svevo [8]. Second-generation, 
highly accurate, platinum-standard genome assemblies are being developed based 
on the integration of Optical Mapping (Bionano) and third generation long-read 
sequencing technology (PacBio), as recently shown with the release of the hexa-
ploid wheat pangenome based on 10 high-quality genome assemblies from highly 
diverse and widely used cultivars worldwide (http://www.10wheatgenomes.com). 
The release of these highly contiguous wheat genomes allows to accurately project 
most of the molecular marker sets irrespectively of the marker technology adopted 
(DArT and SSR markers, SNP array, GBS, etc.) and represent the best reference for 
investigating the wheat QTLome [8].

28.8  �Handling Sequence Data for Developing KASP Markers

For over a decade, SSR markers have provided a highly accurate and sufficiently 
dense marker framework that allowed for the development of many MAS protocols 
[34]. The drawback of SSR genotyping is that it required high-resolution polyacryl-
amide gel electrophoresis, no longer required with SNP technology where alterna-
tive alleles are discriminated by fluorescence. However, the entire molecular marker 
detection technology had to be revisited to adapt to the requirement of the SNP 
substitution detection, that does not involve differences in molecular weight between 
the alternative alleles. Discriminating the alternative SNP alleles requires ‘allele-
specific’ recognition assays, with discrimination based on in-plate direct fluores-
cence reading, usually detected on real-time PCR (also known as quantitative PCR, 
qPCR) machines or plate fluorescence readers, which bypasses electrophoresis and 

M. Maccaferri et al.

http://www.10wheatgenomes.com


525

allows for the automation and high-throughput robotization of the assays. Together 
with the already well-established TaqMan technology, the KASP assay technology 
was progressively adopted due to the optimal combination of accuracy, easy imple-
mentation, and cost-effectiveness. Both technologies can accurately genotype SNPs 
based on either allele-specific probes (Taqman) or primers (KASP) (reviewed in 
[35]). Figures 28.5, 28.6, and 28.7 explain the main technical steps to design suit-
able KASP primers and implement the assays.

While in diploids the development of KASP assay is straightforward, this task 
poses several problems in tetra- and hexaploid wheat due to the high rate of similar-
ity among the homeolog genome sequences adjacent to the varietal SNP.  This 
entails a ‘dilution effect’ of the fluorescent signals that makes it progressively more 
difficult to accurately discriminate the target allelic variants that are genome-
specific. Therefore, for allopolyploids, KASP primer design requires due attention 
to Mendelize the assay, i.e., making the assay as much genome-specific as possible, 
with primers being both allele- and genome-specific.

This requires multiple alignments of the two or three reference genomes in the 
SNP region in order to identify the position and sequence of both the varietal SNP 
(target- and genome-specific) and of the neighbor homeolog SNPs/INDELs that 
locally differentiate the genomes. Subsequently, an accurate design of the 

Fig. 28.5  (a) Schematic of KASP PCR (reprinted with permission from [36]). In evidence, the two 
allele-specific primer and the FRET cassette containing HEX and FAM fluorochromes. 1. The 
allele-specific primer anneals to the complementary sample DNA. 2. The first amplicon with allele-
specific tail is synthesized. 3. The subsequent PCR cycles synthesize complements of the allele-
specific tail sequence enabling the FRET cassette to bind the DNA and to emit allele-specific 
fluorescence based on the sample genotype formula. (b) Workflow of KASP genotyping technique. 
1. Reagents required for KASP PCR. 2. Thermal cycler used to perform the reaction. 3. Detection 
of fluorescence during multiple amplifications performed in a Real-Time PCR instrument 4. 
Software output. See also https://info.biosearchtech.com/agrigenomics-pcr-based-kasp-genotyping

28  Sequence-Based Marker Assisted Selection in Wheat
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Fig. 28.7  Haplotype-based development of KASP assays for a disease resistance QTL. Haplotypes 
of resistant/susceptible parental lines can be used to develop diagnostic KASP assays that are 
predictive of multiallelic haplotypes (four haplotypes are represented). P1 parental line 1, P2 
parental line 2, R resistant, S susceptible

Fig. 28.6  (a) Example of hexaploid wheat sequence containing varietal (SNP 1) and homoeolo-
gous (SNP 2) SNPs from www.wheat-training.com. Varietal SNPs are polymorphisms between 
varieties while homoelogous SNPs are polymorphisms between genomes of a polyploid individual 
and typically non-polymorphic, though heterozygous, among varieties. A reliable genotype call 
can be obtained only by ensuring a sufficient NGS Illumina read depth on the polymorphic region 
(e.g., >8 reads). (b) Example of alignment performed by PolyMarker, a primer design pipeline for 
polyploids. KASP allele-specific primers are designed based on the varietal SNP, while the com-
mon primer is based on the homoelogous SNP and gives genome specifity to the KASP assay. 
(Modified with permission from [37])

M. Maccaferri et al.
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allele-specific primers and of the genome-specific common primers is implemented 
with the support of dedicated primer-design software [38].

Additionally, the use of the reference genomes is relevant also to check genome-
wide for off-target priming sites to prevent designing potentially non-specific prim-
ers on SNPs at loci other than those being targeted.

28.9  �Examples of MAS

In wheat, protocols for tagging beneficial alleles suitable to MAS have been pub-
lished in dedicated journals and made available to public and private research insti-
tutions and breeders worldwide since the late 1980s. Apart from specific literature 
searches using scientific publication browsers, effort has been made to provide 
access to this vast albeit fragmented knowledge. In particular, websites and data-
bases specifically cataloguing MAS results are available at Graingenes (https://
wheat.pw.usda.gov/GG3/), Komugi (https://shigen.nig.ac.jp/wheat/komugi/) as 
well as the Catalogue of Gene Symbols for Wheat. Even more focused websites are 
MAS-WHEAT (https://maswheat.ucdavis.edu/), the T3 Triticeae Toolbox website 
(https://wheat.triticeaetoolbox.org/), and CIMMYT publications (Laboratory 
Protocols, CIMMYT Applied Molecular Genetics Laboratory). In particular, MAS-
Wheat provides a concise and informative report for each locus of breeding interest, 
assembled by the original study authors and including a short locus and allele 
description, molecular marker protocols, primer sequences, and expected amplifica-
tion/hybridization allelic results. To date, 65 protocols are stored in MAS-wheat and 
more are expected. Additionally, databases are being developed to store, classify 
and manage the QTL results that are continuously published, either in the form of 
meta-QTL studies for several traits or more recently, as QTL databases: see T3 and 
WheatQTLdb [24].

Once the target locus/QTL has been identified, either through linkage or associa-
tion mapping, geneticists and breeders develop one and preferably multiple user-
friendly molecular marker assays useful for tracing the beneficial alleles through 
MAS. Due to the inherent difficulty in understanding the nature/localization of the 
causative gene and causative polymorphism (i.e., quantitative trait nucleotide, 
QTN), most molecular assays for MAS have been developed from the same origi-
nal  markers (SNP and/or INDEL) used in the mapping study, provided they are 
linked (<5 cM) or preferably tightly linked (<1 cM) to the locus/QTL peak.

These newly or re-designed single marker assays are immediately available for 
the MAS of plants with the desired allele/s. However, there are cases where these 
single assays are not acceptable for their weak diagnostic power and excess of false 
positives. This discrepancy is proportional to their distance from the target locus, 
since assayed markers still recombine with the causative gene, and to their capacity 
to discriminate the functional haplotypes at the causal loci. To limit the impact of 
recombination, it is always advisable to rely on at least a couple of markers flanking 
the target locus/QTL peak. In this case, the frequency of false positives can be 
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predicted based upon the product of the distances of the two markers flanking the 
locus being selected. As an example, the rate of false positives of a MAS relying on 
two markers flanking the target locus at 2.2 and 1.6 cM will be slightly lower (due 
to negative crossover interference) than 2.2% × 1.6% = 0.35%.

A more subtle albeit critical aspect is that the natural variation found at causal 
genes occurs at multi-allelic haplotypes in a gene. Multiple mutations with diverse 
phenotypic effects occur at different times in the promoter, exons, and introns of 
causal genes and are typically organized in haplotypes and haplogroups. Notably, 
single bi-allelic markers do not have enough discriminant power to trace the haplo-
types of interest and a single SNP usually pre-dates or post-dates the haplotypes of 
interest. Therefore, precise MAS applications require the use of haplotypes com-
prising multiple SNPs in the target regions rather than single SNPs. In durum wheat, 
haplotype discrimination was adopted for the MAS of Lr14a based on SSR markers 
[29] and it is now increasingly adopted thanks to the rapid accumulation of geno-
typic data.

At CIMMYT, MAS was introduced around 2006 to select parental lines with the 
beneficial alleles at key loci for phenology, mainly Vrn, Rht, Ppd for phenology, 
resistance to rust (Lr34) and fusarium head blight (Fhb), and quality (Glu-1). The 
program quickly scaled up to segregating materials once more user-friendly mark-
ers became available and were adopted for multiplexing multiple traits. Figure 28.8 
clearly indicates this trend after 2012 when each DNA sample was probed, on aver-
age, for up to 7 loci.

Table 28.2 presents a synopsis of the main loci targeted to develop MAS proto-
cols which are being implemented in pre-breeding and/or breeding programs in 
wheat. The details of the references reporting the loci targeted by MAS are reported 
in Gupta et al. [1], Kumar et al. [39], and King et al. (Chap. 18).

Fig. 28.8  Number of DNA samples and molecular marker assays used for MAS by CIMMYT’s 
Global Wheat Program from 2008 to 2020. (Courtesy of the CIMMYT’s Global Wheat Program)

M. Maccaferri et al.
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Table 28.2  Targets of marker-assisted selection in wheat for loci/QTL present in the primary gene 
pool, native alleles, and number of loci with markers and protocols available in the public domain. 
Loci reported in bold have been directly identified through positional cloning

Traits and loci amenable to 
marker-assisted selection

Bread 
wheat

Durum 
wheat Loci

Plant architecture

Reduced height (Rht) *** ** RhtB1, Rht12, Rht18
Phenology, days to flowering

Vernalization (VRN) *** *** VRN1, VRN2, VRN3, VRN4
Sensitivity to photoperiod 
(Ppd)

*** *** Ppd1

Earliness per se (Eps) *** ELF3
Resistance to foliar pathogens

Biotrophs

Yellow rust – Yr *** *** 80 > loci named; 17 reported on MAS-
WHEAT: Yr5a and b; Yr7; Yr10; Yr18; 
YR36 = WHEAT KINASE START1 (WKS1); 
Yr46; Wtk1(Yr15, YrG303, and YrH52); 
YrAS2388

Black or Stem rust –Sr *** *** 60 > loci named; 28 reported on MAS-
WHEAT: Sr2; Sr13; Sr21; Sr22; Sr26; Sr33; 
Sr35; Sr45; Sr46; Sr50; Sr60/WTK2; Sr61; 
SrTA1662

Brown rust –Lr *** *** 80 > loci named; 16 reported on MAS-
WHEAT: Lr1; Lr10; Lr13; Lr14; Lr21; Lr22a; 
Lr34; Lr46; Lr67

Powdery mildew – Pm *** *** 100 > loci named; KASP available for several 
loci in literature. Pm1a; Pm2; Pm3; Pm4; 
Pm5e

Emi-biotrophs

Septoria tritici blotch (Stb) *** *** 20 > loci named; Stb6-Stb16
Parastagonospora nodorum 
(Snn and Tsn-Tox)

*** ** Nine host gene–necrotrophic effector 
interaction identified

P. tritici-repentis and 
Bipolaris sorokiniana

*** * Tsn1 to Tsn5; ToxA to ToxD
Tsn1/SnToxA; Snn1/SnTox1;
Snn3-D1/SnTox3; Snn5/SnTox5

Fusarium head blight (FHB) *** *** Fhb1 to Fhb7. Fhb1, Fhb7. TaUGT6. Several 
QTLs reported including Qfhs.ifa-5A

Fusarium root rot (FRR) ** ** FRR QTLs
Viruses

Soil Borne Viruses ** *** Sbm1, Sbm2. QTLs for wheat yellow mosaic
Aphids-transmitted *** ** QTLs for barley yellow dwarf virus
Pests

Hessian Fly (HF) *** *** 35 HF resistance genes identified. H genes
Orange Wheat Blossom 
Midge

*** * Sm1 QTLs

Wheat Stem Sawfly *** *** SSt1 (Solid stem locus)

(continued)
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Table 28.2  (continued)

Traits and loci amenable to 
marker-assisted selection

Bread 
wheat

Durum 
wheat Loci

Grain yield components

Spike development/shape  *  * AP2L2 and Q. microRNA172, FRIZZY 
PANICLE (WFZP)

Spike fertility (spikelet 
number per spike, fertile 
florets per spikelet)

** * Several QTLs. WAPO-A1. GNI1, GNI2

Grain size and weight *** ** Grain Weight (GW1 to GW8), Grain width, 
Grain Length, and Grain Size genes. 
TaGW2-A1. TaGS3. Several additional QTLs 
identified

Carbon metabolism *** ** Trehalose 6-phosphate synthase and sucrose 
synthase. ADP glucose pyrophosphorylase 
(AGPase)

Abiotic stress tolerance

Nitrogen use (NU) and 
nitrogen-use efficiency 
(NUE)

*** ** GS. Fd-GOGAT. QTLs

Resilience to low 
temperatures/frost

* * DREB/CBF factors. COR. VRN QTLs.

Resilience to water and heat 
stress

** * DREB/CBF factors. QTLs. Heat shock 
proteins

Root system traits ** ** TaVSR-B1. QTLs Root Growth Angle (RGA), 
root biomass and root elongation, root/shoot 
ratio. QTLs

Resistance to herbicides 
(metribuzin and imazamox)

*** * AhasL-D1 and AhasL-B1 (resistance to 
imidazolinones). QTLs

Resistance to boron *** * Bo1
Aluminium tolerance *** * TaALMT1
Salinity stress tolerance *** ** Kna1 = TaHKT1;5-D, Nax2 = TmHKT1;5-A
Technological and nutritional quality

Grain Storage proteins. 
Quality and quantity. Gluten 
strength.

*** *** Glu-1, Bx7, Gpc-B1 (=TaNAC). QTLs for 
GlutoPeak parameters and for gluten strength

Starch quality and quantity, 
amylose (resistant starch) 
content

** *** SBEII, GBSS (Wx1)

Carotenoids and luteins 
synthesis and degradation 
(grain yellow pigment 
content)

* *** Psy1, Zds1, CYP, LCYE, LCYB, Lpx1-3, 
Ppo1-2. QTLs and causative genes in the 
terpenoid pathway

Grain texture (Hardness) *** * PINA, PINB
Pre-Harvest Sprouting 
(PHS)

*** * Several PHS loci and QTLs tagged by KASP

TaPHS1, TaMFT, Myb10-D; TaABI4

(continued)
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The more tightly associated the markers are to the causative gene and the more 
markers that are being developed at the target locus, the more the combined SNP 
assays (haplotypes or ‘haplo-markers’) are diagnostic of the functional alleles at the 
causative gene and can be considered as ‘diagnostic’ or ‘predictive’ of the favorable 
alleles and phenotypes in various genetic backgrounds/crosses. These markers can 
be considered highly reliable and as such, widely recommended and used. 
Haplotype-based breeding is thus one of the most advanced areas for MAS [40].

Once the causative gene is cloned either by positional cloning or by functional 
analysis of candidate genes in the locus region and the causative polymorphisms are 
identified, it is possible to design the so-called ‘perfect markers’, i.e., one or more 
molecular assays diagnostic for the causative alleles and phenotypes, and coincid-
ing with the functional haplotypes at the causative gene and as such not subjected to 
recombination.

Identifying the causal gene underlying a locus/QTL is a long-time, resource-
demanding procedure, albeit highly rewarding in the case of loci of paramount 
breeding importance. In the past decade, due to the huge and complex wheat genome 
this goal has only been reached for few genes (Bo1, GPC, Lr1, Lr10, Ppd, Q, Tsn1, 
VRN, and Yr36). Importantly, the international efforts aiming at developing the 
genomic resources in wheat have shown an impressive acceleration in the last 
5 years [8]. This recently led to the isolation of the causative genes for several loci 
in a few years, with Fhb1 being one of the most relevant ones, followed by Cdu1, 
Fhb7, MlWE18, Lr14, Pm4, SSt1, and Yr15 as well as several Lr, Sr, and Yr genes. 
First, the isolation of the causative genes at several loci of breeding interest allowed 
to develop so-called ‘perfect molecular markers’ designed rightly on the nucleotide 
polymorphisms causative of the phenotype, and therefore highly diagnostics and 
not subjected to recombination. Secondly isolation of causative genes allows us to 
better appreciate the range and the complexity of the mutations causing the func-
tional native allelic diversity. A notable example is the Fhb1 locus, an example of 
complex locus including natural variation at a causative gene for which the wheat 
reference genome Chinese Spring was uninformative [41]. Additionally, it has been 
shown that presence/absence variants (PAV) and copy number variation (CNV) as 
frequent causal polymorphism of native variation at Bo1 and Sst1.

Importantly, the allopolyploid nature of wheat entails the presence of two and 
three copies of the same gene (called homeologous copies) in tetraploid and 

Table 28.2  (continued)

Traits and loci amenable to 
marker-assisted selection

Bread 
wheat

Durum 
wheat Loci

Cadmium accumulation 
(reduced cadmium 
concentration)

* *** Cdu1

Antinutritional factors ** ** α-Amylase/Trypsin inhibitors

***wide interest and high relevance worldwide
**high interest at the local level, possible increase of relevance in the future
*low interest

28  Sequence-Based Marker Assisted Selection in Wheat
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hexaploid wheat, respectively. Gene functionality is usually retained, although dif-
ferentiation is common in terms of genes silencing, sub-functionalization, and 
even neo-functionalization [42], hence introducing a wider variation in effects and 
a dosage effects not observed in diploids. QTLs can be found at the AA, BB, and 
DD homeologs, as in the case of VRN1 and Ppd1. Another side effect of allopoly-
ploidy is that most of the natural variation with an appreciable phenotypic effect is 
mostly caused by dominant mutations, particularly in the regulative gene regions 
(promoter region, first intron) while recessive mutation effects are frequently hidden 
by the presence of at least one functional gene copy.

28.10  �MAS for Transferring Beneficial Haplotypes 
from Wheat Wild Relatives

Historically, wheat breeding has leveraged the wide diversity present in wheat wild 
relatives (Chap. 18). The Triticeae tribe is huge, with many diverse species well 
adapted to a wide range of environments, each showing specific peculiarities. 
Targets for chromatin transfer from wheat wild relatives are (i) resistance to several 
diseases, mainly rusts, powdery mildew, and fusarium head blight, (ii), grain qual-
ity, (iii) male sterility, (iv) resilience to abiotic stress, and (v) perenniality.

Both close and distant (alien) relatives have been largely used across decades 
(Chap. 18). Among the close relatives, T. urartu, T. dicoccoides, T. monococcum, 
Aegilops speltoides, and Ae. tauschii, and among the distant relatives, Ae. genicu-
lata Ae. longissima, Ae. ventricosa, Haynaldia villosa, Secale cereale, Thinopyrum 
elongatum, Th. intermedium, and Th. ponticum, were more frequently used.

The effective transfer and recombination of alien chromatin from distant wild 
relatives heavily relied on chromosome engineering techniques, most exclusively 
with the use of mutations at wheat Ph (Pairing homoeologous) genes, mainly Ph1. 
Chromosome engineering programs and main results are reviewed in King et al. 
(Chap. 18). While chromosome engineering holds great promises for transferring 
traits absent in cultivated wheat and potentially of major breeding impact on a major 
drawback is the linkage drag caused by the alien chromatin segments, often induc-
ing negative features such as sterility, reduced seed germination, segregation distor-
tion, anomalities of plant growth habit, etc., which often reduce grain size and other 
yield components.

The linkage drag effects are proportional to the segment size of the transferred 
chromatin. The transfer of alien chromatin in wheat through chromosome engineer-
ing generally involves first the transfer of single wide  segments from the donor 
species, mainly through translocation. Additional local recombinations are induced 
to reduce the size of the alien chromatin around the target locus. This can be consid-
ered as a pre-breeding activity where a crucial role is played by the use of fluores-
cence in situ hybridization (FISH) PCR-based molecular markers functional in both 
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Triticum and the alien species and well distributed in the target region. The develop-
ment of the high-density SNP array technology and subsequently, the KASP tech-
nology and the accumulation of massive genome sequence data  allowed to 
specifically design probe sets for targeting and tracking introgressions from several 
wild relatives (Chap. 18).

28.11  �Next Generation Sequencing (NGS) Technologies 
to Enhance MAS Effectiveness

The advancement in molecular technologies continuously affects how MAS can be 
implemented more cost-effectively. KASP panels covering the majority of the 
assays to target and trace beneficial alleles at the most relevant loci have been spe-
cifically designed for a first genome-wide characterization of the breeders’ ready 
germplasm. At a higher throughput level, targeted Illumina-based re-sequencing of 
polymorphisms used for standard single-assay marker development has been pro-
posed to streamline and increase the throughput of screening germplasm for the 
presence of beneficial alleles. The developed techniques are either targeted ampli-
con sequencing or direct multiplexed SNP interrogation, already offered by several 
private providers, combined with sample barcoding for efficient exploitation of the 
NGS sequencing capacity.

28.12  �Integration Between MAS and Genomic Selection 
in Breeding Programs

While the concepts of MAS and Genomic Selection (GS) appear rather independent 
because they tap into two distinct portions of the wheat genome (see Fig. 28.3), the 
most successful genomic-assisted breeding programs combine both approaches in a 
synergic integration. Therefore, the role of MAS in pre-breeding is and will remain 
unique to rapidly introgress in breeding-compatible genetic stocks the new sources 
of variation made available through research and pre-breeding activities.

Once the novel beneficial alleles are introgressed and fixed in elite populations, 
this germplasm is ideal to implement genomic selection (GS) to efficiently tap into 
the plethora of minor QTLs. Due to its high efficiency, a well-managed GS program 
leads to selection and increase of the beneficial alleles more rapidly than conven-
tional breeding programs. Hence, the importance of continuously refueling the pro-
gram with novel beneficial allelic variants to be progressively cumulated into 
breeders’ germplasm under selection (see Fig. 28.4).
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28.13  �Key Concepts

Future genetic gain in wheat will rely on a more effective application of marker-
assisted selection and genomics approaches leveraging the fast-increasing capacity 
to sequence the entire wheat genome which will eventually provide a glimpse on the 
structural complexity of the wheat pangenome.

The effectiveness and success of genomics-assisted wheat breeding will depend 
on the following factors/issues:

•	 Availability of well-characterized germplasm collections capturing the biodiver-
sity present worldwide in both tetraploid and hexploid wheat and closely related 
species.

•	 Capacity to accurately phenotype, preferably in high-throughput fashion, large 
populations under controlled and field conditions.

•	 Apply (i) linkage mapping based on sufficiently large segregating populations 
and (ii) genome-wide association (GWA) mapping based on germplasm collec-
tions with low linkage disequilibrium (LD) decay to accurately dissect the 
QTLome and fine-map major QTLs of key proxy traits for yield and yield 
stability.

•	 Based on the above, implement MAS with the closest markers flanking the tar-
get locus.

•	 Deploy forward- and reverse-genetics approaches to clone the functional 
sequences governing the target trait. Cloning allows for the design of ‘perfect’ 
markers ideal for an error-free MAS.

•	 The availability of high-quality genome assemblies greatly facilitates the identi-
fication of candidate genes and the design of high-throughput and precise KASP 
markers diagnostic for inter-varietal and homelog-SNPs.

•	 The two domestication bottlenecks undergone by the A and B wheat genomes 
make tetraploid and durum wheat germplasm resources a particularly suitable 
biodiversity source to identify novel, underesploited beneficial alleles.

•	 Overall, the development of organized, informative, and user-friendly dedicated 
genomic databases is relevant for all the above-mentioned activities. The number 
and variety of discovered, marker-tagged, and cloned loci are already huge and 
the available scientific information is fragmented and not filtered by quality 
parameters. Databasing and database-interconnection are crucial aspects to be 
addressed.

28.14  �Conclusions

Marker-assisted selection (MAS) started in parallel with the earliest achievements 
in genetic mapping and isolation of the most relevant loci for wheat biology, genet-
ics, and improvement. Today, wheat breeding benefits from a full range of tech-
niques and genomic resources, including the recently completed wheat pangenome, 
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for developing sequence-based molecular assays to enable high-throughput 
MAS. Importantly, the number of cloned wheat loci/QTLs, novel MAS protocols 
and genetic stocks developed in the last 5 years has grown steadily. As main achieve-
ments, the release of the reference gold standard wheat genome sequences paved the 
way to streamline genetic studies and MAS applications. Nowadays, the integrated 
and combined use of gene/QTL discovery, MAS in pre-breeding and breeding pro-
grams, together with genomic selection and gene editing are key for more effec-
tively leveraging and bridging of biodiversity of the tetraploid with hexaploid A and 
B genomes while contributing to advance our knowledge in and understanding of 
wheat functional genomics.
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