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Summary
This chapter provides an overview of the techniques, current status and issues involved in 
using marker-assisted selection (MAS) for genetic improvement in developing countries. 
Molecular marker maps, the necessary framework for any MAS programme, have been 
constructed for the majority of agriculturally important species, although the density 
of the maps varies considerably among species. Despite the considerable resources that 
have been invested in this field and despite the enormous potential it still represents, with 
few exceptions, MAS has not yet delivered its expected benefits in commercial breeding 
programmes for crops, livestock, forest trees or farmed fish in the developed world. When 
evaluating the potential merits of applying MAS as a tool for genetic improvement in 
developing countries, some of the issues that should be considered are its economic costs 
and benefits, its potential benefits compared with conventional breeding or with application 
of other biotechnologies, and the potential impact of intellectual property rights (IPRs) on 
the development and application of MAS.
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Introduction
The potential benefits of using markers 
linked to genes of interest in breeding 
programmes, thus moving from phenotype-
based towards genotype-based selection, 
have been obvious for many decades. 
However, realization of this potential has 
been limited by the lack of markers. With 
the advent of DNA-based genetic markers 
in the late 1970s, the situation changed 
and researchers could, for the first time, 
begin to identify large numbers of markers 
dispersed throughout the genetic material of 
any species of interest and use the markers 
to detect associations with traits of interest, 
thus allowing MAS finally to become a 
reality. This led to a whole new field of 
academic research, including the milestone 
paper by Paterson et al. (1988). This showed 
that with the availability of large numbers 
of genetic markers for their species of 
interest (tomato), the effects and location 
of marker-linked genes having an impact on 
a number of quantitative traits (fruit traits 
in their case) could be estimated using an 
approach that could be applied to dissect 
the genetic make-up of any physiological, 
morphological and behavioural trait in 
plants and animals. 

Most of the traits considered in animal 
and plant genetic improvement programmes 
are quantitative, i.e. they are controlled by 
many genes together with environmental 
factors, and the underlying genes have small 
effects on the phenotype observed. Milk 
yield and growth rate in animals or yield 
and seed size in plants are typical examples 
of quantitative traits. In classical genetic 
improvement programmes, selection is car-
ried out based on observable phenotypes 

of the candidates for selection and/or their 
relatives but without knowing which genes 
are actually being selected. The develop-
ment of molecular markers was therefore 
greeted with great enthusiasm as it was seen 
as a major breakthrough promising to over-
come this key limitation. As Young (1999) 
wrote: “Before the advent of DNA marker 
technology, the idea of rapidly uncovering 
the loci controlling complex, multigenic 
traits seemed like a dream. Suddenly, it was 
difficult to open a plant genetics journal 
without finding dozens of papers seeking to 
pinpoint many, if not most, agriculturally 
relevant genes.” However, despite the con-
siderable resources that have been invested 
in this field and despite the enormous poten-
tial it still represents, with few exceptions, 
MAS has not yet delivered its expected ben-
efits in commercial breeding programmes 
for crops, livestock, forest trees or farmed 
fish in the developed world. In developing 
countries, where investments in molecular 
markers have been far smaller, delivery of 
benefits has lagged even further behind.

The focus of this chapter is on the use of 
molecular markers for genetic improvement 
of populations through MAS, including 
marker-assisted introgression. Its aim is to 
provide an easily understandable overview 
of the techniques, applications and issues 
involved in the use of DNA markers in 
MAS for genetic improvement of domestic 
plant and animal populations in developing 
countries. In the next section of the chapter, 
a brief description of the technical aspects 
of molecular markers and MAS is provided. 
The current status of the application of 
MAS in crops, forestry, livestock and fish 
is then summarized, while the final section 

Note: This chapter is based on the Background Document to Conference 10 (on molecular marker-assisted 
selection as a potential tool for genetic improvement of crops, forest trees, livestock and fish in developing 
countries) of the FAO Biotechnology Forum, 17 November–14 December 2003 (available at www.fao.org/
biotech/C10doc.htm).
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highlights issues that might be important 
to applications of MAS in developing 
countries. Although molecular markers may 
be used for a wide range of different tasks, 
such as to quantify the genetic diversity 
and relationships within and between 
agricultural populations (e.g. livestock 
breeds), to investigate biological processes 
(such as mating systems, pollen movement 
or seed dispersal in plants) or to identify 
specific genotypes (e.g. cloned forest trees), 
these applications are not considered here. 

Background to MAS
Molecular markers
All living organisms are made up of cells 
that are programmed by genetic material 
called DNA. This molecule is made up of 
a long chain of nitrogen-containing bases 
(there are four different bases – adenine [A], 
cytosine [C], guanine [G] and thymine [T]). 
Only a small fraction of the DNA sequence 
typically makes up genes, i.e. that code for 
proteins, while the remaining and major 
share of the DNA represents non-cod-
ing sequences, the role of which is not yet 
clearly understood. The genetic material is 
organized into sets of chromosomes (e.g. 
five pairs in Arabidopsis thaliana; 30 pairs in 
Bos taurus [cow]), and the entire set is called 
the genome. In a diploid individual (i.e. 
where chromosomes are organized in pairs), 
there are two alleles of every gene – one 
from each parent.

Molecular markers should not be con-
sidered as normal genes as they usually do 
not have any biological effect. Instead, they 
can be thought of as constant landmarks 
in the genome. They are identifiable DNA 
sequences, found at specific locations of the 
genome, and transmitted by the standard 
laws of inheritance from one generation 
to the next. They rely on a DNA assay, 
in contrast to morphological markers that 

are based on visible traits, and biochemical 
markers that are based on proteins produced 
by genes. 

Different kinds of molecular markers 
exist, such as restriction fragment length 
polymorphisms (RFLPs), random ampli-
fied polymorphic DNA (RAPDs) markers, 
amplified fragment length polymorphisms 
(AFLPs), microsatellites and single nucle-
otide polymorphisms (SNPs). They may 
differ in a variety of ways – such as their 
technical requirements (e.g. whether they 
can be automated or require use of radi-
oactivity); the amount of time, money 
and labour needed; the number of genetic 
markers that can be detected throughout 
the genome; and the amount of genetic 
variation found at each marker in a given 
population. The information provided to 
the breeder by the markers varies depending 
on the type of marker system used. Each has 
its advantages and disadvantages and, in the 
future, other systems are likely to be devel-
oped. More details on the individual marker 
systems are provided in Chapter 3.

From markers to MAS
The molecular marker systems described 
above allow high-density DNA marker 
maps (i.e. with many markers of known loca-
tion, interspersed at relatively short intervals 
throughout the genome) to be constructed 
for a range of economically important 
agricultural species, thus providing the 
framework needed for eventual applications 
of MAS. 

Using the marker map, putative genes 
affecting traits of interest can then be de-
tected by testing for statistical associations 
between marker variants and any trait of 
interest. These traits might be genetically 
simple – for example, many traits for disease 
resistance in plants are controlled by one or 
a few genes (Young, 1999). Alternatively, 
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they could be genetically complex quan-
titative traits, involving many genes (i.e. 
so-called quantitative trait loci [QTL]) 
and environmental effects. Most economi-
cally important agronomic traits tend to 
fall into this latter category. For example, 
using 280 molecular markers (comprising 
134 RFLPs, 131 AFLPs and 15 microsat-
ellites) and recording populations of rice 
lines for various plant water stress indica-
tors, phenology, plant biomass, yield and 
yield components under irrigated and water 
stress conditions, Babu et al. (2003) detected 
a number of putative QTL for drought 
resistance traits. 

Having identified markers physically 
located beside or even within genes of 
interest, in the next step it is now possible 
to carry out MAS, i.e. to select identifiable 
marker variants (alleles) in order to select 
for non-identifiable favourable variants of 
the genes of interest. For example, consider 
a hypothetical situation where a molecular 
marker M (with two alleles M1 and M2), 
identified using a DNA assay, is known 
to be located on a chromosome close to 
a gene of interest Q (with a variant Q1 
that increases yield and a variant Q2 that 
decreases yield), that is, as yet, unknown. 
If a given individual in the population has 
the alleles M1 and Q1 on one chromosome 
and M2 and Q2 on the other chromosome, 
then any of its progeny receiving the M1 
allele will have a high probability (how high 
depends on how close M and Q are to each 
other on the chromosome) of also carrying 
the favourable Q1 allele, and thus would 
be preferred for selection purposes. On the 
other hand, those that inherit the M2 allele 
will tend to have inherited the unfavourable 
Q2 allele, and so would not be preferred 
for selection. With conventional selection 
which relies on phenotypic values, it is not 
possible to use this kind of information. 

The success of MAS is influenced by 
the relationship between the markers 
and the genes of interest. Dekkers (2004) 
distinguished three kinds of relationship:
•	 The molecular marker is located within 

the gene of interest (i.e. within the gene 
Q, using the example above). In this 
situation, one can refer to gene-assisted 
selection (GAS). This is the most 
favourable situation for MAS since, by 
following inheritance of the M alleles, 
inheritance of the Q alleles is followed 
directly. On the other hand, these kinds 
of markers are the most uncommon and 
are thus the most difficult to find.

•	 The marker is in linkage disequilibrium 
(LD) with Q throughout the whole 
population. LD is the tendency of certain 
combinations of alleles (e.g. M1 and Q1) 
to be inherited together. Population-
wide LD can be found when markers 
and genes of interest are physically 
very close to each other and/or when 
lines or breeds have been crossed in 
recent generations. Selection using these 
markers can be called LD-MAS.

•	 The marker is not in linkage disequi-
librium (i.e. it is in linkage equilibrium 
[LE]) with Q throughout the whole pop-
ulation. Selection using these markers 
can be called LE-MAS. This is the most 
difficult situation for applying MAS.
The universal nature of DNA, molecular 

markers and genes means that MAS can, 
in theory, be applied to any agriculturally 
important species. Indeed, active research 
programmes have been devoted to building 
molecular marker maps and detecting QTLs 
for potential use in MAS programmes in a 
whole range of crop, livestock, forest tree 
and fish species. In addition, MAS can be 
applied to support existing conventional 
breeding programmes. These programmes 
use strategies such as: recurrent selection (i.e. 
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using within-breed or within-line selection, 
important in livestock); development of 
crossbreds or hybrids (by crossing several 
improved lines or breeds) and introgression 
(where a target gene is introduced from, 
for example, a low-productive line 
or breed (donor) into a productive line 
(recipient) that lacks the target gene (a 
strategy especially important in plants). 
See Dekkers and Hospital (2002) for more 
details. MAS can be incorporated into any 
one of these strategies (e.g. for marker-
assisted introgression by using markers to 
accelerate introduction of the target gene). 
Alternatively, novel breeding strategies can 
be developed to harness the new possibilities 
that MAS raises.

Current Status of Applications of 
MAS in Agriculture
Below is a brief summary of the current 
status regarding application of MAS in 
the different agricultural sectors. For more 
details, a number of case studies for crops 
are presented in Section II of the book and 
for livestock, forestry and fish in Sections 
III, IV and V, respectively. 

Crops
The promise of MAS has possibly been 
greeted with the most enthusiasm and expec-
tation in this particular agricultural sector, 
stimulating tremendous investments in the 
development of molecular marker maps 
and research to detect associations between 
phenotypes and markers. Molecular marker 
maps have been constructed for a wide 
range of crop species. Information on major 
plant projects (such as the sequencing of the 
entire rice genome) can be found at www.
ncbi.nlm.nih.gov/genomes/PLANTS/
PlantList.html. 

In a recent review, however, Dekkers and 
Hospital (2002) noted that “as theoretical 

and experimental results of QTL detection 
have accumulated, the initial enthusiasm 
for the potential genetic gains allowed by 
molecular genetics has been tempered by 
evidence for limits to the precision of the 
estimates of QTL effects”, and that “overall, 
there are still few reports of successful 
MAS experiments or applications.” They 
reported that marker-assisted introgression 
of known genes was widely used in plants, 
particularly by private breeding compa-
nies, whereas marker-assisted introgression 
of unknown genes had often proved to be 
less useful in practice than expected. As 
Young (1999) wrote: “even though marker-
assisted selection now plays a prominent 
role in the field of plant breeding, exam-
ples of successful, practical outcomes are 
rare. It is clear that DNA markers hold 
great promise, but realizing that promise 
remains elusive.”

There is also considerable divergence 
with respect to the applications of MAS 
among different crop species. For example, 
Koebner (2003) highlighted the relatively 
fast uptake of MAS in maize compared with 
wheat and barley, arguing that this largely 
reflected the breeding structure. Thus, 
whereas maize breeding is dominated in 
industrialized countries by a small number 
of large private companies that produce 
F1 hybrids, a system allowing protection 
from farm-saved seed and competitor use, 
breeding for the other major cereal species 
is primarily by public sector organizations 
and most varieties are inbred pure breeding 
lines, a system allowing less protection over 
the released varieties. Progress in arable 
crops is nevertheless quite advanced com-
pared with horticultural crop species such 
as apples and pears, where development of 
molecular marker maps has been slow and 
only few QTL have been detected (Tartarini, 
2003), even if MAS can potentially be very 
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useful for genetic improvement of such 
long-cycle plants. 

Livestock
Again, much effort has been put into the 
development of molecular marker maps 
in this sector. The first reported map in 
livestock was for chicken in 1992, which 
was quickly followed by the publication of 
maps for cattle, pigs and sheep. Since then, 
the search for useful markers has contin-
ued and further species have been targeted, 
including goat, horse, rabbit and turkey 
(see www.thearkdb.org/ for the current 
status regarding some major livestock spe-
cies). Microsatellite markers have been of 
major importance. 

Dekkers (2004) recently reviewed com-
mercial applications of MAS in livestock 
and noted that several gene or marker 
tests are available on a commercial basis 
in different species and for different traits, 
and that the majority of uses involve GAS, 
where an important gene (e.g. responsible 
for a congenital defect) has been identified 
or, to a lesser degree, LD-MAS. He pointed 
out that documentation is poor since, 
although several genetic tests are available, 
the extent to which they are used in com-
mercial applications is unclear, as is the 
manner in which they are used and whether 
their use leads to greater responses to selec-
tion. He concluded that “opportunities for 
the application of MAS exist, in particular 
for GAS and LD-MAS and, to a lesser 
degree, for LE-MAS because of greater 
implementation requirements. Regardless 
of the strategy, successful application of 
MAS requires a comprehensive integrated 
approach with continued emphasis on phe-
notypic recording programmes to enable 
QTL detection, estimation and confirma-
tion of effects, and use of estimates in 
selection. Although initial expectations for 

the use of MAS were high, the current atti-
tude is one of cautious optimism.”

Forestry
As for crops, extensive efforts have been 
devoted to construction of molecular marker 
maps for the major commercial genera, 
such as eucalypts, pines and acacia. RFLPs, 
RAPDs, microsatellites and AFLPs have 
been extensively used. The Web site http://
dendrome.ucdavis.edu/index.php provides 
updated information on the status regarding 
molecular marker maps in forestry. 

Molecular maps have been used to locate 
markers associated with variation in for-
estry traits of commercial interest, such as 
growth, frost tolerance, wood properties, 
vegetative propagation, leaf oil composition 
and disease resistance. Since MAS allows 
early selection before traits of interest 
(e.g. wood quality) are expressed, a major 
incentive for using molecular techniques 
in tree breeding is to improve the rate of 
genetic gain by reducing the long gen-
eration interval However, Butcher (2003) 
noted that “MAS has yet to be incorporated 
in operational breeding programmes for 
plantation species” and she referred to the 
high costs of genotyping, the large family 
sizes required to detect QTL and the lack 
of knowledge of QTL interactions with 
genetic background, tree age and environ-
ment as explanatory factors. 

In a recent review of biotechnology in 
forestry, Yanchuk (2002) also highlighted the 
potential advantage of early selection using 
MAS, but again pointed out that MAS is not 
yet being applied routinely in tree breeding 
programmes, largely “because of economic 
constraints (i.e. the additional genetic gains 
are generally not large enough to offset the 
costs of applying the technology). Thus it is 
likely that MAS will only be applied for a 
handful of species and situations, e.g. a few 
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of the major commercially used pine and 
Eucalyptus species. Molecular markers are 
therefore primarily an information tool and 
are used to locate DNA/genes that can be of 
interest for genetic transformation, or infor-
mation on population structure, mating 
systems and pedigree confirmation.”

Fish
Molecular marker maps have been con-
structed for a number of aquaculture spe-
cies, e.g. tilapia, catfish, giant tiger prawn, 
kuruma prawn, Japanese flounder and 
Atlantic salmon, although their density is 
generally low. Density is high for the rain-
bow trout, where the map published in 2003 
has over 1 300 markers spread throughout 
the genome – the vast majority are AFLPs 
but it also includes over 200 microsatellite 
markers (Nichols et al., 2003). Some QTLs 
of interest have been detected (e.g. for cold 
and salinity tolerance in tilapia and for spe-
cific diseases in rainbow trout and salmon). 
In a recent review of MAS in fish breeding 
schemes, Sonesson (2003) suggested that 
MAS would be especially valuable for traits 
that are impossible to record on the candi-
dates for selection such as disease resistance, 
fillet quality, feed efficiency and sexual 
maturation, and concluded that MAS is not 
used in fish breeding schemes today and 
that the lack of dense molecular maps is the 
limiting factor.

Conclusions
Molecular marker maps, the necessary 
framework for any MAS programme, 
have been constructed for the majority 
of agriculturally important species but the 
density of the maps varies considerably 
among species. Currently, MAS does not 
play a major role in genetic improvement 
programmes in any of the agricultural 
sectors. Enthusiasm and optimism remain 

concerning the potential contributions 
that MAS offers for genetic improvement. 
However, this seems to be tempered by 
the realization that it may be more difficult 
and therefore take longer than originally 
thought before genetic improvement of 
quantitative traits using MAS is realized. The 
conclusions from the review by Dekkers and 
Hospital (2002) are a good reflection of this: 
“Further advances in molecular technology 
and genome programmes will soon create a 
wealth of information that can be exploited 
for the genetic improvement of plants and 
animals. High-throughput genotyping, 
for example, will allow direct selection on 
marker information based on population-
wide LD. Methods to effectively analyse 
and use this information in selection are still 
to be developed. The eventual application 
of these technologies in practical breeding 
programmes will be on the basis of economic 
grounds, which, along with cost-effective 
technology, will require further evidence of 
predictable and sustainable genetic advances 
using MAS. Until complex traits can be 
fully dissected, the application of MAS 
will be limited to genes of moderate-to-
large effect and to applications that do 
not endanger the response to conventional 
selection. Until then, observable phenotype 
will remain an important component of 
genetic improvement programmes, because 
it takes account of the collective effect of all 
genes.”

Some Factors Relevant to 
Applying MAS in Developing 
Countries
In the debate on the role or value of MAS 
as a potential tool for genetic improvement 
in developing countries, some of the 
potential factors that should be considered 
are described briefly below, as they may 
influence applications of the technology.
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Economic factors 
As with any new technology promising 
increased benefits, the costs of applica-
tion must also be considered. According to 
Dekkers and Hospital (2002), “economics 
is the key determinant for the application of 
molecular genetics in genetic improvement 
programmes. The use of markers in selection 
incurs the costs that are inherent to molecu-
lar techniques. Apart from the cost of QTL 
detection, which can be substantial, costs 
for MAS include the costs of DNA collec-
tion, genotyping and analysis.” For example, 
Koebner (2003) suggested that the current 
costs of MAS would need to fall consider-
ably before it would be used widely in wheat 
and barley breeding. In practice, therefore, 
although MAS may lead to increased genetic 
responses, decision-makers need to consider 
whether it may be cost-effective or whether 
the money and resources spent on develop-
ing and applying MAS might instead be 
more efficiently used on improving exist-
ing conventional breeding programmes or 
adopting other new technologies.

Little consideration has been given 
to this issue. Some results have, how-
ever, been published recently from studies 
at the International Maize and Wheat 
Improvement Center (CIMMYT) in Mexico 
on the relative cost-effectiveness of con-
ventional selection and MAS for different 
maize breeding applications. One applica-
tion considered by Morris et al. (2003) was 
the transfer of an elite allele at a single dom-
inant gene from a donor line to a recipient 
line. Here, conventional breeding is less 
expensive but MAS is quicker. For situa-
tions like this, where the choice between 
conventional breeding and MAS involves 
a trade-off between time and money, they 
suggested that the cost-effectiveness of 
using MAS depends on four parameters: the 
relative cost of phenotypic versus marker 

screening; the time saved by MAS; the size 
and temporal distribution of benefits asso-
ciated with accelerated release of improved 
germplasm and, finally, the availability to 
the breeding programme of operating cap-
ital. They conclude that “all four of these 
parameters can vary significantly between 
breeding projects, suggesting that detailed 
economic analysis may be needed to predict 
in advance which selection technology will 
be optimal for a given breeding project.” 

In the applications considered by 
CIMMYT, the costs of developing molec-
ular markers associated with the trait of 
interest were not considered, as it was 
assumed that they were already available. 
There is a distinction between development 
costs (e.g. identifying molecular markers on 
the genome, detecting associations between 
markers and the traits of interest) and 
running costs (typing individuals for the 
appropriate markers in the selection pro-
gramme) of MAS. Development costs can 
be considerable, so developing countries 
need to consider whether to develop their 
own technology or, alternatively, to import 
the technology developed elsewhere, if 
available. 

Another aspect to be considered is how to 
evaluate the economic benefits of MAS. For 
a publicly-funded breeding programme, it 
should include economic benefits to farmers 
from genetic improvement of their plants or 
animals. For private companies on the other 
hand, the impacts of using MAS on their 
market share, and not on rates of genetic 
improvement, would be of greatest interest. 

The economics of MAS are considered 
in more detail later, in particular in 
Chapter 19.

MAS versus conventional methods
Although conventional breeding pro-
grammes that rely on phenotypic records 
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have their limitations, they have shown 
over time that they can be highly successful. 
Application of MAS will not occur in a 
vacuum and the potential benefits (genetic, 
economic, etc.) of using MAS need to be 
compared with those achieved or expected 
from any existing conventional breeding 
programmes.

In the different agricultural sectors, this 
question has received much attention from 
researchers. There seems to be general con-
sensus that the relative success of MAS 
compared with conventional breeding may 
depend on the kind of trait (or traits) to be 
genetically improved. If the trait is diffi-
cult to record or is not routinely recorded 
in conventional programmes, MAS will 
offer more advantages than if it is routinely 
recorded. Similarly, if the trait is sex-limited 
or can only be measured late in life then 
MAS is favoured, as marker information 
can be used in both sexes and at any age. 

In considering the merits of MAS versus 
conventional breeding, it is also impor-
tant to keep in mind that the existence of 
a strong breeding programme is a pre-
requisite for the application of advanced 
molecular technologies such as MAS. In 
situations where the infrastructure and 
capacity are insufficient to support a suc-
cessful conventional breeding programme, 
MAS will not provide a shortcut to genetic 
improvement.

MAS versus other biotechnologies for 
genetic improvement 
The relative costs and benefits of apply-
ing MAS should be compared not only 
with conventional breeding but also with 
the use of other new technologies that can 
potentially improve agricultural popula-
tions genetically. These include tissue cul-
ture in crops and forest trees, reproductive 
technologies (e.g. embryo transfer or clon-

ing) in livestock and triploidization or sex-
reversal in farmed fish. They also include 
genetic modification, a technology that can 
be applied to all sectors. Compared with 
genetic modification, regulation of MAS, 
be it at the level of research and develop-
ment, field testing, commercial release or 
import/export of developed products, is 
more relaxed; in addition, public accept-
ance of the technology is not an issue. 

Intellectual property rights issues
As discussed in Conference 6 of the FAO 
Biotechnology Forum (FAO, 2001), the 
issue of intellectual property rights (IPRs) 
is playing an ever greater role in food 
and agriculture in developing countries. 
Participants in that conference, inter alia, 
suggested that this issue was having a gen-
erally negative influence on the quality of 
agricultural research carried out and on the 
nature of research collaborations between 
the public and private sector and between 
developing and developed countries. 

It is therefore obvious that IPRs may 
also have an impact on the development and 
application of MAS in developing countries. 
For example, the AFLP molecular marker 
mapping technique is patented. Molecular 
markers can be patented, although this can 
often be overcome by using other markers 
near the gene of interest. Individual genes 
can also be patented. With IPRs, however, 
there is nevertheless public disclosure of 
the invention or information. Non-disclo-
sure of information, where patents are not 
sought but the information on markers or 
detected QTL is nevertheless kept secret, 
can also have negative impacts, by denying 
developing countries access to potentially 
useful information.

More details on IPRs and MAS can be 
found in Chapter 20.
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Summary
Four different sources of information were analysed to assess the current uses of molecular 
markers in crops, forest trees and livestock in developing countries: the FAO Biotechnology 
in Developing Countries (FAO-BioDeC) database of biotechnology in developing coun-
tries; country reports evaluating the current status of applied plant breeding and related 
biotechnologies; country reports on animal genetic resources management for preparing 
the First Report on the State of the World’s Animal Genetic Resources (SoW-AnGR); 
and the results of a questionnaire survey on animal genetic diversity studies. Even if still 
largely incomplete, the current data show that molecular markers are widely used for plant 
breeding in the developing world and most probably their use will increase in the future. 
In the animal sector the use of molecular markers seems less developed and limited or 
absent in most developing countries. Major differences exist among and within regions 
regarding the application of molecular marker techniques in plant and animal breeding and 
genetics. These can be explained by the relatively high investments in infrastructure and 
human resources necessary to undertake research in these fields. The spectrum of applica-
tion of molecular markers in crop plants is quite wide, covering many plants relevant to 
the enhancement of food security, but other important plant species are still neglected. The 
practical results of marker-assisted selection (MAS) in the field are disappointingly modest, 
possibly due to: low levels of investment; limited coordination between biotechnologists 
and practical breeders; instable, non-focused or ill-addressed research projects; and the lack 
of linkages between research and farmers. Partnerships between developed and developing 
countries may be a means of better realizing the potential of molecular marker techniques 
for improving both animal and crop production.
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Introduction
Assessments relating to the use of molecular 
markers in crop plants are based on two 
sources of information: (i) FAO-BioDeC, 
a searchable database of biotechnology 
products and techniques in use and in the 
pipeline in developing and transition coun-
tries (available at www.fao.org/biotech/	
inventory_admin/dep/default.asp); and 
(ii) FAO country reports produced by 
national agricultural research systems 
(NARS) as part of a survey of country infor-
mation and trends in resources allocated for 
applied plant breeding and related biotech-
nology, with the aim of raising awareness, 
evaluating opportunities for investment 
and designing national, regional and/or 
global strategies to strengthen the capacity 
of national plant breeding programmes 
(Guimarães, Kueneman and Carena, 2006). 

As the FAO-BioDeC database contains 
little information on the use of molecular 
markers in relation to animals, it is even 
more difficult to give a comprehensive 
overview of the situation with respect to 
livestock in developing countries than it is 
for crops. However, information on the use 
of molecular markers was drawn from the 
country reports on animal genetic resources 
(AnGR) management submitted to FAO 
as part of the preparation of the First 
Report on the State of the World’s Animal 
Genetic Resources (SoW-AnGR) and from 
a questionnaire survey on genetic diversity 
studies. The country reports covered a wide 
variety of aspects of AnGR management 
and contain only quite general information 
about the role of molecular techniques. The 
questionnaire survey looked specifically at 
the use of molecular markers in livestock 
genetic diversity studies and was directed 
to researchers involved in such studies. As 
such, it gives an indication of where genetic 
diversity studies are being undertaken and 

which markers are primarily used, but it 
does not provide a complete picture.

While this book focuses on the use 
of markers to assist in genetic selection 
(MAS), it is often difficult to obtain specific 
information on the extent to which markers 
are used for this purpose in developing 
countries. For this reason, some of the data 
presented in this chapter cover the overall 
use of molecular markers in developing 
countries and do not allow discrimination 
between molecular markers used for 
selection from uses for other purposes, 
such as the descriptive studies of genetic 
diversity within populations or genetic 
distance between populations. Other data 
presented here describe the use of molecular 
markers for measuring genetic diversity 
only. In this case, the information can be 
considered as an indicator of the human 
capacity and infrastructure available for 
use of markers in MAS. For these reasons, 
and due to the incomplete nature of some 
of the information available, this overview 
should be considered preliminary, but still 
meaningful. 

FAO-BioDeC
At the time of writing (September 2006), 
FAO-BioDeC includes 2 336 entries re-
lated to crops and 829 entries related to 
forest trees. The database currently covers 
74 developing countries, including coun-
tries with economies in transition.

No quantitative information is available 
concerning the human capacity or funding 
involved in any research initiative. Activities 
carried out in developed countries or at 
international research centres, such as those 
that are part of the Consultative Group 
on International Agricultural Research 
(CGIAR), are not considered.

To compile the data in FAO-BioDeC, 
several sources of information were 



Marker-assisted selection – Current status and future perspectives in crops, livestock, forestry and fish18

consulted (for a complete description see 
FAO, 2005). In particular, information on 
plant biotechnology products and techniques 
was gathered from a survey undertaken 
in Latin America by the International 
Service for National Agricultural Research 
(ISNAR) and from country biotechnology 
status assessment reports prepared for 
FAO in South and Southeast Asia, Africa 
and transition countries in Eastern Europe. 
Other information was obtained from 
country reports and published literature.

The initial biotechnology application 
data obtained was classified on a country/
regional/continental basis, by species, trait 
analysed or technique used, and by whether 
the application was in the research or field 
testing phases or was already commercially 
released.

FAO-BioDeC currently contains 
677 entries related to the use of molec-
ular marker techniques, 489 of which are 
associated with crop plants and 188 with 

forest trees. Table 1 suggests that early 
generation DNA-based molecular markers 
such as randomly amplified polymorphic 
DNAs (RAPDs) are more widely used than 
the more recently developed markers, e.g. 
amplified fragment length polymorphisms 
(AFLPs), while isozymes are still largely 
used in the forestry sector.

Only in five cases have the research ini-
tiatives reported reached the final stage of 
development, giving rise to commercialized 
products (Table 2). These are one variety of 
an unspecified ornamental plant released in 
Brazil; one variety of rice commercialized 
in Indonesia; one strain of Rhizobium etli, 
the soil bacterium inducing the formation 
of nitrogen-fixing nodules on the roots of 
a common bean obtained in Mexico; one 
rice variety containing pyramided genes for 
bacterial leaf blight resistance obtained in 
the Netherlands Antilles; and one variety 
of an unspecified forest tree in Burundi. In 
115 cases (107 in the crop sector and eight 

Table 1
Number of research initiatives utilizing genetic markers in the crop and forestry sectors sorted by 
type of markers

Markers Crop Forestry Total

RFLP  61     9   70

RAPD 158   15 173

SSRs/Microsatellites  68   19   87

AFLP  65     3   68

Isozymes    2   50   52

Chloroplast DNA markers    0   11    11

rDNA (ribosomal DNA sequences)    0     4     4

Other or not specified 135   77 212

Total 489 188 677

Table 2
Number of research initiatives utilizing genetic markers in the crop and forestry sectors according to 
the development stage of the technique or product

Phase Crop Forestry Total

Experimental phase 344 179 523

Field tests  107    8 115

Commercial phase     4    1     5

Unspecified   34     0   34

Total 489 188 677
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for forest trees), the research initiatives 
have reached the field test stage, while in 
523 cases (344 of which are related to the 
crop sector), they are at earlier stages.

The use of molecular markers is wide-
spread in Latin America and the Caribbean 
with molecular research being reported 
from ten countries. Special emphasis is 
on the crop sector and includes applica-
tions on Andean local roots and tubers, 
sugar cane, rice, cocoa, banana, bean and 
maize (Table 3). In the Asia and Pacific 
region, research activities with molecular 
markers focus on forest trees, sugar cane, 
rice, jute, banana, coconut and wheat. The 
FAO-BioDeC database shows that, while 
research involving molecular markers in 
Africa is under way in only a few coun-
tries including Ethiopia, Nigeria, South 
Africa and Zimbabwe, the crops under 
study range from traditional commodities 
to tropical fruits. Molecular research in the 
Near East and North Africa is reported 
for only six countries and focuses on date 
palm, durum and bread wheat, rice, barley 
and olive trees. In transition countries of 
Eastern Europe, molecular markers target 
several crop plants including wheat, maize, 
pulses, vegetables and tobacco across seven 
countries.

Table 4 shows that most attention 
focuses on cereals, especially durum 
and bread wheat, barley, maize and rice. 
Other important cereal or pseudo-cereal 
species such as sorghum, amaranthus and 

buckwheat receive less attention and no 
research initiatives are reported for teff 
or millets. Among the pulses, molecular 
research projects are reported for beans 
(18), chickpea (5), cowpea (9) and soybean 
(7) and little or no attention is dedicated 
to lentil, pigeon pea, faba bean and other 
locally important leguminous plants such as 
bambara groundnut. Among root and tuber 
crops, potato, sweet potato and cassava 
attract the most research effort involving 
molecular markers, but some research is also 
undertaken on Andean roots and tubers. 
Few or no records are available for root and 
tuber species important for food security 
in many developing countries such as yam, 
taro (or dasheen), cocoyam and other aroids. 
Research on fruit trees involving molecular 
markers includes tropical fruit trees such as 
banana, cocoa, coconut and papaya, as well 
as plants more typical of temperate climates 
such as strawberry and apple, while less 

Table 3
Number of research initiatives utilizing genetic markers in the crop and forestry sectors according to 
geographical origin

Region Crop Forestry Total

Africa   52   17   69
Asia and Pacific   98 103 201
Europe (transition countries)   42   13   55
Latin America and Caribbean 249   55 304
Near East and North Africa   48     0   48
Total 489 188 677

Table 4
Number of research initiatives utilizing genetic 
markers according to the crop of application

Crop group Number of projects

Cereals and pseudo-cereals 134
Pulses   54
Root and tubers   51
Fruit trees   53
Vegetables   29
Industrial crops   74
Fodder crops   16
Aromatics     5
Other or not specified   73
Total 489
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research was reported for citrus, mango, 
pineapple and many other fruit trees largely 
cultivated in developing countries. Several 
research initiatives are applying molecular 
markers to industrial crop species, such as 
sugar cane, cotton, rubber, jute, coffee, flax 
and oil palm.

FAO plant breeding and related 
biotechnology capacity 
assessment
In 2002, a draft questionnaire was designed 
to gather country information on resource 
allocation trends in plant breeding and bio-
technology related activities. Later in the 
same year, a group of experts including 
representatives from CGIAR centres, the 
public and private sectors and non-gov-
ernmental organizations (NGOs), met at 
FAO headquarters to discuss the nature 
of the information to be collected and the 
procedure for its collection. This resulted 
in a questionnaire being developed and 
sent to all public and private applied plant 
breeding programmes as well as to biotech-
nology laboratories in developing countries 
and countries in transition. Among other 
issues, the survey gathered information 
on the number of full-time equivalent 
plant breeders and biotechnologists avail-
able during each five-year period beginning 
from 1985. The questionnaire also requested 
information concerning trends of resources 
allocated to biotechnology as well as to 
germplasm improvement (pre-breeding), 
line development and line evaluation. 
One of the objectives of the survey was 
to assess the gap between biotechnology 
tools and their successful deployment in 
applied breeding programmes (Guimarães, 
Kueneman and Carena, 2006). The survey 
therefore also concentrated on priorities for 
breeding, potential international support to 
strengthen national breeding programmes, 

the number of varieties released and the 
factors that are most likely to limit the 
success of applied plant breeding pro-
grammes, including the current status of 
biotechnology. The work of gathering 
the information and preparing a technical 
report on the current status of national 
plant breeding and related biotechnology 
was assigned to a well-known and respected 
national plant breeding scientist. This has 
been the key to identifying gaps in order to 
develop strategies for strengthening efforts 
directed at the sustainable use of plant 
genetic resources for food and agriculture 
(PGRFA) in national programmes.

For the purposes of this chapter, bio-
technology data were gathered from 
25 countries to complement the prelimi-
nary assessments based on FAO-BioDeC 
on the use of molecular markers in devel-
oping countries (Table 5). The data gathered 
indicate that tissue culture is the most 
common biotechnology technique as it was 
used in 88 percent of all cases, followed 
by MAS (44 percent), the double-hap-
loid technique (32 percent), interspecific 
crosses (28 percent), molecular characteri-
zation (24 percent) and genetic engineering 
(12 percent). 

Applications of molecular markers 
include a number of categories within 
biotechnology such as MAS, molecular 
characterization, facilitating genetic engi-
neering and tracking desirable chromosome 
segments when making wide crosses (e.g. 
interspecific crosses). The results in Table 5 
suggest that molecular markers might be 
an integral part of developing country 
agricultural efforts. MAS seems to be the 
second most utilized biotechnology tool 
applied after tissue culture, implying that 
emphasis should be given to the development 
of molecular markers to make selection 
more efficient. However, rapid and efficient 
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advancement of plant breeding efforts might 
not be achieved through MAS because of 
the complexity encountered in multitrait 
and multistage selection for economically 
important traits. Consequently, today in 
the developed world, molecular markers 
do not have a prominent role in breeding 
programmes (Hallauer, 1999). 

Use of molecular techniques in 
AnGR management
FAO invited 188 countries to participate 
in the preparation of the First Report 
on the SoW-AnGR. One hundred and 
sixty-nine country reports (CR) on AnGR 
were submitted (available at www.fao.
org/dad-is/).

The countries were offered guidelines 
for the preparation of the country reports, 
one section of which was to be devoted to 
reviewing the state of national capacities 
and assessing future capacity building 
requirements (FAO, 2001). Countries were 
assigned to seven regions on the basis 
of the regional classification established 
by FAO for the purpose of preparing 
the SoW-AnGR. This analysis considered 
148 country reports available by July 2005, 
of which 42 were from Africa, 25 from 
Asia, 39 from Europe and the Caucasus, 
22 from Latin America and the Caribbean, 
7 from the Near and Middle East, 2 from 
North America and 11 from the Southwest 
Pacific (Pilling et al., 2007). 

Table 5
Biotechnology applications in plant genetic resources for food and agriculture in use in  
25 developing countries

Country TC MAS IC DH MC GE

Algeria X1 X X X N2 N
Angola X N N N N N
Armenia X N X X X N
Cameroon X X N N N N
Costa Rica X N X N X X
Dominican Republic N N N N N N
Ethiopia  X X N X N N
Georgia X X X N X N
Ghana X X N N N N
Mali X N N N N N
Kenya X X X X N X
Malawi X N N N N N
Moldova X N N N N N
Mozambique N N N N N N
Nicaragua X X N N X N
Niger X X N N N N
Nigeria X X X X X N
Senegal X N X X N N
Sierra Leone X N N N N N
Sri Lanka N N N N N N
Sudan X N N N N N
Tunisia X X N X N N
Uzbekistan X N N X X N
Zambia X N N N N N
Zimbabwe X X N N N X

1 One or more institutions in the country are using the tool. However, this does not measure its impact. 
2 Not in use.
TC = tissue culture; MAS = marker-assisted selection; IC = interspecific crosses; DH = double-haploid technology;  
MC = molecular characterization; GE = genetic engineering
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Not surprisingly, the information pro-
vided by the country reports indicates that 
there is a large gap between developed and 
developing countries in terms of capacity to 
utilize molecular markers for the study and 
management of AnGR (Table 6). Compared 
with other developing regions, a higher 
percentage of countries from Asia and 
Latin America and the Caribbean reported 
their use. In Africa, the Southwest Pacific 
(excluding Australia), the Near and Middle 
East, and Eastern Europe and the Caucasus, 
very few countries report the use of these 
technologies, the prominent exception in 
the last case being Ukraine which has 
carried out molecular characterization and 
genetic distance studies on a number of 
livestock species (CR Ukraine, 2004).

In Africa, only four countries describe 
the existence of characterization or genetic 
distance studies based on the use of molecular 
markers and in all cases the studies relate to 
local breeds. One country report indicates 
that local breeds of goat, pig and chicken 
are the subject of molecular characterization 
carried out abroad. In no case is the use of 
MAS reported from this region.

Excluding Japan, seven Asian coun-
tries (out of 15 providing information on 
whether or not the technologies are used) 
report molecular marker studies, of which 
five specify genetic distance studies and one 
mentions research into MAS (CR Malaysia, 

2003). A range of species are the subject 
of molecular characterization, the most 
common being cattle, chickens, sheep, goats 
and pigs; however, some studies involving 
buffaloes, ducks, horses, camels or deer 
are also reported. Systematic studies of 
Asian breeds are being conducted by the 
Society for Research on Native Livestock 
in Japan, including analysis of genetic rela-
tionships based on mitochondrial DNA 
polymorphisms and other DNA markers 
(CR Japan, 2003).

In Latin America and the Caribbean, 
11 countries out of the 15 that provided 
information indicate some use of molecular 
markers. Among nine countries providing 
information on the species involved in 
molecular characterization studies, seven 
mentioned cattle while smaller numbers 
mention sheep, pigs, chickens, horses, 
goats, buffaloes, llamas, alpacas, vicuñas 
or guanacos. Several countries indicate the 
inclusion of locally adapted breeds in such 
studies, but there was little indication that 
molecular markers have been incorporated 
within breeding programmes. However, 
the report from Colombia (2003) noted 
the potential significance of MAS pro-
grammes for utilizing the genes of the 
Blanco Orejinegro cattle breed, which is 
reported to show resistance to brucellosis 
and which has been the subject of molec-
ular characterization. 

Table 6
Use of molecular markers reported in country reports on AnGR management

Region Number 
providing 

information

Reporting use 
of molecular 

markers 
%

Number with 
information on 

species

Reporting use of molecular markers

In cattle 
%

In other species 
%

Europe 29 83 18 89 100
Africa 29 14 3 100 33
Asia 16 50 7 86 100
Latin America and the  Caribbean 15 73 9 78 89
Southwest Pacific 9 11 0 - -
North America 2 100 1 100 100
Near and Middle East 5 40 2 0 100
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Apart from Australia, no countries in 
the Southwest Pacific region report the use 
of molecular markers.

In the Near and Middle East one report 
(CR Jordan, 2003) refers to molecular 
characterization and genetic distance 
studies in indigenous goats, while another 
(CR Egypt, 2003) notes that molecular 
studies of buffalo, sheep and goats had 
recently been initiated with the aid of 
regional and international organizations.

Survey on the use of molecular 
markers in genetic distance 
studies in livestock
More specific and detailed information on 
the use of molecular markers in AnGR 
research was obtained from a question-
naire study launched in 2003. One hundred 
and thirty-two questionnaires were sent 
out via e-mail to research teams that had 
been involved in genetic distance studies 
during the past ten years. The researchers 
were identified through a literature search 
and enquiry via several Internet discus-
sion groups. The points covered in the 
survey were: number of breeds and sample 
sizes; number and type of markers used; 
additional breed information such as phe-
notypic traits or geographic spread; and 
the mathematical and statistical methods 
chosen for measuring genetic distance. The 
study also aimed to verify the degree of 
familiarity and acceptance of measurement 
of domestic animal diversity (MoDAD) rec-
ommendations, which had been proposed 
as standards for genetic diversity studies 
by the International Society for Animal 
Genetics (ISAG) and FAO about ten years 
earlier (FAO, 1998a; b). Compliance with 
the recommendations was seen as impor-
tant as it would enable the compilation 
of results from different genetic distance 
studies.

Information on 87 genetic distance stud-
ies was obtained from 57 researchers. The 
studies covered breeds from 13 mammalian 
and avian species and investigated samples 
from 93 countries; the largest number of 
countries was in Europe, followed by those 
in Asia and the Pacific (Table 7). Most of 
the studies focused on ruminants. The size 
of the projects varied between one and 
120 breeds originating from up to 33 coun-
tries. However, a large number of national 
projects focused on breeds within a specific 
country or region. There were also a few 
large international projects involving cattle 
and goats (Table 8). A smaller number of 
pig and chicken projects were implemented. 
No feedback was received regarding breeds 
of llamas, ducks, turkeys or geese.

With regard to compliance with the rec-
ommendations of the FAO/ISAG advisory 
group, 95 percent of all projects aimed to 
fulfil the minimum requirement of sampling 
25 animals per breed. Although microsatel-
lite markers were used in 90 percent of the 
studies, in only 23 percent were all markers 
taken from the recommended marker list. 
In about 57 percent of studies some rec-
ommended microsatellites were used. The 
degree of acceptance of the recommen-
dations was highest in pigs and lowest in 
chickens. More detailed information on the 
results is given by Baumung, Simianer and 
Hoffmann (2004) and FAO (2004).

Table 7
Number of countries where samples were 
collected for AnGR genetic distance studies

FAO region Number of countries

Africa 13

Asia and the Pacific 19 

Europe 37 

Latin America and the Caribbean 10 

Near East 9 

North America 2 

Total 93 
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Conclusions
Even if still largely incomplete, the current 
data allow some general conclusions to 
be drawn regarding the use of molecular 
markers in agricultural research and 
development in developing countries.

Molecular markers are widely utilized 
in the plant production sector of the devel-
oping world even if the present uptake of 
molecular marker technologies does not 
reflect their actual potential. It might there-
fore be speculated that a significant increase 
in their utilization might be expected in the 
near future. However, it is recommended 
that each technique is carefully assessed for 
its actual potential for improving the effi-
ciency of plant breeding and germplasm 
characterization. Until this is demonstrated, 
the use of molecular markers would be 
a costly investment with limited returns. 
Publishing all marker research that has not 
been successful is also strongly encouraged 
in order to avoid potential failures and/or 
importing inappropriate technologies from 
developed countries.

Major differences exist between regions 
(and within regions) regarding the applica-

tion of molecular marker techniques in plant 
breeding and genetics. While some countries 
have developed quite extensive research 
programmes, vast geographical areas, par-
ticularly in Africa, remain excluded from 
these technological advancements or can 
count only on minimal activities. This can be 
explained by the relatively high investments 
in infrastructure and human resources nec-
essary to undertake research in this field. 
High costs can also be indicated as a cause 
of the low technological level of genetic 
marker research in many countries, which 
focus on isozymes or on restriction frag-
ment length polymorphisms (RFLPs) and 
have not yet adopted the more advanced 
polymerase chain reaction (PCR)-based 
markers. However, the life span of PCR-
based markers is very short and it might be 
better to wait until improved markers such 
as single nucleotide polymorphisms (SNPs) 
become available. The spectrum of applica-
tion of molecular markers to crop plants 
in developing countries is quite wide and 
covers many plant species that are relevant 
for the enhancement of food security or 
for the improvement of farmers’ incomes 

Table 8
Number of projects and countries in which samples were collected according to animal species and 
FAO regions 

Species Number of 
projects

Number of 
countries

FAO region 

Buffalo 3 9 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean 
Cattle 24 40 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean
Goat 11 28 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean
Sheep 19 56 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean
Pig 6 19 Africa, Asia and the Pacific, Europe 
Ass 1 1 Europe 
Horse 5 25 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean, 

North America 
Bactrian camel 1 2 Asia and the Pacific 
Dromedary 2 7 Africa, Near East 
Alpaca 3 2 Near East, Latin America and the Caribbean 
Rabbit 1 19 Africa, Asia and the Pacific, Europe 
Chicken 8 34 Africa, Asia and the Pacific, Europe, Latin America and the Caribbean, 

Near East 
Yak 2 8 Asia and the Pacific, Europe, Near East 
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in tropical areas. However, other impor-
tant plant species are still neglected by the 
ongoing research initiatives.

According to the data reported in FAO-
BioDeC, only five products obtained 
through the use of molecular markers have 
been commercially released to date in devel-
oping countries. Even if more commercial 
products have been released but are missing 
from the database, such as those reported by 
Toenniessen, O’Toole and DeVries (2003) 
or others obtained by the international 
agricultural research centres or the pri-
vate sector, the totality of practical results 
obtained from using molecular markers 
is disappointingly modest compared with 
the declared potential of the approach. 
The reasons for the poor results to date 
are multiple and include: the low level of 
investments in both biotechnology research 
and applied plant breeding; the limited 
coordination between biotechnology lab-
oratories and plant breeding programmes; 
managerial and political frailties leading 
to instable, unfocused or ill-addressed 
research projects; legal, infrastructural or 
technical weaknesses of the seed produc-
tion and commercialization systems; and 
the lack of linkages between research and 
practical application of research products 
by farmers.

Applied plant breeding should continue 
to be the foundation for the application of 
molecular markers. Focusing useful molec-
ular techniques on the right traits will build 
a strong linkage between genomics and 
plant breeding in order to produce new and 
better cultivars. Therefore, more than ever, 
there is the need for better communication 
and cooperation among scientists in plant 
breeding and biotechnology. Public plant 
breeding and biotechnology programmes 
in developing countries are being seri-
ously eroded through lack of funding. 

This loss of public support affects breeding 
continuity and objectivity and, equally 
importantly, the training of future plant 
breeders and biotechnologists and the uti-
lization and improvement of plant genetic 
resources currently available. The fact that 
poor farmers rely on public and private 
breeding institutions for solving long-term 
challenges should influence policy-makers 
to reverse the trend of reduced funding. 
Cooperation between industry and public 
institutions is a promising approach to 
follow. Ensuring strong applied breeding 
programmes incorporating the application 
of molecular markers will be essential in 
ensuring the sustainable use and enhance-
ment of plant genetic resources.

AnGR management shows a similar 
pattern to the use of MAS in plant breeding 
management in terms of the differences that 
exist among regions in the use of molecular 
marker techniques. Within several regions 
there are also differences between more and 
less developed countries. The reasons are 
similar to those mentioned above, namely 
a lack of financial, human and technical 
resources. In particular, human capacities 
in animal genetics and breeding are much 
smaller than those existing in the crop 
sector. Consequently, the use of molecular 
techniques to evaluate genetic resources, to 
plan conservation efforts, or to facilitate the 
achievement of desired breeding objectives 
is limited or absent in most developing 
countries. 

Nevertheless, country reports expressed 
a strong desire to develop greater capacity 
to carry out molecular studies of national 
AnGR, and the responses to the FAO 
questionnaire also indicated a high level of 
interest in doing so. For the near future, 
microsatellite loci will remain the most 
useful type of genetic marker for genetic dis-
tance studies and for genetic improvement 
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programmes but SNPs were singled out 
as promising markers for the future. With 
partnerships between developed and devel-
oping countries within or across regions, 
genetic diversity studies may be a means of 
realizing the potential of molecular marker 
techniques to improve decision-making on 
breed development and the prioritization 
of breeds for conservation programmes.

The successful application of MAS in 
animal breeding necessitates a high level 
of expenditure in terms of establishment 
and maintenance costs and requires skilled 
human resources, equipment, laboratories 
and supportive infrastructure. As such, the 
cost-effectiveness of these strategies has to 
be carefully evaluated before promoting 
them in resource-poor environments.
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Summary
A number of molecular marker technologies exist, each with different advantages and disad-
vantages. When available, genome sequence allows for the development of greater numbers 
and higher quality molecular markers. When genome sequence is limited in the organism of 
interest, related species may serve as sources of molecular markers. Some molecular marker 
technologies combine the discovery and assay of DNA sequence variations, and there-
fore can be used in species without the need for prior sequence information and up-front 
investment in marker development. As a prerequisite for marker-assisted selection (MAS), 
there must be a known association between genetic markers and genes affecting the phe-
notype to be modified. Comparative databases can facilitate the transfer of knowledge of 
genetic marker-phenotype association across species so that discoveries in one species may 
be applied to many others. Further genomics research and reductions in the costs associated 
with molecular markers will continue to provide new opportunities to employ MAS.
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Introduction
Molecular markers are valuable tools for 
the classification of germplasm and in 
MAS. The purpose of this chapter is to 
provide guidance in selecting appropriate 
molecular marker systems based on the 
availability of technological resources in 
various species and to provide some exam-
ples of MAS applications. One of the many 
benefits of the increasing amount of DNA 
sequence information in many organisms is 
the expanding opportunity for the develop-
ment of new molecular markers. As the full 
genome sequence will not be available for 
most species of interest in the near future, 
it is important to find strategies for devel-
oping and using molecular markers when 
sequence resources are limited. This chapter 
describes several technologies that exist 
for developing molecular markers without 
DNA sequence information. It also draws 
on some examples from rice (Oryza sativa 
L.) to illustrate how molecular marker 
development was influenced by the addi-
tion of each layer of sequence information, 
culminating in the present status of rice as 
the first crop with nearly complete genome 
sequence information.

Molecular marker technologies
Restriction fragment length 
polymorphisms
Restriction fragment length polymorphisms 
(RFLPs) were the first DNA-based molec-
ular markers. An application of Southern 
analysis (Southern, 1975), RFLPs exploit 
the ability of single stranded DNA to bind 
(hybridize) to DNA with a complementary 
sequence. RFLP markers detect variation 
in DNA sequences at the same loci in 
different individuals or accessions. Tech-
nically, RFLP technology involves the 
hybridization of cloned DNA to restriction 
fragments of differing molecular weights 

from restriction enzyme-digested genomic 
DNA. The digested DNA fragments are 
size-separated on agarose gels by electro-
phoresis and transferred as denatured 
(single stranded) arrays of fragments to 
filters through capillary action. The filters 
are then incubated with specific labelled 
probes (genes or anonymous fragments 
of single stranded DNA), washed 
and exposed to x-ray film. To identify 
polymorphisms between individuals or 
accessions, the genomic DNA extracted 
from each individual is digested with a series 
of restriction enzymes to find enzymes 
that produce fragments (bands) that differ 
in molecular weight between accessions 
and can be distinguished by hybridization 
with a given probe. To ensure that probes 
hybridize to single fragments on a gel, the 
DNA used as a probe should be from a 
single or low copy (non-repetitive) region 
of the genome. Probes may represent genes 
(i.e. derived from complementary DNA 
[cDNA]) or they may represent anonymous 
sequences derived from genomic DNA. 
Genomic probes are generated by shearing 
or digesting DNA and cloning the frag-
ments into a plasmid vector that allows for 
amplification of the cloned fragment in a 
suitable host. To increase the frequency of 
low copy clones in a genomic library, the 
DNA may be digested with a methylation-
sensitive enzyme, such as PstI. The 
repetitive regions of a genome are typically 
heavily methylated and thus produce 
fragments >25 kb when digested with a 
methylation-sensitive enzyme. As a result, 
these fragments do not clone efficiently 
into plasmid vectors and consequently 
are effectively filtered out of the analysis. 
Thus, use of methylation-sensitive enzymes 
increases the representation of unmethylated 
and typically low copy gene sequences in 
RFLP analysis. Sharing of anonymous, 
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unsequenced RFLP markers among 
researchers requires an infrastructure for 
the maintenance and distribution of cloned 
probes for use by multiple researchers. 
However, if end-sequence or full-clone 
sequence information is available, the probes 
can be amplified readily from genomic 
DNA via the polymerase chain reaction 
(PCR), and the cumbersome aspects of 
clone maintenance and distribution are 
avoided. The polymorphisms detected by 
RFLPs may result from single base changes 
causing a loss of restriction sites or a gain of 
new restriction sites, or from insertions and 
deletions (indels) between restriction sites 
(McCouch et al., 1988; Edwards, Lee and 
McCouch, 2004). 

PCR-based markers
Many advances in molecular marker tech-
nology have come through applications of 
the PCR method (Mullis et al., 1986). In 
PCR, a thermo-stable DNA polymerase 
enzyme makes copies of a target sequence 
beginning from two small pieces of syn-
thetically produced DNA (primers) that 
are complementary to sequences brack-
eting the target. Through iterations of the 
process with heating to separate the double 
stranded DNA molecules and cooling to 
allow the primers to re-anneal, the target 
sequence is exponentially amplified. 
Polymerase chain reaction-based markers 
require much less DNA per assay than 
RFLPs and are more compatible with auto-
mated high-throughput genotyping (i.e. the 
ability to process large numbers of samples 
quickly and efficiently). 

Randomly amplified polymorphic DNA 
markers
Randomly amplified polymorphic DNA 
markers (RAPDs) use PCR to amplify 
stretches of DNA between single primers 

of arbitrary sequence (Williams et al., 1990; 
Welsh and McClelland, 1990). Amplification 
occurs only where sequences complemen-
tary to the primers are in close enough 
proximity for successful PCR. The typ-
ical oligonucleotide used for RAPDs is 
ten bases long and will amplify many loci 
simultaneously, allowing multiple markers 
to be assayed in a single PCR reaction 
and a single lane on an agarose gel. As the 
primers are arbitrary, RAPD technology 
can be applied directly to any species with 
no prior sequence knowledge. This tech-
nology is particularly useful when there 
is a need to assay loci across the entire 
genome. The polymorphisms are detected 
only as the presence or absence of a band 
of a particular molecular weight, and it 
is not possible to differentiate between 
homozygous and heterozygous markers. 
RAPDs are notoriously unreliable because, 
aside from sequence differences, the ampli-
fication or failure of amplification of any 
band may be sensitive to any number of 
factors, including DNA template quality, 
PCR conditions, reagents and equipment.

Amplified fragment length 
polymorphisms 
Amplified fragment length polymorphisms 
(AFLPs) are molecular markers derived 
from the selective amplification of restric-
tion fragments (Vos et al., 1995). Genomic 
DNA is digested with a pair of restriction 
enzymes and oligonucleotide adaptors are 
ligated to the ends of each restriction frag-
ment. The fragments are amplified using 
primers that anneal to the adaptor sequence 
and extend into the restriction fragment. 
Only a portion of restriction fragments 
will be within the range of sizes than can be 
amplified by PCR and visualized on polya-
cylamide gels (between 50 and 350 bp). For 
large genomes, additional selective bases 
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can be added to the primers to reduce the 
number of co-amplified bands. AFLPs have 
many of the advantages of RAPDs, but have 
much better reproducibility. AFLP tech-
nology requires greater technical skill than 
RAPDs and, because AFLPs run on poly-
acrylamide gels instead of agarose, they also 
require a larger investment in equipment 
than RAPDs. Using manual gels, AFLP 
bands are detectable using silver stain, or 
by labelling of the primers with a radio-
active isotope. Alternatively, for higher 
throughput, AFLPs can be detected with an 
automated DNA sequencer by using fluo-
rescently labelled primers. 

Diversity array technology (DArT) is 
a modification of the AFLP procedure 
using a microarray platform (Jaccoud et al., 
2001) that greatly increases throughput. In 
DArT, DNA fragments from one sample 
are arrayed and used to detect polymor-
phisms for the fragments in other samples 
by differential hybridization (Wenzl et 
al., 2004).

Developing molecular markers 
with DNA sequence information
When the DNA sequence is available, it is 
possible to design primers to amplify across 
a specific locus. However not all loci will 
be polymorphic. Targeting highly variable 
sequence features increases the likelihood 
of detecting polymorphism. These highly 
variable features include tandem repeats 
such as microsatellites, and dispersed com-
plex repeats such as transposable elements.

Microsatellites
Simple sequence length polymorphisms 
(SSLPs), also known as simple sequence 
repeats (SSRs), or microsatellites, consist of 
tandemly repeated di-, tri- or tetra-nucle-
otide motifs and are a common feature of 
most eukaryotic genomes. The number of 

repeats is highly variable because slipped 
strand mis-pairing causes frequent gain or 
loss of repeat units. With their high level 
of allelic diversity, microsatellites are valu-
able as molecular markers, particularly for 
studies of closely related individuals.

PCR-based markers are designed to 
amplify fragments that contain a micros-
atellite using primers complementary to 
unique sequences surrounding the repeat 
motif (Weber and May, 1989). Differences 
in the number of tandem repeats are readily 
assayed by measuring the molecular weight 
of the resulting PCR fragments. As the dif-
ferences may be as small as two base pairs, 
the fragments are separated by electro-
phoresis on polyacrylamide gels or using 
capillary DNA sequencers that provide 
sufficient resolution.

Without prior sequence knowledge, 
microsatellites can be discovered by screening 
libraries of clones. Clones containing the 
repeat motif must be sequenced to find 
unique sites for primer design flanking the 
repeats. Microsatellite marker development 
from pre-existing sequence is far more direct. 
Good reviews of microsatellite marker 
development include those of McCouch 
et al. (1997) and Zane, Bargelloni and 
Atarnello (2002). Microsatellites discovered 
in non-coding sequence often have a higher 
rate of polymorphism than microsatellites 
discovered in genes. However, in some 
species such as spruce (Picea spp.) with 
highly repetitive genomes, SSR markers 
developed from gene sequences have fewer 
instances of null alleles, i.e. failure of PCR 
amplification (Rungus et al., 2004).

Microsatellite markers have several 
advantages. They are co-dominant; the het-
erozygous state can be discerned from the 
homozygous state. The markers are easily 
automated using florescent primers on an 
automated sequencer and it is possible 
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to multiplex (combine) several markers 
with non-overlapping size ranges on a 
single electrophoresis run. The results are 
highly reproducible, and the markers are 
easily shared among researchers simply by 
distributing primer sequences. Although 
SSRs are abundant in most eukaryotic 
genomes, their genomic distribution may 
vary. Uneven distributions of microsatel-
lites limit their usefulness in some species.

Inter-SSRs (ISSRs) are another type of 
molecular marker that makes use of micro-
satellite sequences. ISSRs use PCR primers 
anchored in the termini of the repeats 
extending into the flanking sequence by sev-
eral nucleotides (Zietkietkiewicz, Rafalski 
and Labuda, 1994). PCR products are pro-
duced for each pair of microsatellites that 
are in sufficient proximity for PCR to 
occur, or may be generated by anchoring 
one primer in the SSR motif and using a 
second “universal” primer corresponding 
to a sequence that has been ligated onto 
the ends of restriction fragments (as in the 
AFLP technique described above, where 
genomic DNA is first digested with a 
restriction enzyme and oligonucleotide 
adaptors are ligated to the ends of each 
restriction fragment, except that one primer 
resides in an SSR motif that is brack-
eted by the restriction sites) (Gupta et al., 
1994; Goodwin, Aitken and Smith, 1997). 
Markers at multiple loci are assayed as the 
presence or absence of bands of particular 
sizes. ISSRs can be visualized on agarose 
gels, on silver stained polyacrylamide gels 
or fluorescently labelled for detection with 
an automated DNA sequencer.

Transposable element-based markers
Transposable elements (TEs) are another 
rapidly changing feature of the genome 
that can be exploited as a source of varia-
bility for molecular markers. Discovery of 

TE sequences is a prerequisite for their use 
as markers. While TEs may be discovered 
as mutations in alleles of genes conferring 
mutant phenotypes, they have also been 
discovered directly in genomic sequence 
(reviewed by Feschotte, Jiang and Wessler, 
2002). Transposon display is a modified 
AFLP procedure that differs only in that 
one of the two primers is designed within 
the consensus sequence of a TE family so 
that amplification depends on the pres-
ence of a TE insertion within a restriction 
fragment (Casa et al., 2000). Using this 
approach, the presence or absence of a TE 
can be assayed simultaneously at many 
loci throughout the genome. To assay for 
a TE insertion at a specific locus, single 
copy “anchor markers” can be designed 
with primers located in unique sequences 
flanking the region of interest. A size poly-
morphism indicates the presence or absence 
of the TE in that particular location. Anchor 
markers are advantageous because they are 
co-dominant, can be run on a simple agarose 
gel system and are biologically informa-
tive in that they provide evidence of both 
complete, or incomplete, insertion or exci-
sion events. This methodology can also be 
applied to any known indel feature regard-
less of whether or not it is derived from a 
TE.

Single nucleotide polymorphisms
Single nucleotide polymorphisms (SNPs) 
are an abundant source of sequence vari-
ants that can be targeted for molecular 
marker development. Of all the molec-
ular marker technologies available today, 
SNPs provide the greatest marker den-
sity. SNPs are often the only option for 
finding markers very near or within a 
gene of interest, and can even be used to 
detect a known functional nucleotide pol-
ymorphism (FNP). Discovery of SNPs 
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requires obtaining an initial DNA sequence 
in a reference individual followed by some 
form of re-sequencing in other varieties 
to find variable base pairs. In addition to 
direct sequencing, SNPs can be discovered 
through ecotilling with the CEL I enzyme 
(Comai et al., 2004) or by denaturing high 
pressure liquid chromatography (DHPLC) 
to measure small conformational differ-
ences when PCR amplified sequences are 
hybridized to a reference sequence (Kwok, 
2001). In addition to SNP discovery, both 
DHPLC and ecotilling are viable technolo-
gies for SNP detection. There is a myriad of 
other SNP assay technologies in develop-
ment and to date no single method stands 
out as superior to the others. Table 1 lists 
some examples of SNP allele discrimination 
methods and detection systems that can be 
combined in various ways (see reviews by 
Kwok, 2001 and Gut, 2001). The benefits of 
SNP assays include increased speed of gen-
otyping, lower cost and the parallel assay of 
multiple SNP.

Single feature polymorphisms and 
microarray-based genotyping
Indel polymorphisms, also known as single 
feature polymorphisms (SFPs), are par-
ticularly amenable to microarray-based 
genotyping. These assays are done by label-
ling genomic DNA (target) and hybridizing 
to arrayed oligonucleotide probes that are 
complementary to indel loci. Each SFP 
is scored by the presence or absence of a 
hybridization signal with its corresponding 
oligonucleotide probe on the array. Both 

spotted oligonucleotides (Barrett et al., 
2004) and Affymetrix-type arrays (Borevitz 
et al., 2003) have been used in these assays. 
The SFPs can be discovered through 
sequence alignments or by hybridization 
of genomic DNA with whole genome 
microarrays. The advantage of microarray 
platforms for genotyping is that they are 
highly parallel, and they are well suited for 
applications such as quantitative trait loci 
(QTL) analysis, where whole genome cov-
erage with many markers is desirable.

Special considerations for 
diversity studies and germplasm 
evaluation
The interpretation of molecular marker data 
for germplasm classification and diversity 
can be confounded by uncertainty about the 
underlying sources of the polymorphisms 
and by homoplasy (false homology). For 
RFLPs in rice, indels can account for as 
much or more of the polymorphism as 
changes in the restriction sites themselves 
(Edwards, Lee and McCouch, 2004). AFLPs 
and RAPDs can also be sensitive to both 
indels and base changes. The ratio of indels 
to base changes is important for diversity 
studies because, when molecular markers 
are used to estimate nucleotide divergence, 
the divergence will be overestimated if 
indel-derived polymorphisms are common 
(Upholt, 1977; Nei and Miller, 1990; Innan 
et al., 1999). The greatest certainty of the 
underlying polymorphism comes from 
SNP technologies that directly assay for 
single base changes.

For SSR markers among closely related 
individuals, most polymorphism should 
be caused by expansion or contraction 
of the number of repeat units. However, 
as genetic distance between the varieties 
increases, there is an increasing chance 
that indel events will cause additional size 

Table 1
SNP technologies  

Allele discrimination Detection methods

•	 Hybridization
•	 Primer extension
•	L igation
•	I nvasive cleavage

•	 Gel separation
•	A rrays
•	 Mass spectrometry
•	 Plate readers
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polymorphism (Chen, Cho and McCouch, 
2002). Thus, the use of stepwise SSR 
mutation models would be inappropriate for 
highly diverged populations. Homoplasy is 
also a problem in SSR markers because the 
hyper-variability leads to some shared allele 
sizes through parallelism, convergence and 
reversion (Doyle et al., 1998). Homoplasy 
from reversions can affect transposon-
based markers or any markers with 
polymorphisms potentially derived from 
Class II DNA transposable elements. This 
class of TEs has a cut and paste mechanism 
of transposition, so a TE may insert onto a 
locus and later excise.  

In RAPDs, ISSRs and AFLPs, homo-
plasy can occur when two or more loci 
produce PCR fragments of similar molec-
ular weight. Although it is desirable to have 
high numbers of bands to maximize the 
amount of information per lane, this must 
be balanced against the increasing risk of 
homoplasy as more loci are represented.

Special considerations for 
marker-assisted selection
Quality markers for use in MAS should 
be reliable and easily shared among 
researchers. Co-dominant markers are pre-
ferred to avoid the need for progeny testing. 
Sometimes less desirable markers for MAS 
such as RAPDs, ISSRs and AFLPs are 
useful for finding markers linked to the 
desired allele. Once such a marker is found, 
it is possible to extract and sequence the 
corresponding band. This sequence can 
be used to develop co-dominant markers 
such as cleaved amplified polymor-
phic sequences (CAPS) (Konieczny and 
Ausubel, 1993) or to sequence character-
ized polymorphic regions (SCARs) (Paran 
and Michelmore, 1993). SCAR and CAPS 
markers are co-dominant and simplify the 
screening of large numbers of individuals. 

When a genetic map exists, markers can 
be positioned on the map and other linked 
markers can be substituted. The additional 
markers are useful for higher resolution 
mapping to find markers more closely 
linked to the desired allele or ultimately for 
positional cloning of the underlying gene.

Reproducibility of molecular marker 
data
For orphan species, clearly there is a huge 
value to the anonymous primer approaches 
(AFLP, DArTs, ISSRs and RAPDs) that 
do not require sequence information or 
much up-front investment. However, 
the data can be difficult to score, and 
reproducibility requires a lot of technical 
skill. Technologies that depend on the 
presence or absence of PCR amplified 
bands are susceptible to changes in PCR 
conditions and the quality of sample DNA, 
and the data from separate experiments 
may differ. Further, in any method that 
depends on accurate measurement of 
molecular weight differences between bands 
(e.g. SSRs), the exact mole-cular weights 
assigned to each allele may be different 
in each analysis because of differences 
in labelling of PCR products, rounding 
of allele molecular weight estimates and 
binning of alleles. Without controls for 
each allele encountered, it is difficult or 
impossible to merge separate sets of data. 
Despite discrepancies in the exact data 
derived from molecular markers, the results 
and conclusions should be consistent within 
independent experiments. For reliability 
in making inferences across independent 
data-sets, SNP markers are preferred. SNP 
data-sets can be easily integrated based 
on sequence, and SNPs have properties 
(such as a low mutation rate) that are 
particularly valuable for evolutionary 
inference (Nielsen, 2000).
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Choosing a molecular marker 
technology
Clearly there is no single best choice of 
molecular marker for all situations. Factors 
influencing the decision may include the 
objectives of the study, availability of 
organism specific sequences, equipment 
and technical resources, and biological 
features of the species. Several important 
advantages/disadvantages for each type of 
molecular marker discussed are summa-
rized in Table 2 (see review by Powell et 
al., 1996).  

If available, microsatellite or SNP 
markers are often the best choice. The rate 
of adoption of SSR markers can be facili-
tated, and the costs reduced, by preparing 
“kits” of selected SSR markers for certain 
species to provide a reliable set of markers 
with good amplification, reasonable pol-
ymorphism and good genome coverage. 
This was done in the early days of the rice 
SSR effort and SSR kits were distributed at 
very low cost through Research Genetics 
(called Rice-Pairs; McCouch et al., 1997). 
Similarly, for SNPs, there is a need to 
develop useful sets of markers that are 
widely available and can be mass-produced 
(at reduced cost) for distribution to the 
international community. SNP kits would 
also have a clear benefit for databasing 

and analysing datasets obtained from mul-
tiple laboratories. In addition to kits of 
markers, there is a need to distribute sets 
of “control genotypes” as samples, partic-
ularly to address the problem surrounding 
the difficulties in integrating SSR datasets.	
When SNPs or SSRs are not available, it is 
sometimes possible to transfer molecular 
markers from closely related species (Gupta 
et al., 2003; La Rota et al., 2005; Zhang et 
al., 2005). When financial resources are 
restricted, RAPDs, AFLPs and ISSRs can 
provide large numbers of markers with a 
limited investment. AFLPs, SSRs and ISSRs 
can provide high throughput using an auto-
mated sequencer, while RAPDs and ISSRs 
can be run on agarose gels with minimal 
investment in equipment. The effectiveness 
of each method may vary by species and by 
application. Therefore, it is reasonable to 
try to use more than one method, particu-
larly at the early stages of research.

impact of the rice genome 
sequence: A case history
DNA sequence information greatly 
accelerates the development of molecular 
markers. This is evident in the history 
of rice microsatellite marker proliferation 
coinciding with the release of data from 
rice genome sequencing projects. Figure 1 

Table 2
Key features of common molecular marker technologies

Marker 
type

PCR-
based

Uses 
restriction 
enzymes

Poly-
morphism

Abun-
dance

Co-
dominant

Auto-
mation

Loci per assay Specialized equipment

RFLP no yes moderate moderate yes no 1 to few Radioactive isotope
RAPD yes no moderate moderate no yes many Agarose gels
AFLP yes no moderate moderate no yes many Polyacrylamide gels/capillary
ISSR yes no moderate moderate no yes many Agarose/polyacrylamide gels
DArT yes yes moderate moderate no yes many Microarray
CAPS yes yes variable moderate yes yes single Agarose gels
SCAR yes no low moderate yes yes single Agarose gels
SSR yes no low moderate yes yes 1 to about 20 Polyacrylamide gels/capillary
TE-Anchor yes no variable variable yes yes single Agarose gels
SNP yes no variable highest yes yes 1 to thousands Variable
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tracks the publication of rice microsatellite 
markers derived from screening libraries of 
clones and from the various categories of 
sequences deposited in public databases. The 
earliest method of developing microsatellite 
markers in rice was by using microsatellite 
sequences as probes to isolate clones from 
genomic libraries (Zhao and Kochert, 1993; 
Wu and Tanksley, 1993; Panaud, Chen and 
McCouch, 1996; Akagi et al., 1996; Chen 
et al., 1997; Temnykh et al., 2000). In 1996, 
Akagi et al. used microsatellite repeats 
found in rice sequences from database 
searches to develop 35 new markers and 
in 2000, Temnykh et al. published 91 new 
microsatellite markers developed from 
expressed sequence tag (EST) sequences. 
Temnykh et al. (2001) developed 200 new 
markers, mostly from end sequences of rice 
bacterial artificial chromosomes (BACs). 
However, the most dramatic increase in 
microsatellite markers (2 240 new markers 
in 2002 and 25 000 in 2004) was made 
possible primarily though the use of whole 
genome shotgun sequences (McCouch et al., 
2002; G. Wilson, personal communication). 

Complete genome sequence provides an 
additional advantage in electronically 
determining the position of new markers 
on genetic and physical maps. However, 
full genomic sequence is not a requirement 
for microsatellite marker development, and 
there are a number of microsatellite markers 
that have been developed for a wide array 
of crop species (Table 3) without the benefit 
of full genomic sequence.

Marker-assisted selection 
strategies and examples 
MAS in a breeding context involves scoring 
indirectly for the presence or absence 
of a desired phenotype or phenotypic 
component based on the sequences or 
banding patterns of molecular markers 
located in or near the genes controlling the 
phenotype. The sequence polymorphism 
or banding pattern of the molecular marker 
is indicative of the presence or absence of a 
specific gene or chromosomal segment that 
is known to carry a desired allele.

DNA markers can increase screening 
efficiency in breeding programmes in a 

Figure 1
Progress of microsatellite marker development in rice
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number of ways. For example, they 
provide:
•	 the ability to screen in the juvenile stage 

for traits that are expressed late in the life 
of the organism (i.e. grain or fruit quality, 
male sterility, photoperiod sensitivity);

•	 the ability to screen for traits that are 
extremely difficult, expensive or time 
consuming to score phenotypically (i.e. 
quantitatively inherited or environ-
mentally sensitive traits such as root 
morphology, resistance to quarantined 
pests or to specific races or biotypes of 
diseases or insects, tolerance to certain 
abiotic stresses such as drought, salt and 
mineral deficiencies or toxicities);  

•	 the ability to distinguish the homozy-
gous from the heterozygous condition 
of many loci in a single generation 
without the need for progeny testing (as 
molecular markers are co-dominant); 

•	 the ability to perform simultaneous 
MAS for several characters at one time 

(or to combine MAS with phenotypic or 
biochemical evaluation).
This section provides examples of 

how molecular markers are being used in 
breeding and germplasm evaluation. While 
these examples are drawn mostly from rice, 
they illustrate applications of MAS tech-
niques that are used in other species.

Before molecular markers can be used 
for selection purposes, their association 
with genes or traits of interest must be 
firmly established. While the number of 
economically important genetic loci that 
have been cloned or tagged via linkage to 
molecular markers is still limited in most 
species, work towards this end is acceler-
ating rapidly. This is particularly true in 
rice, due to the availability of complete 
genome sequence information. 

Nonetheless, a great deal of time and 
effort is required to identify the genetic 
loci and specific allelic variants that are 
responsible for the tremendous array of 

Table 3
Examples of SSR markers available across different plant species

Common name Species Number of 
SSRs

Reference

Rice Oryza sativa 2240 McCouch et al., 2002
Maize Zea mays 1669 MapPairs (mp.invitrogen.com)
Soybean Glycine max 597 MapPairs (mp.invitrogen.com)
Cassava Manihot esculenta 318 MapPairs (mp.invitrogen.com)
Arabidopsis Arabidopsis thaliana 290 MapPairs (mp.invitrogen.com)
Cotton Gossypium spp. 217 MapPairs (mp.invitrogen.com)
Sugar cane Saccharum spp. 200 www.intl-pag.org/pag/9/abstracts/W30_04.html
Wheat Triticum aestivum 193 MapPairs (mp.invitrogen.com)
Grape Vitis vinifera 152 no
Groundnut Arachis hypogaea 110 Ferguson et al., 2004
Cucumber Cucumis sativus 110 Fazio, Staub and Chung, 2002
Peach Prunus persica 109 Aranzana et al., 2004
Kiwifruit Actinidia spp. 105 Testolin et al., 2001
Barley Hordeum vulgare 44 MapPairs (mp.invitrogen.com)
Potato Solanum tuberosum 31 Ghislain et al., 2004
Pine trees Pinus spp. 28 MapPairs (mp.invitrogen.com)
Banana Musa spp. 28 MapPairs (mp.invitrogen.com)
Sweet potato Ipomoea batatas 26 MapPairs (mp.invitrogen.com)
Sugar beet Beta vulgaris 25 www.intl-pag.org/pag/10/abstracts/PAGX_W306.html
Eggplant Solanum melongena 23 www.intl-pag.org/pag/11/abstracts/P3b_P181_XI.html

From: Thomson, Septiningsih and Sutrisno, 2003 (reprinted with permission of author)
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characters that breeders are concerned 
about in population or variety improvement 
programmes. Given the complexity of 
quantitative traits, many different lines or 
crosses must be carefully analysed over 
different years and environments to unravel 
important components of gene interaction. 
In a breeding context, understanding the 
genetic basis of genotype by genotype 
interaction (G x G) and genotype by 
environment interaction (G x E) is critical 
as the basis for predicting how QTL are 
likely to behave. Information from a large 
number of studies addressing each of these 
points must then be assembled into a 
database that offers easy access to users and 
allows many different kinds of data to be 
integrated with a simple query.  

The Gramene database represents a 
beginning in the quest to serve this user 
community. Gramene is a comparative 
genome database for grasses and currently 
offers a complete inventory of all published 
QTL that have been identified in rice (www.
gramene.org/qtl/index.html), allowing users 
to find information about where along the 
chromosome a QTL is located, what phe-
notype is associated with the QTL, how it 
was measured, what germplasm was used, 
what molecular markers reside nearby, what 
the corresponding position is on a compar-
ative map of another grass species and with 
what statistical significance the QTL was 
detected. The database also provides a link 
to the published article so that users can 
readily find more information on the sub-
ject. Similar inventories and databases are 
being assembled for other families of plants 
and are critical to the implementation of 
effective molecular breeding strategies.

Comparative genome methods take 
advantage of the fact that some species 
have more developed genetic systems than 
others. Examples of well studied “model” 

organisms with available genomic sequence 
include species such as Arabidopsis and 
rice for plants, Populus (Taylor, 2002) and 
Eucalyptus (Poke et al., 2005) specifically 
for forestry, and Fugu (Aparicio et al., 
2002) and zebrafish (Guryev et al., 2006) 
for fisheries. Relying heavily on the use 
of comparative maps and comparative 
sequence analysis, genome databases allow 
researchers to make predictions about the 
location and phenotypic consequences of 
homologous genes in related species. Thus, 
understanding how a gene or QTL behaves 
in one species can potentially shortcut 
the process of identifying a related gene 
or QTL in the genetic system of another 
species. This approach underscores the 
search for QTL associated with abiotic 
stress tolerance in cereals. A global effort 
to identify loci associated with drought 
tolerance has recently been initiated under 
the umbrella of the Generation Challenge 
Programme (www.generationcp.org).  

Markers associated with tolerance for 
a variety of environmental stresses rank as 
important targets for molecular MAS in 
cereal breeding because these complex traits 
are often prohibitively difficult to screen 
using classical selection techniques. Efforts 
to identify QTL associated with tolerance to 
drought, salt and mineral deficiencies or tox-
icities (Champoux et al., 1995; Flowers et al., 
2000; Nguyen et al., 2002; Kamoshita et al., 
2002; Price et al., 2002; Gregorio, 2002) in 
a number of genetic backgrounds represent 
an important first step towards achieving 
this goal. Additional studies have specifi-
cally addressed the problems associated with 
G x G and G x E (Zheng et al., 2000; Li et 
al., 2003; Hittalmani et al., 2003). 

In the area of biotic stress, several genes 
have been cloned and characterized for 
resistance to major diseases such as bac-
terial blight and blast (Song et al., 1995; 
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Yoshimura et al., 1998; Wang et al., 1999; 
Bryan et al., 2000; Sun et al., 2004) and 
many other genes for disease resistance 
have been tagged with linked markers. This 
opens the door for targeted approaches to 
MAS (Valent et al., 2001). While the disease 
resistance literature is too vast to summarize 
here, it is important to note that advances in 
this area are having an impact on varietal 
improvement programmes (www.syix.com/
rrb/98rpt/MarkerAssist.htm). Pyramiding 
of resistance genes into a single variety 
and the construction of multiline varieties, 
each with one or more R genes (resistance 
genes) that can be used in various combi-
nations, are under way to develop more 
durable forms of disease and insect resist-
ance (Yoshimura et al., 1992; Yoshimura et 
al., 1995; Hittalmani et al., 1995; Blair and 
McCouch, 1997; Ndjiondjop et al., 1999; 
Davierwala et al., 2001; Su et al., 2002; 
Conaway-Bormans et al., 2003; Lorieux et 
al., 2003; Hayashi et al., 2004). 

Marker-based selection is also helpful 
in attempts to transfer genes from exotic 
germplasm into cultivated lines. In rice, 
several workers have used RFLP and 
SSR markers to monitor introgression of 
brown planthopper resistance from O. 
officinalis (Kochert, Jena and Zhao, 1990), 
bacterial blight resistance from O. longis-
taminata (Ronald et al., 1992), aluminum 
tolerance or yield and quality-related traits 
from O. rufipogon (Nguyen et al., 2002; 
Thomson et al., 2003; Septiningsih et al., 
2003a, b) or from other wild species such as 
O. glumaepatula  (Brondani et al., 2002) or 
O. glaberrima (Jones et al., 1997; Lorieux 
et al., 2003) into cultivated O. sativa back-
grounds. Marker-assisted introgression 
strategies have also been used in a number 
of livestock breeding programmes but, 
because of longer generation intervals and 

lower reproductive rates, this is generally 

feasible for genes of large effect (Dekkers, 
2004; Chapter 10). Identifying the recom-
binants with the least amount of donor 
DNA flanking the genes of interest is 
enhanced by the use of molecular markers 
(Monna et al., 2002; Takeuchi et al., 2003; 
Blair, Panaud and McCouch, 2003). In 
these examples, MAS offers a powerful 
strategy for making efficient use of the 
wealth of useful genetic variation that exists 
in the early landraces and wild species 
of cultivated food crops (Tanksley and 
McCouch, 1997).

As this kind of information accumulates, 
MAS permits rapid identification of indi-
viduals that may contain only one genetic 
component of a complex trait. Once iden-
tified, such an individual can be crossed 
with another individual in a breeding pro-
gramme so that multiple, complementary 
genes are combined to optimize a quantita-
tively inherited trait. Individuals containing 
only one gene of interest often defy accu-
rate phenotypic identification where 
polygenic traits are concerned because var-
ious types of epistasis, or gene interaction, 
may be required to generate the phenotype 
of interest (Yamamoto et al., 2000; Zheng 
et al., 2000).

Linkage disequilibrium (LD) mapping 
is another marker-assisted approach 
that provides important information 
that is immediately relevant to breeding 
programmes (Remington, Ungerer 
and Purugganan, 2001; Flint-Garcia, 
Thornsberry and Buckler, 2003). Using 
collections of distantly related germplasm 
accessions rather than populations derived 
from bi-parental crosses allows researchers 
to explore the relationship between 
phenotype and genotype in materials that 
have been amply tested over years and 
environments, often as part of an applied 
breeding programme. This provides 
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critical information about how specific 
combinations of genes and alleles interact 
in relevant varietal backgrounds and allows 
breeders to compare the phenotypic effect 
of genes or chromosomal segments that have 
been inherited from a common ancestor and 
selected in multiple-cross combinations.

In addition to the use of MAS in tradi-
tional crossing and selection programmes, 
breeders also have opportunities to adjust 
particular traits or phenotypes via the 
introduction of genes using a transgenic 
approach (Ye et al., 2000; James, 2003; 
Nuffield Council on Bioethics, 2004). Once 
introduced into the gene pool, a transgene 
can be tracked with the aid of molecular 
markers (designed to tag the transgene 
sequence itself) through subsequent crosses, 
just as would be done for any other gene of 
interest in a breeding programme.

Another use of molecular markers in 
variety improvement involves marker-
assisted germplasm evaluation (Xu, Ishii 
and McCouch, 2003). Population structure 
analysis offers insight about how diversity 
is partitioned within a species and can 
help define clusters, or subpopulations, of 
germplasm that are likely to contain high 
frequencies of particular alleles (Garris, 
McCouch and Kresovich, 2003). This type 
of analysis can also guide allele mining 
efforts aimed at identifying valuable 
accessions in a germplasm collection for 
use as parents in a breeding programme. 
Such approaches have the potential to make 
parental selection more efficient, to expand 
the gene pool of modern cultivars and 
ultimately to speed up the development of 
productive new varieties. As information is 
generated about which genes and alleles are 
associated with phenotypic characters of 
agronomic importance, and as the complex 
interactions among genes are enumerated in 
the context of specific gene pools and the 

environments to which they are adapted, 
breeders are increasingly empowered to 
make predictions about how to combine 
diverse alleles productively.

To exploit molecular breeding strategies 
fully, information resources must be devel-
oped so that the overwhelming amount of 
information about genes, alleles and natural 
genetic variation can be funnelled into a useful 
tool for breeding applications. This will 
involve a very different approach to infor-
mation resources than currently employed 
by the large genome databases, which are 
oriented towards genomics researchers 
and molecular biologists rather than the 
breeding community. Nonetheless, a few 
examples offer beacons of inspiration in this 
area, including the emerging International 
Rice Information System (IRIS) data-
base (Bruskiewich et al., 2003; www.icis.
cgiar.org/), the GeneFlow database (www.	
geneflow.com), the marker-assisted selection 
wheat (MASwheat) database (http://mas-
wheat.ucdavis.edu/) and software such as 
Real Time QTL (http://zamir.sgn.cornell.
edu/Qtl/Html/home.htm).  

In conclusion, genomics research is gen-
erating information about the location and 
phenotypic consequences of specific genes 
and alleles in a wide range of species. This 
information can be translated into tools for 
breeders. Molecular marker technology can 
benefit breeding objectives by increasing the 
efficiency and reliability of selection and by 
providing essential insights into how genes 
behave in different environments and in 
different genetic backgrounds. Once genes 
and QTL are identified, markers allow 
interesting alleles to be traced through 
the pedigrees of breeding programmes or 
mined out of germplasm collections to serve 
as the basis for future varietal improve-
ment. Using markers in combination with 
both QTL and association approaches, the 
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effect of specific alleles on a phenotype 
can be monitored with relative precision. 
As all this information is assembled and 
organized in databases that provide easy 

querying capabilities for plant breeders, 
breeders will take advantage of the power 
that comes from the application of genome 
based strategies for plant improvement.
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Summary
This chapter reviews the uptake of marker-assisted selection (MAS) in wheat in a European 
context. Although less intense than the scale of its application in maize, reflecting the fact 
that maize varieties are predominantly F1 hybrids, the use of MAS in wheat has grown over 
the last few years. This growth has been encouraged by an increase in the number of ame-
nable target traits, but more significantly by a combination of technological improvements, 
particularly in the areas of DNA acquisition, laboratory management systems and integra-
tion into the breeding cycle, which together have served to reduce the per unit cost of each 
data point. Microsatellites (simple sequence repeats [SSRs]) are, and will likely remain for 
some time, the marker of choice because of their flexibility and the knowledge base associ-
ated with them. Some current examples are provided of the use of MAS in a major United 
Kingdom commercial breeding programme.
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Introduction
Wheat is a very important world staple 
crop. The 2005 United States Department 
of Agriculture (USDA) estimates for the 
global production of wheat (both bread 
and durum) and maize are, respectively, 
627 million tonnes and 708 million tonnes. 
In Europe, bread wheat is without doubt 
the most important broad-acre crop, with 
a production in the extended European 
Union of 25 states of 115 million tonnes 
(maize 48 million tonnes). The largest pro-
duction and highest productivity of bread 
wheat are achieved in northwest Europe. 
Historically, wheat has been bred largely 
by government-sponsored national and 
regional programmes, but the introduc-
tion of plant variety rights into Europe in 
the 1960s encouraged participation by the 
private sector. Currently, wheat breeding 
in northwest Europe is almost exclusively 
carried out by private companies, with 
some research underpinning by the public 
sector. Breeders continue to be successful 
in the production of high-yielding, disease-
resistant, high-quality varieties and, in the 
United Kingdom at least, genetic advances 
for yield have been running at between 0.5 
to 1 percent per annum for many years.

Wheat is a naturally inbreeding spe-
cies, and although a level of heterosis can 
be demonstrated, difficulties in enforcing 
cross-pollination in a reliable and cost-effec-
tive way have hindered the development of 
any significant contribution of F1 hybrids 
to the variety pool. Most varietal develop-
ment programmes are therefore based on 
versions of the long-established pedigree 
breeding system, where large F2 populations 
are generated and conventional phenotypic 
selection is carried out in early genera-
tions for highly heritable, qualitative traits 
(such as disease resistance) and in later ones 
for quantitative traits (primarily yield and 

quality). Thus, most varieties are bred and 
grown as inbred, pure breeding lines. As a 
result, the unit value of seed and economic 
margins for breeders are low. By contrast, 
maize is a naturally out-crossing species that 
shows highly significant levels of heterosis. 
This has resulted in the majority of maize 
breeding being geared to the production 
of F1 hybrids. In industrialized countries, 
maize hybrid breeding has for some time 
been dominated by a small number of large 
private sector companies that are able to sus-
tain profitability through their control over 
the genotype of their varieties. No revenue is 
lost as a result of the use of farm-saved seed, 
and the inbred components of a successful 
hybrid are not available to competitors to 
use as parental material for their own vari-
etal improvement programmes. This has 
far-reaching implications on the feasibility 
of MAS in maize, and largely explains the 
lead that maize enjoys over wheat in the 
deployment of MAS technology.

The continuing development of molec-
ular marker technology over the last decade 
has been a happy by-product of “big 
biology” genomics research. As recently 
as 1996, the definition of 5 000 SSR loci in 
the human genome merited a major publi-
cation in Nature (Dib et al., 1996), but the 
number of known human single nucleotide 
polymorphisms (SNPs) now runs into mil-
lions. Thus, although marker availability, 
potentially at least, is no longer limiting 
in crops, and the clear potential benefits 
of marker deployment to plant breeding 
are undisputed, only relatively recently 
has it begun to make more than a marginal 
impact on breeding methodology. Even 
in maize, where the level of DNA marker 
polymorphism is high, large-scale deploy-
ment of MAS did not gather any significant 
momentum until more than 15 years after 
the publication of the first restriction frag-
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ment length polymorphism (RFLP)-based 
maize genetic map. In the less geneti-
cally variable cereals, prominently wheat, 
the level of polymorphism is not now in 
practice likely to represent the major con-
straint to MAS uptake, although in the past 
it was argued that this was the case. What 
has changed in recent times is that cur-
rent marker technology, and systems of 
DNA acquisition, laboratory management 
and integration into the breeding cycle, 
have all developed to the extent where the 
benefits of MAS can be increasingly real-
ized in actual practice. As many of these 
improvements are incremental rather than 
sudden, we argue that the trends in MAS 
application in wheat are characteristically 
evolutionary rather than revolutionary. 

Target traits for MAS in 
northwest European winter 
wheat breeding
The use of MAS to date has a history of 
about 20 years, and until recently involved 
the exploitation of just two non-DNA-
based assays. The first, which has been 
retained with only slight modifications 
since its inception, exploits a correlation 
between bread-making quality and allelic 
status at the Glu-1 (endosperm storage 
protein subunit) loci. It uses electrophoretic 
profiles obtained by the straightforward, 
robust and cheap procedure sodium dodecyl 
sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) from crude seed protein 
extracts, which have been shown to be 
partially predictive of end-use quality. The 
second is predictive for the presence of the 
gene Pch1, which confers a high level of 
resistance to eyespot, a stem base disease 
that is difficult to screen using conventional 
pathology methods. Both these targets have 
in the meanwhile become assayable by 
polymerase chain reaction (PCR)-based 

assays, although SDS-PAGE remains in 
routine use thanks to its flexibility and cost 
effectiveness. In recent years, the number 
of loci for which DNA-based assays have 
been generated has increased dramatically, 
the majority using PCR as a technology 
platform. Over 50 of these are described 
(specifically in a United States of America 
context) at http://maswheat.ucdavis.edu/, 
which reports the output of an ongoing 
United States Department of Agriculture 
(USDA)-funded programme. The focus 
is heavily on disease and pest resistance, 
reflecting the generally simple inheritance 
of genes conferring these traits.  

Some of the above traits are of sufficient 
relevance to the United Kingdom context 
that identical or equivalent assays have 
been incorporated in a number of breeding 
programmes, where they are used as guides 
to parental selection and/or in early gener-
ation selection. Prominent among these are 
markers for the genes Rht-1 (responsible for 
the “Green Revolution” semi-dwarfism), 
Pinb (grain texture), Pch1, Lr37/Yr17 (a 
gene complex conferring resistance to two 
of the most important leaf fungal path-
ogens) and the wheat/rye translocation 
1B/1R (which is associated with high levels 
of yield). Emerging MAS targets are neces-
sarily programme-dependent, but the broad 
focus is on quantitative trait locus (QTL) 
targets that could have a major impact on 
breeding efficiency. In the United Kingdom, 
as elsewhere worldwide, current focus is on 
resistance to the diseases Fusarium head 
blight (FHB), Septoria tritici blotch (STB) 
and barley yellow dwarf virus (BYDV), and 
on durable resistance to yellow rust. Other 
current targets, more specific to the United 
Kingdom and northwest European con-
text, but in routine use, are resistance to the 
insect pest orange blossom midge (OBM), 
and soil-borne mosaic virus (SBMV).
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FHB
The importance of FHB is less in its effect 
on yield reduction, but rather on the poten-
tially damaging reduction in grain quality 
associated with infected grain, which can 
be heavily contaminated by the fungal tri-
cothecin toxins. An important source of 
FHB resistance originates from the Chinese 
variety Sumai 3, and a major component of 
this resistance (up to 50 percent) has been 
associated with a single QTL (Waldron et 
al., 1999; Anderson et al., 2001; Buerstmayr 
et al., 2002). While this QTL is largely 
effective in preventing the spread of the 
pathogen following infection, a further QTL 
that gives a significant degree of protection 
against initial infection has been mapped to 
a different chromosome (Buerstmayr et al., 
2003). Selection for FHB resistance by con-
ventional means is complicated both by the 
quantitative nature of the Sumai 3 resist-
ance and by difficulties in ensuring even 
and reliable artificial infections in breeding 
nurseries. However, SSR-based MAS pro-
tocols have been developed for both QTL 
(see http://maswheat.ucdavis.edu/ and 
Buerstmayr et al., 2003), and the urgency 
of breeding for resistance has ensured that 
increasing use is being made of such assays. 
Both these QTL in concert do not explain 
all the genetic resistance of Sumai 3 to FHB, 
but the remainder appears to be determined 
by QTL of minor effects and/or pleiotropic 
effects associated with an ear morphology, 
which is inconsistent with a northwest 
European winter wheat ideotype. 

STB
STB of wheat is caused by the fungus 
Mycosphaerella graminicola (syn. Septoria 
tritici), and in recent years has become the 
major leaf disease of wheat in many regions 
of the world. In past years, good levels of 
control were achieved by the application of 

strobilurin fungicides, but their heavy use 
has led to the emergence of pathogen strains 
that cannot be so easily controlled by chem-
ical means. A number both of major genes 
giving near-complete resistance to specific 
races of the pathogen and of quantitative 
race non-specific resistances with poly-
genic inheritance have been defined, and 
one of the former, Stb6, which maps close 
to the SSR locus Xgwm369 on chromo-
some 3A (Chartrain, Brading and Brown, 
2004), is common in many gene pools. This 
ensures that the gene has been retained in 
elite materials, and its known map position 
has made it relatively straightforward to 
use a marker assay to track its presence in 
breeding populations.  

BYDV 
Significant grain yield losses are attributable 
to natural infections of BYDV, and no major 
source of resistance has been identified to 
date in wheat. Control is achieved in the 
absence of genetic resistance by insecticidal 
spray, which is associated with both an 
economic and an environmental cost. 
However, a potent resistance is present in the 
related species Thinopyrum intermedium. 
It is possible to generate sexual hybrids 
between wheat and this grass, but the F1 
plants are self-sterile and either have to 
be rescued by chromosome doubling or 
back-crossed to wheat. By this route, a 
distal segment of the grass chromosome 
that carries the BYDV resistance gene 
Bdv2 has been introduced into wheat. As 
this introgression comprises a significant 
length of non-wheat chromosome, it has 
been relatively straightforward to generate 
markers suitable for MAS use (Ayala et al., 
2001a; Zhang et al., 2004). A MAS approach 
for screening is attractive because artificial 
inoculation involves the propagation of 
virus-bearing aphids, while natural infections 
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are unreliable. Interestingly, unlike the 
experience with many alien introgression 
segments, no obvious negative effects of its 
presence on agronomic performance have 
yet been detected either in International 
Maize and Wheat Improvement Center 
(CIMMYT) trials (Ayala et al., 2001b) or at 
RAGT Seeds (Cambridge, UK).

Durable resistance to yellow rust
Yellow rust is historically the most damaging 
of the leaf fungal pathogens in temperate 
Europe. Control has been achieved in the 
past largely by a combination of fungi-
cide application and of combinations of 
major seedling resistance genes, of which 
a significant number have been described 
in the literature. However, like most race-	
specific resistances, most of these major 
genes have lost their effectiveness, and this 
has led to a renewed effort in the defini-
tion of partial or adult plant resistances to 
this disease. The French variety Cappelle-
Desprez dominated the wheat crop across 
France and the United Kingdom during the 
1960s and 1970s, and maintained its level 
of adult resistance to yellow rust over the 
whole of this period. A major part of the 
genetic basis for this durable resistance was 
located to a translocated wheat chromo-
some (Law and Worland, 1997), and this has 
been confirmed by a rigorous QTL analysis 
(Mallard et al., 2005), which has provided a 
number of informative SSR markers for this 
effect. Other independent sources of adult 
resistance have been identified in French 
and Eastern European germplasm at RAGT 
Seeds, and the major QTL responsible have 
been defined and marked.

OBM 
OBM larvae feed on developing grain and 
heavy infestations result in a significant 
reduction in grain quality and some loss in 

yield. As for many sporadic pests, pheno-
typic screening is unreliable and an indirect 
means of selection would be valuable. 
The gene Sm1 confers resistance to OBM 
(Sitodiplosis mosellana) by the expression of 
an antibiotic that kills or slows the develop-
ment of larvae. Thomas et al. (2005) defined 
the map position of Sm1 and proposed a 
close linkage with an SSR locus Xbarc35. 
This linkage remains to be validated in 
United Kingdom breeding populations, as 
it remains unclear whether the antibiotic 
effect shown by a few United Kingdom 
wheat varieties is conferred by Sm1.

SBMV
SBMV is one of two known viral pathogens 
transmitted by the soil fungus Polymyxa 
graminis (another one being yellow mosaic 
virus [YMV]), and can be an important agent 
of yield loss in some areas. Chemical control 
is not feasible, and once soil is infected by 
the virus-bearing host, the only solutions 
possible are to abandon wheat culture or 
to use resistant varieties. Phenotyping is 
particularly difficult as plant infection is 
environmentally sensitive, and the detection 
of infection is laborious and prone to error. 
A proprietary assay for resistance to SBMV 
originating from European germplasm has 
been in routine use at RAGT Seeds since 
2000 with a very high level of marker/
phenotype association. More recently, a 
bulk segregant analysis along with a QTL 
approach has allowed the definition of a 
resistance locus to YMV from Chinese 
germplasm, and a number of linked SSR 
markers have been identified (Liu et al., 
2005).  

High-throughput 
infrastructures
Technical considerations of DNA acquisi-
tion, laboratory information management 
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system (LIMS), laboratory automation and 
data capture and analysis are generic for 
any MAS set-up, and these are well covered 
elsewhere in this volume. The limitations 
affecting MAS deployment in wheat flow 
from the restricted revenue generated by 
breeding a self-pollinated, homozygous, 
non-hybrid product. As a result, the volume 
of capital investment affordable in maize is 
not available to a wheat MAS programme. 
Financial constraints also affect the devel-
opment of marker platforms. It is well 
known that the predictive ability of a linked 
marker will be disrupted by recombination, 
and therefore that “perfect” markers are 
more desirable than linked ones. However, 
the development of genome-wide gene-
based markers, pre-eminently SNPs, which 
are particularly suited to high-throughput 
genotyping on automated platforms, is still 
some way off. At present, an insufficient 
number of such assays has been established 
(grain hardness, semi-dwarfness and grain 
texture) to consider adjusting the present 
major genotyping methodology, which is 
founded on SSRs. Doubts have been raised 
that SNP frequency in exon sequence will 
be high enough to generate informative 
assays for many critical genes, but early 
experience suggests that sequence polymor-
phism is more than adequate in introns and 
other untranslated regions of wheat genes. 
At present, the consensus is that there is 
plenty of mileage left in SSR technology, 
and wheat maps continue to be refined by 
the addition of new SSR loci.

Conclusion 
In 1999, Young set out his “cautiously 
optimistic vision” for MAS. Seven years on, 
the situation continues to crystallize. The 
technology itself is no longer limiting. With 

respect to marker availability, SSRs remain 
useful and SSR-based genetic maps are 
becoming increasingly densely populated, 
while SNPs may eventually represent a 
source of plentiful perfect markers for genes 
of defined function. The “big biology” 
spawned by the genomics revolution has 
brought miniaturization and automation to 
biological assays so that levels of throughput 
relevant to the wheat breeding process 
are becoming attainable. The issue that 
remains unresolved is the affordability of 
large-scale MAS. As wheat is a broad-acre 
commodity product, its value is low, and 
this impedes the ability of the industry to 
invest in MAS infrastructure to the extent 
that is possible for crops such as maize 
where the generation of F1 hybrid seed is a 
viable proposition. However, as economies 
of scale and improvements in technology 
continue to drive down assay price, the 
penetration of MAS into commercial wheat 
breeding will surely grow. This growth 
should progressively allow a widening in the 
range of possible MAS targets, in particular 
extending to critical ones such as QTL for 
yield and its components (mean kernel 
size, kernel number per ear and number 
of fertile tillers per unit area). These are 
already widely exploited in maize breeding 
and their definition and validation in wheat 
represent a significant research theme in 
both the public and private sectors. In the 
meantime, much MAS use will be directed 
towards specific purposes such as accelerated 
selection of a few traits that are difficult 
to manage by conventional phenotyping, 
for the maintenance of recessive alleles 
in backcrossing programmes, for the 
pyramiding of disease resistance genes and 
for guiding the choice of parents to be used 
in crossing programmes.    
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Summary
This chapter provides an example of using marker-assisted selection (MAS) for breeding 
perennial ryegrass (Lolium perenne), a pasture species. A mapping study had shown 
the presence of quantitative trait loci (QTL) for seven component traits of nitrogen use 
efficiency (NUE). The NUE-related QTL clustered in five chromosomal regions. These 
QTL were validated through divergent marker selection in an F2 population. The criterion 
used for plant selection was a summation index based on the number of positive QTL 
alleles. The evaluation studies showed a strong indirect response of marker selection 
on NUE. Marker selection using a summation index such as applied here proved to be 
very effective for difficult and complex quantitative traits such as NUE. The strategy is 
easily applicable in outbreeding crops to raise the frequency of several desirable alleles 
simultaneously.
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Introduction
Most agronomical characteristics of forage 
crops have a quantitative, polygenic and 
mostly complex nature. For these reasons, 
genetic improvement of such traits is 
laborious and time consuming. Improving 
nitrogen use efficiency (NUE) in perennial 
ryegrass (Lolium perenne, 2n = 14), the 
major grass species in northern Europe, is 
in this respect a good example. The high 
input of nitrogen needed to attain high 
forage yields for animal husbandry has 
caused severe water pollution (van Loo et 
al., 2003), and therefore lowering nitrogen 
inputs through improving nitrogen use by 
breeding is of utmost importance. 

Selection for NUE, however, is not easily 
implemented in conventional grass breed-
ing based on field evaluations. Adequate 
testing requires separate and long-term tri-
als with good control of the N stress, and 
such experiments tend to be rather inac-
curate. To circumvent the disadvantages 
of field testing, a hydroponics system was 
used in this study in which the crop situ-
ation is simulated with growth-dependent 
N application (van Loo et al., 1992), the 
aim being to grow plants having an equal 
suboptimal N content. The set-up has a 
capacity to test about 1 600 plants in paral-
lel and enables all plants to experience more 
or less the same N strain. Criteria used to 
measure NUE are several plant growth 
characteristics, such as tillering, and shoot 
and root growth. Each test usually requires 
four to five cuts. The trait is vigour-related 
and complex, and is extremely important in 
relation to regrowth after cutting. Together, 
all these aspects make NUE a very attrac-
tive trait for MAS. 

Analysis of genetic variation
The genetic variation for NUE present 
in an F1 plant originating from a cross 

between two contrasting genotypes for 
NUE was first analysed by crossing the 
F1 with a doubled haploid. The resulting 
test cross progeny was then used to pro-
duce a molecular marker map and analyse 
the variation. This approach was chosen 
to avoid inbreeding effects and to be able 
to use dominant molecular markers. The 
performance of the mapping population for 
NUE-related traits was studied on hydro-
ponics with the system set at a moderately 
low nitrogen deficiency (3.6 percent N of 
leaf dry weight). The outcome of the map-
ping study was a genetic map with seven 
linkage groups. 

Putative genes (quantitative trait loci 
[QTL]) for the components of NUE were 
found on four linkage groups. The location 
of the selection markers for QTL is depict-
ed in Figure 1. The map shows five genomic 
sites with 1-5 QTL. In total, 13 QTL for 
seven NUE related traits were found. Three 
sites contain more than one QTL.

The findings of the current study are 
typical for genetic analyses of quantitative 
traits in forage crops and also indicative 
of the problems associated with exploita-
tion of QTL information through marker-
assisted breeding. These included uncer-
tainties with respect to effect and location 
of QTL, the fairly large number of QTL 
often found in genetic analyses, the co-
segregation of QTL and the weighing of 
the different component traits of NUE and 
NUE-QTL. Below is a description of how 
these breeding problems were solved or 
circumvented in a divergent marker selec-
tion study to validate the QTL found in the 
mapping study.  

Divergent marker selection
The plant materials used in the validation 
study were an F2 generation obtained by 
selfing of the heterozygous F1 genotype 
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used to generate the mapping population 
mentioned above (van Loo et al., 2003). In 
total, about 200 genotypes were genotyped 
for five amplified fragment length poly-
morphism (AFLP) selection markers using 
the fluorescent AFLP technique developed 
by Applied BioSystems (Figure 1). The 
markers were co-dominantly scored using 
the heights of the fluorescence peaks rela-
tive to those of homozygous fragments as 
a criterion. 

The genotyping data were used sub-
sequently as a basis for a divergent mass 
selection programme. The selection strat-
egy is outlined in Figure 2. The selection 
criterion was a genotype-specific selec-
tion index, being the summation of all 
positive QTL alleles (or chromosome seg-
ments) over the five QTL sites considered 
(Figures 1 and 2). 

Application of marker selection
The AFLP technique is usually not the 
marker technology of choice for selection 
purposes because of its dominant nature and 
high costs per selection marker. However, 
co-dominant scoring of the five selection 
markers was quite adequate. The trimo-
dal frequency distributions allowed proper 
classification of plants, although some mis-
classification cannot be fully excluded. The 
advantages of co-dominant AFLP scoring 
from a selection point of view are so large 
that a small number of genotyping errors 
are acceptable. 

The decision to use a summation index 
as the criterion for selection was made pri-
marily because of the difficulty of weighting 
the individual NUE related traits and the 
co-localization of QTL. The designation 
of the positive QTL alleles (chromosome 

Figure 1
Map position of the selection markers (in blue) for QTL for seven components of  

nitrogen use efficiency
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fragments) turned out to be straightfor-
ward. Figure 3 shows the F2 frequency dis-
tribution for the number of “plus alleles”. 
The population mean is somewhat below 
the expected number of five owing to the 
fact that the AFLP marker on LG1 showed 
a skewed segregation. This is likely due 
to gametophytic selection in favour of the 
negative QTL allele, perhaps due to linkage 
with an incompatibility locus.

The intensities of selection were set 
at about 25 percent, representing about 
50 genotypes per selection (Figure 3). The 
selection pressure was kept fairly low 
because of the need to have sufficient seeds 
for measuring selection responses. In this 
way, the influence of genetic drift accompa-
nying marker selection was minimized. The 
cut-off point for the top selection was six 
positive alleles and three for the opposite 
selection (Figure 3). The frequency of the 
plus alleles was on average 0.66 and 0.27, 
respectively. Selection showed a positive 
response for all NUE loci. However, the 
between-selection difference in allele fre-

quency of the loci ranged from 0.18 to 0.77, 
showing that index selection did not affect 
all NUE loci to the same degree. The differ-
ences were probably mainly due to chance.

Indirect response to marker 
selection
The selections were then multiplied using 
a polycross scheme (after vegetative prop-
agation) to obtain sufficient seeds for 
evaluation on hydroponics and under var-
ious field conditions. The marker selections 
were evaluated for NUE in a replicated trial 
with two cuts on hydroponics at two N 
levels, being 2.5  and 5 percent N in leaves 
(van Loo et al., 2003). The same set of plant 
characteristics as in the original mapping 
studies was monitored after each cut. Leaf 
area expansion rate, leaf length and width, 
as well as tiller number, were determined 
one week after cutting. The determina-
tion of shoot and root dry weight followed 
three weeks later. The indirect responses 
to marker selection are summarized in 
Figure 4. At low N supply, the NUEplus 

Figure 2
Strategy applied for marker selection
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Figure 3
Frequency distribution for number of plus alleles found for five QTLs
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selection showed a remarkable 40 percent 
higher tillering rate and dry matter pro-
duction than the NUEmin selection. The 
40 percent higher tillering rate is associated 

with a 40 percent higher leaf area increase 
after defoliation (data not shown). Relative 
root growth (expressed as the ratio of root 
to total growth) and leaf length were hardly 

Figure 4
Performance of the marker selections, NUEmin (white) and NUEplus (blue) on hydroponics 
at low N-supply (2.5%N in leaves) and high N-supply (5%N in leaves). The performance is 

expressed as a percentage of the mean of the two selections
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The two contrasting marker selections, i.e. NUEplus (right) and NUEmin (left), are marked in blue.
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changed through marker selection. At high 
N supply, the performances of NUEplus 
and NUEmin were fairly similar (Figure 4). 
The selections also showed striking differ-
ences in field trials in Germany, England 
and the Netherlands. At suboptimal N, 
the NUEplus selection significantly out-
performed its counterpart in yields of dry 
matter and water soluble carbohydrates, 
while total N uptake was slightly lower.

Conclusions
Divergent mass selection has shown that 
marker selection using a summation index 
can be very effective for difficult and 
complex quantitative traits such as NUE. A 
collateral advantage of such an approach is 

that it offers a true validation of the putative 
genes (QTL) for the traits of interest. The 
associated response to marker selection 
distinctively indicates the presence of true 
genes affecting NUE, particularly in the 
vicinity of markers, which were strongly 
affected by the selection imposed. The 
results also indicate that recurrent mass 
selection to increase the number of positive 
alleles is worthwhile. The strategy is easily 
applicable in outbreeding crops.
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Summary
Within the framework of a cotton breeding programme, molecular markers are used to 
improve the efficiency of the introgression of fibre quality traits of Gossypium barbadense 
into G. hirsutum. A saturated genetic map was developed based on genotyping data 
obtained from the BC1 (75 plants) and BC2 (200 plants) generations. Phenotypic measure-
ments conducted over three generations (BC1, BC2 and BC2S1) allowed 80 quantitative trait 
loci (QTL) to be detected for fibre length, uniformity, strength, elongation, fineness and 
colour. Positive QTL, i.e. those for which favourable alleles came from the G. barbadense 
parent, were harboured by 19 QTL-rich regions on 15 “carrier” chromosomes. In sub-
sequent generations (BC3 and BC4), markers framing the QTL-rich regions were used to 
select about 10 percent of over 400 plants analysed in each generation. Although BC plants 
selected through the marker-assisted selection (MAS) process show promising fibre quality, 
only their full field evaluation will allow validation of the procedure.
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INtroduction
Among the four species of Gossypium that 
produce seeds with spinnable fibres called 
cotton, Gossypium hirsutum dominates the 
world’s cotton fibre production, accounting 
for approximately 90 percent of total world 
production. The second most cultivated spe-
cies, G. barbadense, includes superior extra 
long, strong and fine cottons. However, 
compared with G. hirsutum, the marketing 
advantage of “high quality” G. barbadense 
cottons is offset by their lower produc-
tivity and a narrower adaptability to harsh 
environments. Breeding approaches within 
these two species have essentially relied on 
hybridization and selection methods (sub-
sequent to simple or complex crosses, a 
pedigree system, sometimes combined with 
recurrent selection, is applied). Although 
G. hirsutum and G. barbadense display 
complementary characteristics, attempts to 
utilize deliberate interspecific G. hirsutum/ 
G. barbadense recombinations through 
conventional breeding have had limited 
impact on cultivar development.

In the past 10–15 years, DNA markers 
for analyses of QTL and MAS have received 
considerable attention by plant and animal 
breeders (Dekkers and Hospital, 2002). 
However, following an initial keen interest 
and promises for molecular-based breeding 
approaches, the successful application of 
this technology has been shown to depend 
on the reliability and accuracy of the QTL 
analyses, which in turn are strongly affected 
by both population size and environmental 
factors (Schön et al., 2004). Examples of 
applied MAS in breeding programmes are 
still scarce, particularly when complex 
traits (yield components, product quality) 
are under consideration. 

In the case of cotton, it is only recently 
that the results of efforts to gain a better 
understanding of the genome and the 

molecular basis of fibre quality have been 
published. Most of the earlier efforts in 
cotton molecular breeding concentrated 
on interspecific hybridization, due to the 
fact that, intraspecifically, the major spe-
cies G. hirsutum displayed a very low 
level of molecular variability (Brubaker 
and Wendel, 2001). Based on studies of 
interspecific G. hirsutum x G. barbadense 
populations, published reports relate (i) to 
the construction of high-resolution genetic 
maps (Lacape et al., 2003; Rong et al., 
2004); and (ii) to the identification of fibre 
quality-related QTL (Jiang et al., 1998; 
Kohel et al., 2001; Paterson et al., 2003; 
Lacape et al., 2005). In parallel, data have 
accumulated describing the cotton fibre 
transcriptome (reviewed by Wilkins and 
Arpat, 2005). These studies confirmed that 
key fibre quality properties, such as length, 
fineness and strength, are controlled quan-
titatively, thus complicating conventional 
breeding for fibre improvement. 

Within the framework of a marker-assisted 
backcross introgression scheme aimed at 
transferring fibre quality traits from a low-
productivity line of G. barbadense (donor) 
into a productive line of G. hirsutum (recip-
ient), a saturated genetic map of tetraploid 
cotton was first developed (Lacape et al., 
2003). This chapter describes how molecular 
markers were used in the early BC1 and BC2 
generations to identify QTL-rich regions 
involved in determining fibre quality, as 
recently reported by Lacape et al. (2005), 
and how MAS was actually implemented in 
the later BC3 and BC4 generations.

Methodology
The major milestones (Figure 1) in the 
marker-assisted backcross selection process 
included the construction of two genetic 
maps from the BC1 and BC2 populations, 
the detection of fibre quality QTL from 
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three phenotyping data sets (BC1, BC2 and 
BC2S1) and the actual marker-based selection 
in the BC3 and BC4 generations, followed 
by the analysis of marker-trait associations 
in the BC3 and BC4 generations. 

Plant material
The initial interspecific cross involved the 
G. hirsutum variety Guazuncho 2 and 
the G. barbadense variety VH8-4602. 
Guazuncho 2 is a modern pure line 
G. hirsutum variety created in Argentina and 
was chosen as a recipient in the backcross 
generations for its good overall agronomic 
performance. VH8-4602, a G. barbadense 
variety of the Sea Island type, was the 
donor parent for superior fibre quality, in 
particular for length (+9 to +12 mm as com-
pared with Guazuncho 2), strength (+12 to 
+16 g/tex) and fineness (-30 to -50 millitex); 	

conversely its fibre colour indices (reflect-
ance and yellowness) are of lower value.1 

The plant material used in the multi-
generation QTL analyses included three 
populations: BC1, BC2 and BC2S1 (Lacape 
et al., 2005). The first backcross genera-
tion (BC1), consisted of 75 plants grown 
in a greenhouse in Montpellier (France) 
during the summer of 1999; these served 
as female parents for the second backcross 
to Guazuncho 2. Two hundred individual 
field-grown BC2 plants that had shown a 
satisfactory production of BC3 seeds and 
originating from 53 different BC1 plants 
were used in 2000. Open pollinated seeds 
harvested from BC2 plants were grown as 
200 BC2S1 progenies in 2001 under field 
conditions in Brazil. Each BC2S1 line was 

Figure 1
Schematic representation of the marker-assisted backcross selection scheme

G. hirsutum x G. barbadense 
(var. Guazuncho 2)       (var. VH8 -4602)
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planted in two replications, each plot (one 
row) measuring 5 m. The next BC3 and 
BC4 generations were grown under field 
(411 BC3 in 2002) or greenhouse (450 BC4 
in 2003) conditions in Montpellier. Every 
plant in each BC1-4 generation was used for 
DNA extraction from young fresh leaves 
using different methods described else-
where (Lacape et al., 2003; Nguyen et al., 
2004). In each BC3 and BC4 generation, an 
early genotyping was conducted (before 
flowering of BC3 plants and at the seedling 
stage for BC4 plants), to reduce the number 
of plants to be manipulated and raised to 
flowering for selfing and backcrossing.

From each generation (75 BC1, 200 BC2, 
400 BC2S1, 43 selected BC3 and 37 selected 
BC4), the cotton seed harvest was ginned 
(separation of the fibre from the seed) on a 
laboratory roller gin and the fibre was sam-
pled for analyses at the Fibre Technology 
Laboratory of the French Agricultural 
Research Centre for International Devel-
opment (CIRAD). 

Fibre analyses
All fibre quality measurements (11 traits) 
were conducted at CIRAD, Montpellier, 
on a high volume instrument line (Zellweger 
Uster 900, Uster Technologies, Switzerland). 
These included length, uniformity, strength, 
elongation and colour. A FMT3 maturimeter 
(Shirley Dev Ltd., UK) was used to determine 
micronaire value, maturity and fineness.

Molecular analyses
The different types of markers displaying 
polymorphism between G. hirsutum and 
G. barbadense included restriction fragment 
length polymorphisms (RFLPs) (used only 
in the BC1 generation), simple sequence 
repeats (SSRs) and amplified fragment length 
polymorphisms (AFLPs). Details of the 
markers and protocols used are provided 

in Lacape et al. (2003) and Nguyen et al. 
(2004). The AFLP markers were all derived 
from combinations of EcoRI/MseI primer 
pairs (64 pairs in the BC1, 45 in the BC2 and 
30 in the BC3 and BC4 generations). The 
cotton microsatellites were derived essen-
tially from two public libraries, Brookhaven 
National Laboratory (BNL) and CIRAD 
(CIR). In the BC1 generation, the microsat-
ellites used included 188 polymorphic BNL 
markers out of the 216 available (Lacape 
et al., 2003) and 204 CIR markers out of 
392 developed (Nguyen et al., 2004). From 
the results of the combined QTL analyses 
of the BC1/BC2/BC2S1 generations (Lacape 
et al., 2005), QTL-rich regions were iden-
tified on “carrier” chromosomes, and SSR 
loci present within or in the vicinity of 
these regions were assembled for consti-
tuting groups of three SSRs (one group per 
region) to be tested as multiplexes, taking 
into account both annealing temperature 
and compatibility of sizes of amplified frag-
ments. A subset of 60 SSR (20 region-specific 
triplexes) was used for early genotyping of 
all 411 BC3 and 450 BC4 plants (see examples 
in Figure 2). The individual plants selected 
from BC3 and BC4 (43 and 37 plants respec-
tively) were further analysed using known 
AFLPs to provide broad genome coverage. 
In the context of our marker-assisted intro-
gression programme, the SSR markers 
target the QTL-rich regions, i.e. those loci 
of the “foreground genome” expected to 
have been introgressed, while the AFLP 
markers essentially serve to cover the rest of 
the genome, i.e. the “background genome”, 
aimed at returning to the recipient genome 
composition.

Construction of genetic map 
The BC1 (75 individuals) and BC2 (200 
individuals) maps were constructed sepa-
rately using the MapMaker 3.0 software 
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(Lander et al., 1987). The MapMaker 
“group” (using a logarithm of the odds 
ratio [LOD] of 5.0 and 30 as a maximal 
recombination frequency), “order” and 
“sequence” commands were used in each 
case. After aligning the BC1 and BC2 maps 
using common loci, a consensus frame-
work BC1/BC2 map was constructed by 
simple extrapolation of the positions of the 
additional BC2 loci on the BC1 map used 
as a backbone map. The allelic constitu-
tion throughout the 26 chromosomes of all 
BC1-4 individuals was displayed graphically 
using Graphical GenoTyping software (R. 
van Berloo, Laboratory of Plant Breeding, 
Wageningen, Netherlands) and represented 
along the consensus BC1 map data.

QTL analyses
The combined marker and phenotypic data 
then served for three (BC1, BC2 and BC2S1) 

separate QTL analyses of fibre quality 
components. The association between 
phenotype and marker genotype was inves-
tigated through simple marker analysis 
(SMA), interval mapping (IM) and com-
posite interval mapping (CIM) using the 
computer software QTL Cartographer 1.13 
(Basten, Weir and Beng, 1999) as described 
in Lacape et al. (2005). In each data set 
(trait, generation), permutation-based 
thresholds were considered at a 5 percent 
risk at the genome level. Interval methods 
relied on the positions of the loci on the 
consensus BC1 map. Molecular data of 	
further generations (BC3 and BC4) were 
also combined with phenotypic measure-
ments for conducting the SMA option of 
QTL Cartographer. Cotton fibre properties 
were considered from a product trans-	
formation perspective, meaning that 
decreases the in fibre fineness and yellow-

Figure 2
Examples of autoradiograms showing the segregation of 2 SSR triplexes observed among 
BC4 plants and used for the targeted genotyping of specific regions along chromosomes c5 

and c25 (a subset of around 15 BC4 plants from the 450 plants analysed is shown)
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ness index, for example, were positively 
considered.

Details of the plant material used and 
the types of analyses undertaken during 
the different steps of the MAS process are 
given in Figure 1.

Results
Phenotypic variation
The two parents were characterized by their 
contrasting fibre properties (Table 1) with 
significant advantages for the G. barbadense 
parent in terms of length (+9.7 mm on 
average over all data sets), strength (+15.9 g/
tex) and fineness (-38 mtex). By contrast, 
the G. hirsutum parent displayed better yel-
lowness index/colour reflectance. For each 
BC population, it was observed that the 
data fitted normal distributions, that trans-
gressive segregants were regularly in the 
lower range of phenotypic values and that, 
although progeny values rarely reached 
those of G. barbadense, high phenotypic 
values were observed, including within the 
most advanced BC4 generation (Table 1). 

Genetic mapping
The first step in the programme involved 
the construction of two genetic maps of 

tetraploid cotton by combining RFLP, SSR 
and AFLP markers generated separately 
from the first two backcross generations 
(BC1 and BC2). The initial BC1 map com-
prising 888 loci grouped in 37 linkage 
groups and spanning 4 400 cM (Lacape et 
al., 2003), benefited from the development 
and integration of new additional micro-
satellite markers (Nguyen et al., 2004). This 
updated saturated BC1 map spans 5 500 cM 
and comprises a total of 1 160 loci ordered 
along 26 chromosomes or linkage groups 
(Nguyen et al., 2004). On the other hand, 
the BC2 map constructed using AFLP and 
SSR markers had 514 loci in total. The two 
maps agreed perfectly for loci order. They 
had 373 loci in common (between seven 
and 26 per chromosome throughout the 26 
chromosomes), thus allowing their merger 
into a combined consensus map. The con-
sensus framework map comprises 1 306 
loci and spans 5 597 cM, with an average 
marker interval of 4.3 cM. 

QTL detection
The QTL analyses, conducted through 
composite interval mapping, used two 
molecular data sets (BC1 and BC2) and 
three sets of fibre measurements (per plant 

Table 1
Range of parental (G. hirsutum [Gh] and G. barbadense [Gb]) values over the five sets of data

Gh Gb BC1  
N=75

BC2  
N=200

BC2S1 

N=200
BC3  
N=43

BC4  
N=37

Length (mm)* 27.5–31.8 39.2–43.7 33.8 
(27.8–38.2)

28.6 
(22.9–35.3)

30.7 
(26.9–36.1)

30.0 
(25.0–33.9)

31.7 
(28.1–37.1)

Length uniformity 81.3–85.5 83.9–87.1 85.0 
(82.0–88.2)

81.3 
(73.3–86.7)

83.3 
(80.6–85.1)

81.9 
(77.6–86.4)

86.1 
(82.5–89.5)

Strength (g/tex) 26.5–32.5 41.4–46.7 35.7 
(29.7–41.6)

28.3 
(17.8–43.7)

29.0 
(23.7–34.5)

24.5 
(16.8–32.8)

33.8 
(29.7–39.1)

Elongation 5.1–6.4 5.5–6.0 6.3 
(5.7–7.4)

5.5 
(3.9–7.6)

6.3 
(5.4–7.4)

5.7 
(4.5–7.0)

6.3 
(4.9–7.4)

Fineness (mtex)** 207–243 178–191 218 
(177–308)

224 
(165–379)

225 
(176–285)

128*** 
(117–148)

243 
(192–283)

Colour reflectance 71.2–77.7 74.6–75.6 74.3 
(65.9–81.1)

72.2 
(56.8–81.3)

74.1 
(69.8–77.5)

71.5 
(64.7–76.6)

75.1 
(67.1–82.0)

* Length is upper half mean length (UHML), ** standard fineness, *** low fibre fineness values in BC3 generation because of 
poor maturities
Note: Mean values and range (in brackets) observed in each BC1–4 generation (number of plants, N, indicated) of fibre 
technological parameters. 
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basis for BC1 and BC2 and per-line basis 
with two replicates for BC2S1). The genera-
tions BC1 and BC2 were conducted with 
no selection, except for choosing those 
plants that produced backcrossed seeds. 
The fibre measurements, which initially 
included eleven traits, were reduced to six 
groups after considering the strong correla-
tions that existed between some traits. The 
fibre characteristics that were retained for 
measurement included length, length uni-
formity, strength, elongation, fineness or 
maturity, and colour.

For the six fibre quality components 
studied, 50 QTL were identified that 
met permutation-based LOD thresholds 
(ranging between 3.2 and 4.0 for most 
of the traits). Thirty additional suggestive 
QTL (having a LOD value below threshold 
but above 2.5) were also taken into con-
sideration after comparing the results 
between the three populations or between 
the present results and those reported in 
the literature (Jiang et al., 1998; Kohel et al., 
2001; Paterson et al., 2003; Mei et al., 2004). 
Table 2 summarizes the data generated 
from the QTL analyses for the six traits of 
interest and the phenotypic effects of the 
detected QTL. In general, the contribu-
tion of each QTL, measured as a percentage 
of explained variation of a given trait, was 

variable and in most cases fairly low. For 
example, for traits of economic importance, 
individual contributions varied from 4.8 to 
14.8 percent in the case of fibre length, 4.4 
to 21.3 percent for fibre strength and 4.6 to 
29.1 percent for colour reflectance. 

Overall, it was observed that these 
80 QTL partitioned as expected from the 
phenotypic values of the G. hirsutum and 
G. barbadense parents: a majority of posi-
tive alleles for length (12 of the 15 QTL), 
strength (8 of the 12 QTL) and fineness 
(13 of the 21 QTL) derived from the 
G. barbadense parent, while a majority of 
positive alleles for fibre colour (13 of the 
16 QTL) derived from the G. hirsutum 
parent (Table 2). Furthermore, the QTL 
detected for the various traits often co-
localized within QTL-rich regions (Lacape 
et al., 2005). In some cases, QTL detec-
tion and mapping were in agreement 
between generations (BC1 and BC2) and, 
very interestingly, in 26 cases (33 percent 
of the 80 QTL) they confirmed the results 
reported in the literature, both for the 
position of a QTL and for the sign of its 
phenotypic effect. The most prominent 
cases of QTL consistently detected in this 
study as well as in those of Paterson et 
al. (2003) and Kohel et al. (2001), i.e. in 
different crosses/populations, were found 

Table 2
Number of QTL for each trait and range of observed phenotypic effects conferred by the 	
G. barbadense alleles (either positive, “Gb +”, or negative, “Gb –”) detected over the three 
populations (BC1, BC2 and BC2S1)

QTL 
Gb +

Range phenotypic effects QTL 
Gb –

Range phenotypic effects

Length (mm)* 12 +0.7 to +2.1 3 –1.6 to –1.8

Length uniformity 3 +0.5 to +1.5 3 –1.1 to –3.3

Strength (g/tex) 8 +0.8 to +2.8 4 –0.9 to –3.4

Elongation 6 +0.2 to +0.5 4 –0.3 to –0.6

Fineness (mtex)** 13 –10 to –20 8 +9 to +40

Colour reflectance 3 +1.8 to +2.5 13 –0.9 to –3.5

Total 45 35

* Length is upper half mean length (UHML), ** standard fineness.
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along chromosome 3 for QTL for fibre 
strength and fineness, and chromosome 23 
for QTL for fibre strength and length.

The chromosome regions carrying 
co-localized QTL (corresponding to a 
single or to several traits measured on a 
single or on several populations) whose 
positive alleles derived from the G. bar-
badense donor genome, were reduced to 
19 QTL-rich regions that were carried 
by 15 different “carrier” chromosomes 
(Table 3). Altogether, the confidence inter-
vals (one LOD) of the involved QTL-rich 
regions delimited a total length of 636 cM 
(20 percent of the carrier genome), or 
11.5 percent of the total genome (Table 3). 
Eleven non-carrier chromosomes were 
devoid of positive QTL, or harboured neg-
ative (positive alleles derived from the G. 
hirsutum alleles) QTL.

MAS in the BC3 and BC4 generations 
and allelic transmission throughout 
generations
The early selection of BC3 and BC4 plants 
using SSR markers that framed the 19 tar-
geted regions of interest made it possible 
to choose those plants that showed an 
allelic constitution with as many intro-
gressed loci within the targeted regions as 
possible. In total, 43 BC3 plants out of 411 
(11.4 percent) and 37 BC4 plants out of 450 
(8.2 percent) were retained based upon the 
information provided by the markers, i.e. 
without any phenotypic selection at this 
stage. These plants were backcrossed to the 
recurrent parent (and self-pollinated in the 
case of the BC4 plants).

The allelic transmission observed in the 
four groups of BC4 derived from four 
different BC1 plants is given in Table 4. 

Table 3
Identification of the 19 targeted regions mapped on 15 different chromosomes and comprising one 
or several co–localized fibre quality QTL from G. barbadense for introgression into a G. hirsutum 
genetic background

Carrier chromosome Chromosome  
length  
(cM)

Target interval  
(cM)

Target size 
(cM)

Trait

c14 197 28–57 29 Length
c3 153 32–67 35 Length, fineness

90–138 48 Length, strength, fineness
c4 190 102–118 16 Fineness
c22 139 112–139 27 Fineness
c5 360 78–101 23 Strength
c6 296 137–144 7 Length, fineness
c25 183 44–73 29 Length, strength
c16 168 65–117 52 Strength, fineness, colour
c23 173 45–66 21 Strength (elongation –, colour –)

113–135 22 Length, strength
c10 192 0–21 21 Fineness

78–120 42 Length, fineness, colour
c20 268 88–161 73 Elongation, fineness
c26 195 67–143 76 Length (colour –)
A01 233 16–54 38 Length

171–209 38 Strength
c18 158 32–46 14 Fineness

A03 271 209–234 25 Strength, uniformity
Total 3176 Total 636

Note: All targeted QTL show a positive contribution from the G. barbadense allele, except for a few negative cases indicated 
in brackets. The target region is defined as situated between the two loci flanking the QTL peak LOD value at a one LOD 
confidence interval.
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Moderate deviations were observed from 
theoretical transmission values (62, 26, 14 
and 8 percent compared with 50, 25, 12.5 
and 6.25 percent at the BC1, BC2, BC3 and 
BC4 stages, respectively), with a bias in 
favour of a higher rate of G. barbadense 
allele transmission. This bias was prob-
ably due to the selection pressure imposed 
at least in the BC3 and BC4 generations. 
Throughout the BC1 and BC2 generations 
that have undergone no deliberate selec-
tion, the introgression of G. barbadense 
alleles (at the heterozygous state) cov-
ered the complete genome fairly well, i.e. 
introgressed segments were found on all 
of the 26 chromosomes (not shown). This 
result contradicts the findings of Jiang et al. 
(2000) who detected important deficiencies 
in donor (G. barbadense) allele transmis-
sion in a population of 3 662 BC3 plants 
originating from 21 BC1 plants.

After combining the SSR and AFLP 
marker data, it was observed that the intro-
gression rate differed between target and 
non-target regions. When averaged over 
the 37 BC4 plants, the percentage of intro-
gressed loci (8 percent genome-wide) was 
much lower in the non-target regions 
(5 percent) than that reached within target 
regions (21 percent) (Table 4). The different 
BC4 plants introgressed between three and 
six QTL-rich target regions in different 

combinations. As an illustration of the 
selection pressure applied through the use 
of molecular markers, Figure 3 shows the 
graphical genotype of two BC4 individuals 
as well as that of the BC1 plant (No. 16) 
from which these individuals were derived. 
The two BC4   plants had a common BC1 
ancestor but originated from two different 
BC2 plants. In this particular example, 
starting from a common BC1 plant (No. 
16) which harboured 13 out of 19 pos-
sible QTL-rich regions, the two BC4 plants 
(Nos. 104 and 419) derived from it partly or 
completely retained respectively five (c16, 
c23top, c23bot, c25 and A03) and four (c6, 
c25, c26 and A01bot) genomic regions car-
rying favourable alleles. The other regions 
carrying QTL on c3, c4, c23, c20, A01 and 
A03, which had been introgressed and 
were heterozygous in the BC1 plant, had 
returned to the homozygous G. hirsutum/
G. hirsutum state. The percentages of intro-
gressed loci in target and non-target regions 
in these two examples were 29 and 10 per-
cent, and of 29 and 5 percent in the two BC4 
plants (Nos. 104 and 419) respectively.

This example shows that, at least in 
some cases, the process used was effi-
cient in selecting for chromosomal regions 
of interest (foreground selection), while 
allowing the rest of the genome to return 
towards that of the recurrent parent.

Table 4
Percentage of introgressed loci (I%), at the heterozygous state, of 37 BC4 plants that were derived 
from four different BC1 plants (Nos. 3, 11, 16, and 27) 

BC1 BC2 BC3 BC4

Plant 
number

Number 
of loci

I% Number 
of 

plants

Number 
of loci

I% Number 
of plants

Number 
of loci

I% Number 
of 

plants

Number 
of loci

I% 
global

I% 
target/non-target

No. 3 646 55 1 479 14 1 467 8 9 456 5 10/4

No. 11 654 64 1 446 28 1 403 13 1 408 10 29/6

No. 16 681 67 2 464 31 3 420 15 21 428 9 25/6

No. 27 668 63 1 471 26 1 433 15 6 439 10 25/6

Mean 62 26 14 8 21/5

Note: The number of plants and of loci analysed at each generation are given. At the BC4 generation, the percentage of 
introgression is also differentiated between target and non-target (as defined in Table 3) regions.



Chapter 6 – Targeted introgression of cotton fibre quality quantitative trait loci using molecular markers 77

Fibre characteristics of BC3 and BC4 
generation plants
Owing to the limited number of indi-
viduals and the unbalanced frequencies 
of genotypic classes in the BC3 and BC4 
material, significant marker-trait associa-
tions were less frequent than observed 
from the BC1 and BC2 data. For example, 
markers mapped along five, nine and six 
chromosome regions contributed (P=0.01), 
respectively, to length, strength or fine-
ness variation using BC4 marker-trait data, 
as compared with 15, 12 and 21 from the 

BC1 and BC2 data (Table 2). However, 
the majority of significant associations, 
particularly those determined in the BC4 
generation, were observed within previ-
ously detected regions (not shown). Using 
fibre strength as an example, out of the eight 
strength QTL-harbouring regions on chro-
mosomes c3bot, c5, c16, c23sup, c23bot, 
c25, A01 and A03 identified from the com-
bined BC1 and BC2 data (Table 3), the 
BC4 data confirmed significant marker-trait 
associations in five of these regions, i.e. for 
markers mapped on chromosomes c3bot, 

Figure 3
Graphical genotypes (26 chromosomes) of a BC1 plant (No. BC1/16) (upper panel) and of two 

selected BC4 plant (Nos. BC4/104 and BC4/419) (lower panel) derived from it
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The two possible allelic forms, homozygous Gh/Gh and heterozygous Gh/Gb, are denoted in dark grey and black respectively. 
Regions in black are introgressed with G. barbadense alleles. Light grey areas indicate portions of unknown allelic 
composition. Boxed areas represent the localization of QTL-rich regions localized on 15 carrier chromosomes shown to the 
left (11 non-carrier chromosomes are shown to the right). Arrows indicate the regions totally or partially introgressed.
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c16, c23bot, c25 and A03. Furthermore, 
it is worth noting that the BC4 plant No. 
104 presented in Figure 3, which had intro-
gressed all these five regions, also displayed 
the highest fibre strength value of its gener-
ation (39.1 g/tex, compared with 33.1 g/tex 
for the Guazuncho 2 parent). The concom-
itant introgression of G. barbadense alleles 
displaying positive marker-trait associations 
for other fibre properties such as length or 
fineness was also observed. This translated 
into the development of different highly 
valuable BC progenies. These preliminary 
results suggest that the improvement of 
G. hirsutum fibre properties through the 
introgression of G. barbadense fibre QTL 
appears feasible.

Discussion
In an attempt to overcome the limitations 
of conventional breeding for improving 
cotton fibre quality through the use of 
interspecific hybridization, molecular 
markers were used in a MAS scheme to 
improve the efficiency of introgressing 
fibre quality traits. The advanced back-
cross-QTL (AB-QTL) strategy (Tanksley 
and Nelson, 1996) was used as this allowed 
concomitant development of a genetic map 
of the cotton genome and analysis of fibre 
quality QTL, and attempts to introgress 
favourable alleles in an adequate recipient 
genetic background (Figure 1).

In contrast to monogenic characteris-
tics such as disease and insect resistance, 
many important traits including yield and 
quality show continuous phenotypic vari-
ation and are governed by a number of 
QTL. Cotton fibre quality is a complex 
concept that involves a number of traits or 
characteristics. Each of these is under the 
influence of numerous QTL, indicating 
a complex genetic determinism. Indeed, 
from the present results, at least six QTL 

govern fibre uniformity and up to 21 QTL 
influence fibre fineness. When consid-
ering six traits that can account for fibre 
quality, a total of 80 QTL were detected 
(Table 2). This figure falls within the same 
range as that found by Paterson et al. 
(2003). As some of these QTL co-localized 
within the same chromosome region, by 
choosing those QTL whose positive allele 
derived from the donor parent and had the 
strongest effect on economically important 
fibre characteristics, the number of target 
regions to be introgressed was reduced to 
19 (Table 3). Nevertheless, this number of 
QTL remains too high to identify a single 
plant that would carry them all. Indeed, in 
the authors’ experience, at the BC3 stage, 
single plants carried a maximum of five 
regions of interest (eight if considering 
regions only partially introgressed), while 
at the BC4 stage, this number was reduced 
to four (seven if considering regions only 
partially introgressed). 

At this stage of the MAS process, two 
routes are under way (Figure 1). The first 
involves identifying the best BC4 plants, 
i.e. those showing the highest amount of 
favourable QTL introgression, and then 
fixing the favourable allele by self-pollina-
tion. Such BC4S1 plants have been crossed 
with other BC4S1 plants of different ascent 
in order to pyramid as many QTL as pos-
sible (each contributing to different traits) 
within the same genome. Similarly, BC4S1 
plants were used to pyramid various QTL 
responsible for a given trait (“selective 
pyramiding”). This latter strategy could 
especially apply to traits of commercial 
importance, such as fibre strength or fine-
ness. The second avenue involves repeating 
the backcrossing process until near isogenic 
lines differing only at a given QTL (QTL-
NILs) are developed. Such plant material 
could prove useful not only to study the 
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effect of a single given QTL on the phe-
notypic value of a plant harbouring it, but 
also in case the introgressed QTL is proven 
to contribute significantly to the improve-
ment of a given trait (Bernacchi et al., 1998). 
Also, QTL-NILs could be used as donor 
material for QTL pyramiding (Peleman 
and van der Voort, 2003). Finally, an intro-
gression library, i.e. a collection of NILs, 
will typically serve as primary plant mate-

rial for QTL fine mapping and eventual 
QTL cloning (Salvi and Tuberosa, 2005).

However successful marker-aided intro-
gression of genomic regions of interest 
may be, only phenotypic analysis of plant 
material stemming from the MAS process, 
including the assessment of its adaptability 
to any given set of local agronomic and eco-
logical conditions, will allow validation of 
this procedure.
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