
One of the main uses of DNA markers in agricultural research has been in the 
construction of linkage maps for diverse crop species. Linkage maps have been utilised
for identifying chromosomal regions that contain genes controlling simple traits 
(controlled by a single gene) and quantitative traits using QTL analysis.

What are linkage maps?
A linkage map may be thought of as a ‘road map’ of the chromosomes derived from 
two different parents (Paterson, 1996a). Linkage maps indicate the position and
relative genetic distances between markers along chromosomes, which is analogous to 
signs or landmarks along a highway. The most important use for linkage maps is to 
identify chromosomal locations containing genes and QTLs associated with traits of 
interest; such maps may then be referred to as ‘QTL’ or ‘genetic’ maps.

Genetic mapping is based on the principle that genes and markers segregate via 
chromosome recombination (called crossing-over) during meiosis (i.e. sexual 
reproduction), thus allowing their analysis in the progeny (Paterson, 1996a). 

Linkage maps



A typical output of a linkage map. 

Linked markers are grouped together into ‘linkage groups,’ which represent 
chromosomal segments or entire chromosomes



Genes or markers that are close together or tightly-linked will be transmitted together 
from parent to progeny more frequently than genes or markers that are located 
further apart (Figure 3). In a segregating population, there is a mixture of parental and 
recombinant genotypes. 

The frequency of recombinant genotypes can be used to calculate recombination
fractions, which may by used to infer the genetic distance between markers. By 
analysing the segregation of markers, the relative order and distances between 
markers can be determined–the lower the frequency of recombination between two 
markers the closer they are situated on a chromosome (conversely, the higher the 
frequency of recombination between two markers, the further away they are situated
on a chromosome). 



Mapping functions are used to convert recombination fractions into map units called centi-
Morgans (cM).  1 cM corresponds to a recombination frequency of 1%. 

Markers that have a recombination frequency of 50% are described as ‘unlinked’ and 
assumed to be located far apart on the same chromosome or on different chromosomes.

Linkage maps are constructed from the analysis of many segregating markers.

The three main steps of linkage map construction are: 
(1) production of a mapping population; 
(2) identification of polymorphism and 
(3) linkage analysis of markers.



MAPPING POPULATIONS



Mapping populations
The construction of a linkage map requires a segregating plant population (i.e. a 
population derived from sexual reproduction). 

The parents selected for the mapping population will differ for one or more traits of 
interest. Population sizes used in preliminary genetic mapping studies generally range from 
50 to 250 individuals.

However larger populations are required for high-resolution mapping.

Generally in self-pollinating species, mapping populations originate from parents that are 
both highly homozygous (inbred). In cross pollinating species, the situation is more 
complicated since most of these species do not tolerate inbreeding. Many cross pollinating 
plant species are also polyploid (contain several sets of chromosome pairs). Mapping 
populations used for mapping cross pollinating species may be derived from a cross
between a heterozygous parent and a haploid or homozygous parent (Wu et al., 1992). For 
example, in both the cross pollinating species white clover (Trifolium repens L.) and 
ryegrass (Lolium perenne L.), F1 generation mapping populations were successfully 
developed by pair crossing heterozygous parental plants that were distinctly different for 
important traits associated with plant persistence and seed yield.



Several different populations may be utilized for mapping within a given plant species, 
with each population type possessing advantages and disadvantages



F2 populations, derived from F1 hybrids, and backcross (BC) populations, derived by crossing
the F1 hybrid to one of the parents, are the simplest types of mapping populations developed 
for self pollinating species. Their main advantages are that they are easy to construct and 
require only a short time to produce. 

Recombinant inbred (RI) lines, which consist of a series of homozygous lines, each containing 
a unique combination of chromosomal segments from the original parents, can be generated 
by inbreeding from individual F2 plants . 
The length of time needed for producing RI populations is the major disadvantage, because 
usually six to eight generations are required. 

Doubled haploid (DH) populations may be produced by regenerating plants by the induction
of chromosome doubling from pollen grains, however the production of DH populations is 
only possible in species that are amenable to tissue culture (e.g. cereal species such as rice, 
barley and wheat). 

The major advantages of RI and DH populations are that they produce homozygous or ‘true-
breeding’ lines that can be multiplied and reproduced without genetic change occurring. This 
allows for the conduct of replicated trials across different locations and years. Thus both RI 
and DH populations represent ‘eternal’ resources for genetic mapping.
Furthermore, seed from individual RI or DH lines may be transferred between different
laboratories for further linkage analysis and the addition of markers to existing maps, ensuring 
that all collaborators examine identical materialRI or DH lines may be transferred between 
different laboratories for further linkage analysis and the addition of markers to existing maps, 
ensuring that all collaborators examine identical material.



PRODUZIONE DI IBRIDI F1

Possono essere ottenuti sia da piante autogame che allogame

1) Costituzione di linee INBRED (pure) per autoimpollinazione
2) Impollinazione incrociata tra linee inbred selezionate per ottenere ibrido F1



Advantage: Fast and easy to construct

Disadvantage: F3 families are still very heterozygous, 
so the precision of the estimates can be low 
(because of the high standard error); can’t be 
replicated

F2 populations

Jampatong et al. (2002)
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Backcross (BC)

Advantages: It is easier to identify QTL as there 
are less epistatic and linkage drag effects; 
especially useful for crosses with wild species.

Disadvantages: Difficult or impossible in species 
that are highly heterozygous and outcrossing.

Use: best when inbred lines are available

Huang et al.( 2003)









 True breeding or homozygous

 Immortal collection

 Replicate experiments in different 
environments

 Molecular Marker database can be 
updated

Recombinant inbred (RI) lines

Advantages: fixed lines so can be replicated 
across many locations and/or years; can 
eliminate problem of background 
heterozygosity

Disadvantages: Can take a long time to 
produce.  (Some species are not amenable).

He P et al.(2001) 
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Basic method

• Start with inbred parental lines, homozygous at every locus
• Make F1s, heterozygous at every locus
• Inbreed different F1 lines
• These recombinant inbred lines are homozygous at each locus
• Compare strain distribution pattern of markers and traits

Advantages

•Multiple genetically identical individuals can be 
scored for each line, decreasing environmental 
contribution to trait

•Same lines can be used by multiple investigators -
a standardized resource

•Good RI panels available for Arabidopsis, maize, 
C. elegans, Drosophila, and mice.









Advantages:   1)Spontaneous chromosome  doubling of 
Haploid microspores in in vitro culture

2)Homozygosity achieved in a single step Plants.

Disadvantages: Less recombination between linked markers 
Not all systems are  amenable to in vitro 
culture

Doubled haploid Lines(DHL)





Advantage: Very precise and 
statistically strong, as background is 
constant; especially useful for 
validation experiments

Disadvantage: Can take time to 
construct; only useful for specific 
target QTL

Near Isogenic Lines (NILs)

Szalma SJ et al.





Introgression lines



Vantaggio: permettono una più
semplice e sicura localizzazione
dei QTL mascherando gli effetti
epistatici di altri QTL presenti
nel genoma di popolazioni
sperimentali meno strutturate
(es. BC, F1, F2…).

ricorrente donatore

Regione 
introgressa



Identification of polymorphism 
and 

linkage analysis of markers



Identification of polymorphism
The second step in the construction of a linkage map is to identify DNA markers 
that reveal differences between parents (i.e. polymorphic markers). It is critical
that sufficient polymorphism exists between parents in order to construct a 
linkage map (Young, 1994). In general, cross pollinating species possess higher 
levels of DNA polymorphism compared to inbreeding species.

Once polymorphic markers have been identified, they must be screened across 
the entire mapping population, including the parents (and F1 hybrid, if 
possible). This is known as marker ‘genotyping’ of the  population. Therefore, 
DNA must be extracted from each individual of the mapping population when 
DNA markers are used (see examples next slide). The expected segregation 
ratios for codominant and dominant markers are presented in Table 2.



Significant deviations from expected ratios can 
be analysed using chi-square tests. 
Generally, markers will segregate in
a Mendelian fashion



In some polyploid species such as sugarcane, identifying polymorphic markers is more 
complicated (Ripol et al., 1999). The mapping of diploid relatives of polyploid species can be 
of great benefit in developing maps for polyploid species. However, diploid relatives
do not exist for all polyploid species (Ripol et al., 1999; Wu et al., 1992). A general method for 
the mapping of polyploid species is based on the use of single-dose restriction fragments.

Linkage analysis of markers
The final step of the construction of a linkage map involves coding data for each DNA marker 
on each individual of a population and conducting linkage analysis
using computer programs. Missing marker data can also be accepted by mapping programs. 
Linkage between markers is usually calculated using odds ratios (i.e. the ratio of linkage 
versus no linkage). This ratio is more conveniently expressed as the logarithm of the
ratio, and is called a logarithm of odds (LOD) value or LOD score (Risch, 1992). LOD values of 
>3 are typically used to construct linkage maps. A LOD value of 3 between two markers 
indicates that linkage is 1000 times more likely (i.e. 1000:1) than no linkage (null
hypothesis). 
LOD values may be lowered in order to detect a greater level of linkage or to place additional
markers within maps constructed at higher LOD values.
Commonly used software programs include Mapmaker/ EXP (Lander et al., 1987; Lincoln et 
al., 1993a) and MapManager QTX (Manly et al., 2001), which are freely available from the 
internet. JoinMap is another commonly-used program for constructing linkage
maps (Stam, 1993).





A typical output of a linkage map. 

Linked markers are grouped together into ‘linkage groups,’ which represent 
chromosomal segments or entire chromosomes



A difficulty associated with obtaining an equal number of linkage groups and chromosomes 
is that the polymorphic markers detected are not necessarily evenly distributed. over the 
chromosome, but clustered in some regions and absent in others (Paterson, 1996a). In 
addition to the non-random distribution of markers, the frequency of recombination is not 
equal along chromosomes.

The accuracy of measuring the genetic distance and determining marker order is directly 
related to the number of individuals studied in the mapping population.
Ideally, mapping populations should consist of a minimum of 50 individuals for constructing 
linkage maps.

Mapping functions are required to convert recombination fractions into centiMorgans (cM) 
because recombination frequency and the frequency of crossing-over are not linearly 
related (Hartl & Jones, 2001;Kearsey&Pooni, 1996). When map distances are small (<10 cM), 
the map distance equals the recombination frequency. However, this relationship does not
apply for map distances that are greater than 10 cM (Hartl & Jones, 2001). Two commonly 
used mapping functions are the Kosambi mapping function, which assumes that 
recombination events influence the occurrence of adjacent recombination events, and the
Haldane mapping function, which assumes no interference between crossover events



It should be noted that distance on a linkage map is not directly related to the physical 
distance of DNA between genetic markers, but depends on the genome size
of the plant species (Paterson, 1996a). 
Furthermore, the relationship between genetic and physical distance varies along a 
chromosome (Kunzel et al., 2000; Tanksley et al., 1992;Young, 1994). For example, there
are recombination ‘hot spots’ and ‘cold spots,’ which are chromosomal regions in which 
recombination occurs more frequently or less frequently, respectively.



Mapping with a high resolution requires a high density of genetic markers

•Several Arabidopsis accessions, or ecotypes, are sufficiently divergent to support the design 
of molecular markers at this high density. 
•The most commonly used combination for mapping purposes is Landsberg erecta X 
Columbia (Ler X Col). 
•These two accessions have been estimated to differ in 4 to 11 positions every 1,000 bp
(Chang et al., 1988 ; Konieczny and Ausubel, 1993 ;Hardtke et al., 1996 ). 
•Most existing mutations, including mutations causing visible phenotypes that can be 
employed as genetic markers have been induced either in a Col or a Ler background.

Molecular markers commonly used for mapping (SSRs, CAPS and dCAPS)

•codominant (both chromosomes of a plant may be genotyped)
• PCR-based and can be analyzed on agarose gels (easy to use and inexpensive)
•Several methods for the extraction of plant DNA from small tissue samples have been
described
•These methods are cheap and suitable for high throughput applications in microtiter plates.

http://www.plantphysiol.org/cgi/content/full/123/3/795#B4
http://www.plantphysiol.org/cgi/content/full/123/3/795#B15
http://www.plantphysiol.org/cgi/content/full/123/3/795#B11


Marker assisted selection



F2

P2

F1

P1 x

large populations consisting of 
thousands of plants

PHENOTYPIC SELECTION

Field trialsGlasshouse trials

DonorRecipient

CONVENTIONAL PLANT BREEDING

Salinity screening in phytotron Bacterial blight screening Phosphorus deficiency plot



Marker assisted selection (MAS)
A method of selecting desirable individuals in a 
breeding scheme based on DNA molecular marker 
patterns instead of, or in addition to, their trait values.

A tool that can help plant breeders select more 
efficiently for desirable crop traits.

MAS is not always advantageous, so careful analysis of 
the costs and benefits relative to conventional 
breeding methods is necessary.



ASSISTED NEGATIVE SELECTION: 
against undesired features from one of the 
parental lines -> multiple markers (position 
of genes responsible for the traits are 
unknown)

ASSISTED POSITIVE SELECTION: 
selection of plants that received the trait of 
interest (few markers; map position is well 
established)





F2

P2

F1

P1 x

large populations consisting of 
thousands of plants

ResistantSusceptible

MARKER-ASSISTED SELECTION (MAS)

MARKER-ASSISTED BREEDING

Method whereby phenotypic selection is based on DNA markers



Advantages of MAS
• Simpler method compared to phenotypic screening

• Especially for traits with laborious screening
• May save time and resources

• Selection at seedling stage
• Important for traits such as grain quality
• Can select before transplanting

• Increased reliability
• No environmental effects
• Can discriminate between homozygotes and heterozygotes 

and select single plants



Potential benefits from MAS
• more accurate and efficient 

selection of specific 
genotypes

• May lead to accelerated 
variety development  

• more efficient use of 
resources

• Especially field trials

Crossing house

Backcross nursery



(1) LEAF TISSUE 
SAMPLING

(2) DNA EXTRACTION

(3) PCR

(4) GEL ELECTROPHORESIS

(5) MARKER ANALYSIS

Overview of 
‘marker 

genotyping’



Markers

• What makes a good marker:
• co-dominant (so homozygotes and heterozygotes can be 

distinguished)
• many alleles at each locus (so most individuals will be 

heterozygous and different from each other)
• many loci well distributed throughout the genome
• easy to detect, especially with automated machinery

• No system is perfect





Markers must be polymorphic

1  2   3  4  5  6  7  8 1   2   3   4  5   6   7  8
RM84 RM296

P1 P2

P1 P2

Not polymorphic Polymorphic!



Markers must be 
tightly-linked to target loci!

• Ideally markers should be <5 cM from a gene or QTL

• Using a pair of flanking markers can greatly improve 
reliability but increases time and cost

Marker A

QTL
5 cM

RELIABILITY FOR 
SELECTION

Using marker A only:

1 – rA = ~95%

Marker A

QTL

Marker B

5 cM 5 cM
Using markers A and B:

1 - 2 rArB = ~99.5%





MAS BREEDING SCHEMES

1. Marker-assisted backcrossing
2. Pyramiding
3. Early generation selection
4. ‘Combined’ approaches



2.1 Marker-assisted backcrossing (MAB)

• MAB has several advantages over conventional 
backcrossing:

• Effective selection of target loci
• Minimize linkage drag
• Accelerated recovery of recurrent parent

1  2 3 4 

Target 
locus

1  2 3 4 

RECOMBINANT 
SELECTION

1  2 3 4 

BACKGROUND 
SELECTION

TARGET LOCUS 
SELECTION

FOREGROUND 
SELECTION BACKGROUND SELECTION



Negative selection

Autogamic species: 99% genome of one parental (recurrent parental 
genome) recovered after 6 generations of selfing

Using MAS, the same % of genome can be recovered in 3 generations 
(using markers widely and homogenously distributed in the genome)







Bulked segregant analysis for QTLs

Questa metodologia consiste nell’ 
effettuare un incrocio iniziale tra parentali 
che differiscono per il carattere che si vuole 
mappare e quindi creare un’ appropriata 
popolazione segregante (generalmente una 
popolazione F2 o BC1) dove poter 
selezionare singole piante per l’espressione 
del carattere. Una volta selezionate, tali 
piante vengono utilizzate per costituire due 
gruppi distinti di DNA (bulks) ed ogni 
gruppo includerà, pertanto, il DNA di 
piante identiche per la situazione genica al 
locus per il carattere
qualitativo di interesse



2.2 Pyramiding
• Widely used for combining multiple disease 

resistance genes for specific races of a pathogen
• Pyramiding is extremely difficult to achieve using 

conventional methods
• Consider: phenotyping a single plant for multiple forms of 

seedling resistance – almost impossible

• Important to develop ‘durable’ disease resistance 
against different races



F2

F1
Gene A + B

P1
Gene A

x P1
Gene B

MAS

Select F2 plants that have 
Gene A and Gene B

Genotypes

P1: AAbb P2: aaBB

F1: AaBb

F2
AB Ab aB ab

AB AABB AABb AaBB AaBb

Ab AABb AAbb AaBb Aabb

aB AaBB AaBb aaBB aaBb

ab AaBb Aabb aaBb aabb

• Process of combining several genes, usually from 2 different parents, 
together into a single genotype

x

Breeding plan

Hittalmani et al. (2000). Fine mapping and DNA marker-assisted pyramiding of the three major genes for blast resistance in 
riceTheor. Appl. Genet. 100: 1121-1128

Liu et al. (2000). Molecular marker-facilitated pyramiding of different genes for powdery mildew resistance in wheat.  Plant 
Breeding 119: 21-24.





P1    x     P2

F1

PEDIGREE METHOD

F2

F3

F4

F5

F6

F7

F8 – F12

Phenotypic 
screening

Plants space-
planted in rows for 
individual plant 
selection

Families grown in 
progeny rows for 
selection.

Preliminary yield 
trials.  Select single 
plants.

Further yield 
trials

Multi-location testing, licensing, seed increase 
and cultivar release

P1    x     P2

F1

F2

F3

MAS

SINGLE-LARGE SCALE MARKER-
ASSISTED SELECTION (SLS-MAS) 

F4 Families grown in 
progeny rows for 
selection.

Pedigree selection 
based on local 
needs

F6

F7

F5

F8 – F12
Multi-location testing, licensing, seed increase 
and cultivar release

Only desirable F3 
lines planted in 
field

Benefits: breeding program can be efficiently 
scaled down to focus on fewer lines



• In some cases, a combination of phenotypic 
screening and MAS approach may be useful

1. To maximize genetic gain (when some QTLs have been 
unidentified from QTL mapping)

2. Level of recombination between marker and QTL (in other 
words marker is not 100% accurate)

3. To reduce population sizes for traits where marker 
genotyping is cheaper or easier than phenotypic screening



‘Marker-directed’ phenotyping

BC1F1 phenotypes: R and S

P1 (S)   x   P2 (R)

F1 (R) x   P1 (S) 

Recurrent
Parent

Donor
Parent

1   2    3    4    5   6   7    8    9  10  11  12  13  14 15  16  17  18  19 20 …

SAVE TIME & REDUCE 
COSTS 

*Especially for quality traits*

MARKER-ASSISTED SELECTION (MAS)

PHENOTYPIC SELECTION

(Also called ‘tandem selection’)

• Use when markers are not 
100% accurate or when 
phenotypic screening is more 
expensive compared to 
marker genotyping

References:

Han et al (1997). Molecular marker-assisted selection for malting quality traits in barley. Mol Breeding 6: 427-437.



Quantitative trait loci (QTLs)

• QTLs determine the genetic component of variation 
in quantitative traits.

• Quantitative traits are usually encoded by many 
genes (polygenes).





Goals of QTL analysis

• Detect genetic effects
• QTL mapping: inference of the QTL location on 

chromosome



QTL mapping 
in experimental crosses

Experimental crossing creates associations between 
genetic marker loci and traits to allow localization 
of QTL.

QTL Covariates

Marker Trait



Intercross

P1 P2X

F1F1 X

F2



Data structure 
for a backcross experiment

• Phenotypes: 
yi = quantitative measurement of trait

• Genotypes: 
xij = 0/1 coded for AA/AB at marker j

• Covariates: 
Zi = environmental factors, demographics, etc.

where i = 1, …, n;  j = 1, …, M. 



Model and assumptions

• No interference in the recombination process
• Independence
• Normal distribution

yi|X ~ N(µX, σX
2)

• Homoscedasticity (constant variance)
σX

2 = σ2



LOD curve
• Likelihood profile (profilo di verosimiglianza)
• A clear peak is taken as the QTL
• 1.5-LOD support interval



Breeders’ QTL mapping ‘checklist’

1. What is the population size used for QTL mapping?
2. How reliable is the phenotypic data?

• Heritability estimates will be useful
• Level of replication

3. Any confirmation of QTL results?
4. Have effects of genetic background been tested?
5. Are markers polymorphic in breeders’ material? 
6. How useful are the markers for predicting phenotype?  

Has this been evaluated?

• LOD & R2 values will give us a good initial idea 
but probably more important factors include:





Current status of molecular breeding

• A literature review indicates 
thousands of QTL mapping 
studies but not many actual
reports of the application of 
MAS in breeding

• Why is this the case?



Some possible reasons to explain the low 
impact of MAS in crop improvement

• Resources (equipment) not available
• Markers may not be cost-effective
• Accuracy of QTL mapping studies
• QTL effects may depend on genetic background or be 

influenced by environmental conditions
• Lack of marker polymorphism in breeding material
• Poor integration of molecular genetics and 

conventional breeding



F2

P2

F1

P1 x

2000 plants

USD $640 to screen 2000 plants with a 
single marker for one population

Cost of MAS in context: Example 1:  Early 
generation MAS



Reliability of QTL mapping is critical to 
the success of MAS 

• Reliable phenotypic data critical!
• Multiple replications and environments

• Confirmation of  QTL results in independent 
populations

• “Marker validation” must be performed
• Testing reliability for markers to predict phenotype
• Testing level of polymorphism of markers

• Effects of genetic background need to be 
determined
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