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Plant breeding is a deliberate effort by humans to nudge nature, with respect to the 

heredity of plants, to an advantage. The changes made in plants are permanent and heritable. The 

professionals who conduct this task are called plant breeders. This effort at adjusting the status 

quo is instigated by a desire of humans to improve certain aspects of plants to perform new roles 

or enhance existing ones. Consequently, the term “plant breeding” is often used synonymously 

with “plant improvement” in modern society. It needs to be emphasized that the goals of plant 

breeding are focused and purposeful. Even though the phrase “to breed plants” often connotes 

the involvement of the sexual process in effecting a desired change, modern plant breeding also 

includes the manipulation of asexually reproducing plants (plants that do not reproduce through 

the sexual process). Breeding is hence about manipulating plant attributes, structure and 

composition, to make them more useful to humans. It should be mentioned at the onset that it is 

not every plant character or trait that is readily amenable to manipulation by breeders. However, 

as technology advances, plant breeders are increasingly able to accomplish astonishing plant 

manipulations, needless to say not without controversy, as is the case involving the development 

and application of biotechnology to plant genetic manipulation. One of the most controversial of 

these modern technologies is transgenesis, the technology by which gene transfer is made across 

natural biological barriers. Plant breeders specialize in breeding different groups of plants. Some 

focus on field crops (e.g., soybean, cotton), horticultural food crops (e.g., vegetables), 

ornamentals (e.g., roses, pine trees), fruit trees (e.g., citrus, apple), forage crops (e.g., alfalfa, 

grasses), or turf species. (e.g., Bluegrass, fescue) More importantly, breeders tend to specialize in 

or focus on specific species in these groups (e.g., corn breeder, potato breeder). This way, they 

develop the expertise that enables them to be most effective in improving the species of their 

choice. The principles and concepts discussed in this book are generally applicable to breeding 

all plant species. 

Aims and objectives of Plant Breeding  



Plant breeding is an art and science, which tells us ways and means to change the genetic 

architecture of plants so as to attain a particular objective. Plant breeding can be accomplished 

through many different techniques ranging from simply selecting plants with desirable 

characteristics for propagation, to more complex molecular techniques Plant breeding has been 

practiced for thousands of years, since near the beginning of human civilization. It is now 

practiced worldwide by individuals such as gardeners and farmers, or by professional plant 

breeders employed by organizations such as government institutions, universities, crop-specific 

industry associations or research centers.  

International development agencies believe that breeding new crops is important for 

ensuring food security by developing new varieties that are higher-yielding, resistant to pests and 

diseases, drought-resistant or regionally adapted to different environments and growing 

conditions.  

The objectives may be  

a) Crop improvement  

b) Improved agronomic characters  

c) Resistance against biotic and abiotic stress  

1. Increased yield  

Majority of our breeding programmes aims at increased yield. This is achieved by developing 

more efficient genotypes. The classical examples are utilization of Dee Gee Woo Gen in rice and 

Norin10 in wheat. Identification and utilization of male sterility  

2. Improving the quality   

Rice -milling, cooking quality, aroma and grain colour  

wheat- milling and baking quality and gluten content.   

pulses -Protein content and improving sulphur containing amino acids  

oilseeds- PUFA content  

3. Elimination of toxic substance   

HCN content in jowar plants  

Lathyrogen content in Lathyrus sativus (βN oxalyamine alanine BOAA)   

Erucic acid in Brassicas   

Cucurbitacin in cucurbits 

4. Resistance against biotic and abiotic stresses  



Biotic stress: Evolving pests and diseases resistant varieties there by reducing cost of 

cultivation, environmental pollution and saving beneficial insects.   

Abiotic stress: It is location specific problem. Soil factors and edaphic factors some times 

poses severe problems. Breeding resistant varieties is the easy way to combat abiotic stress. 

5. Change in maturity duration – Evolution of early maturing varieties  

6. Improved agronomic characters -Production of more tillers – E.g. Rice, Bajra, 

 7. Reducing the plant height to prevent lodging – Rice  

8. Photoinsensitivity – Redgram, sorghum  

9. Non-shattering nature – Green gram, Brassicas  

10. Synchronized maturity – Pulses  

11. Determinate Growth habit –determinate growth – Pulses  

12. Elimination or introduction of dormancy –Groundnut 

History of Plant Breeding 

 It started when man first chose certain plants for cultivation. There is no recorded history when 

the plant breeding started.   

 As early as 700 BC Babylonians and Assyrians artificially pollinated the date palm. 

 In 1717 Thomas Fairchild produced the first artificial hybrid. 

 Joseph Kolreuter, a German made extensive crosses in Tobacco and Solanum between 

1760 and 1866 and studied the progenies in detail.   

 Thomas Andrew Knight (1759-1835) was the first man to produce several new 

fruitvarieties by using artificial hybridization.  

 Le Coutier, a farmer published his results on selection in wheat in the year 1843. He 

concluded that progenies from single plants were more uniform.   

 Patrick Shireff a Scotsman practiced individual plant selection in wheat and oats and 

developed some valuable varieties.  



 Vilmorin (1857) proposed individual plant selection based on progeny testing. This was 

known as “Vilmorins principle of progeny testing’. He proposed this progeny testing in 

sugar content in sugar beets (Beta vulgaris). But this method was ineffective in wheat. 

This clearly demonstrated the difference between effect of selection in cross and 

selfpollinated crops.  

 Nilsson and his associates in Sweedish Seed Association, Svalof Sweeden (1890) refined 

the single plant selection.   

 In 1903 Johansen proposed the famous ‘pure line theory’ which states that a pure line is 

progeny of a single self fertilized homozygous plant. He proposed this theory based on 

his studies in Phaseolus vulgaris.   

 G.H. Shull work in maize is the forerunner for the present day hybrid maize programme. 

He described in detail about the effect of inbreeding.   

 During 1960’s Norman Borlaug, the Nobel laureate developed Mexican semi dwarf 

wheat varieties, which paved the way for green revolution in wheat. The dwarfing gene 

was isolated from wheat variety Norin 10. Later on this Mexican dwarf were introduced 

in the India by Dr. M.S.Swaminathan and a number of high yielding wheat varieties like 

Kalyan Sona, Sharbathi Sonara were developed.   

 In rice the identification of dwarf Dee Gee Woo Gen from a tall rice variety by a Taiwan 

farmer revolutionized rice breeding. Using this DGWG at IRRI during 1965 the wonder 

rice IR 8 was released.  Nobilisation in sugarcane by C.a. Barber and T.S.Venkataraman 

is another monumental work in plant breeding. 

Methods of Plant Breeding 

Mating systems 

Angiosperm mating systems devolve about the type of pollination, or transferal 

of pollen from flower to flower. A flower is self-pollinated (a “selfer”) if pollen is transferred to 

it from any flower of the same plant and cross-pollinated (an “outcrosser” or “outbreeder”) if the 

pollen comes from a flower on a different plant. About half of the more 

important cultivated plants are naturally cross-pollinated, and their reproductive systems include 

various devices that encourage cross-pollination—e.g., protandry (pollen shed before the ovules 

are mature, as in the carrot and walnut), dioecy (male and female parts are borne on different 
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plants, as in the date palm, asparagus, and hops), and genetically determined self-incompatibility 

(inability of pollen to grow on the stigma of the same plant, as in white clover, cabbage, and 

many other species). 

Other plant species, including a high proportion of the most important cultivated plants 

such as wheat, barley, rice, peas, beans, and tomatoes, are predominantly self-pollinating. There 

are relatively few reproductive mechanisms that promote self-pollination; the most positive of 

which is failure of the flowers to open (cleistogamy), as in certain violets. In barley, wheat, 

and lettuce the pollen is shed before or just as the flowers open, and in the tomato pollination 

follows opening of the flower, but the stamens form a cone around the stigma. In such species 

there is always a risk of unwanted cross-pollination. 

In controlled breeding procedures it is imperative that pollen from the desired male 

parent, and no other pollen, reaches the stigma of the female parent. When stamens and pistils 

occur in the same flower, the anthers must be removed from flowers selected as females before 

pollen is shed. This is usually done with forceps or scissors. Protection must also be provided 

from “foreign” pollen. The most common method is to cover the flower with a plastic or paper 

bag. When the stigma of the female parent becomes receptive, pollen from the desired male 

parent is transferred to it, often by breaking an anther over the stigma, and the protective bag is 

replaced. The production of certain hybrids is, therefore, tedious and expensive because it often 

requires a series of delicate, exacting, and properly timed hand operations. When male and 

female parts occur in separate flowers, as in corn (maize), controlled breeding is easier. 
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Hand pollination Apple blossoms being hand-pollinated. 

A cross-pollinated plant, which has two parents, each of which is likely to differ in many 

genes, produces a diverse population of plants hybrid (heterozygous) for many traits. A self-

pollinated plant, which has only one parent, produces a more uniform population of plants pure 

breeding (homozygous) for many traits. Thus, in contrast to outbreeders, self-breeders are likely 

to be highly homozygous and hence true breeding for a specified trait. 

BREEDING SELF-POLLINATED SPECIES 

The breeding methods that have proved successful with self-pollinated species are:  

1. Introduction  

2. Selection (a) mass selection; (b) pure-line selection; 
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 3. Hybridization,  

i) Inter varietal 

a) Pedigree Method 

b) Bulk Method. 

c) Single Seed Descent Method. 

d) Modified Bulk Method 

e) Mass - Pedigree Method. 

ii) Interspecific hybridization 

4. Back cross method 

5. Mutation breeding 

6. Polyploidy breeding  

1). INTRODUCTION 

Plant introduction is a process of introducing plants (a genotype or a group of genotypes) 

from their own environment to a new environment. The process of introduction may involve new 

varieties of crop or the wild relatives of crop species or totally a new crop species for the area. 

Introduction may be classified into two categories: 

 

Primary Introduction: 

When the introduced variety is well suited to new environment then it is released for commercial 

cultivation without any alteration of genotype. For example, dwarf wheat varieties like ‘Sonora-

64’, ‘Lerma rojo’ and dwarf rice varieties like ‘Taichung Native 1’, ‘IR-8’ are the examples of 

primary introduction. 

Secondary Introduction: 

When the introduced variety is subjected to Selection or used in hybridization programme with 

local varieties to get the improved varieties with some new characters introduced called 
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secondary introduction. For example, the varieties like ‘Kalyan Sona’ and ‘Sonalika’ of wheat 

have been selected from material introduced from CIMMYT, Mexico. 

The process of plant introduction is the successful compliance of two important aspects, viz., 

domestication and acclimatization. Domestication is the process of bringing of a wild species 

under cultivation by making them changed in behaviour suitable for new environment. 

Acclimatization is the ability of a crop to become adapted to a new climatic and edaphic 

condition. 

The process of acclimatization leads to increase the frequency of most adapted genotypes 

which depends on three factors: 

(a) Breeding system, 

(b) Genetic variation, 

(c) Duration of the crop 

PROCEDURE OF PLANT INTRODUCTION 

Plant introduction procedure consists of following steps: 

(a) Plant procurement or procurement of Germplasm: 

The new germplasm is procured through NBPGR, New Delhi. 

• Scientists, individuals and institutions can submit their requirement to Director, NBPGR, 
Pusa Complex N.Delhi-12. 

• If the bureau is unable to meet the request from its own stock or from known source it 

attempts to procure them from the counterparts in other countries. 

• Generally the material is obtained through correspondence as gifts or exchange of 
germplasm in consideration of past gifts to the Bureau or in anticipation of future gifts. 

• The Bureau participation in the activities of NBPGR aims at free exchange of germplasm 
and is helpful in arranging supply of needed germplasm. 

• The plant part depending on the crop species e.g. seeds; tubers; suckers, bulbs or cuttings 

etc. can be procured 

(b)  Packaging and dispatch 

 Introduced material should be packed into proper size beg or other plastic material. 

(c)  Entry and plant quarantine, 

It is to keep the material in isolation to prevent spreading of diseases etc. 

• All introduced material is thoroughly inspected for contamination with diseases, weeds and 

insects. Plants that are suspected to be contaminated are fumigated or are given other 

isolation for treatments and observed for insect pests and disease. 



• The entire process is known as quarantine and the rules which are used for this are known 

as Quarantine rules. 

• It is essential that all the material being introduced must be accompanied by an authentic 
phytosanitary certificate. 

• The plant material being introduced or exported must confirm to certain quarantine 

regulations and quarantine control is exercised by NBPGR at different points of entry. 

• The phytosanitary certificate is thoroughly inspected and returned back to the sender or 
owner. 

(d) Cataloguing, 

All the plant material which is introduced is given an entry number and information 

regarding agency, place of origin, adaptation etc and is well documented. 

Plant material is classified in three categories 

 Exotic collection (EC) 

 Indigenous collection(IC) 

 Indigenous wild collection 

(e)  Evaluation 

The plant material is sent to sub stations of the bureau and evaluated with respect to 

various characters to assess the potential of new introductions. 

(f) Multiplication and distribution 

Plant material which is introduced is to be multiplied and further tested at various 

locations. The suitability of cultivation in different regions of the country should be 

assessed before using it as a commercial variety. 

 

Merits and Demerits of Plant Introduction 

A. Merits: 

(a) It provides entirely new crop plants to a place. 

(b) Superior varieties may be originated directly or after selection or hybridisation. 

(c) Germplasm collection, maintenance and protection of genetic variability are possible through 

the ways of introduction and exploration. 

(d) It is the most quick and economical method of crop improvement when introduced material 

can be used directly. 

(e) Introduction of some varieties to newer areas may protect them from some diseases. 

B. Demerits: 

The demerits or disadvantages associated with plant introduction are introduction of 

weeds, diseases and pests: 



(a) The weeds like Argemone, Eichhornia, Lantana have been introduced from other countries 

with the introduction of crop plants. 

(b) The fungal diseases like late blight of potato, flat smut of wheat, coffee rust, bunchy top of 

banana – all have been introduced in India along with plant materials. 

(c) Many insect pests like potato tuber moth, woolly aphis of apple, fluted scale of Citrus were 

introduced in India along with plant introduction. 

However, in most of the cases, the introduction of weeds, diseases and insect pests occurred 

during a period when quarantine was almost non-existent. 

Achievements of Plant Introduction: 

The process of introduction from the pre-historic times helped the whole world to achieve newer 

crop species to new places as well as the new varieties of crop plants. 

The examples of achievements are listed below: 

(A) New Crop Species: 

The crops like potato, maize, groundnut, chillies; coffee, rubber, guava, grape, pineapple, many 

ornamentals like Gulmohor, Phlox, Salvia, Aster-all have been introduced in India from outside. 

(B) New Crop Varieties: 

(a) Direct Multiplication and Released as New Varieties: 

Dwarf wheat varieties like ‘Sonora 64’, ‘Lerma Rojo’ and dwarf rice varieties like TN-1′, ‘IR-8’ 

are introduced in India and used directly. There are many more examples of direct release of 

varieties in other crop plants like oat, soya-bean, tomato, cauliflower, onion, etc. 

(b) Selection of Desirable Varieties: 

Many varieties have come up after selection from introduced varieties, e.g., ‘Kafyan Sona’, 

‘Sonalika’ were selected after introduction of Mexican varieties. 

(c) Introduced Varieties as Donor in Hybridization Programme: 

Sometimes the introduced varieties, superior than the existing varieties, may be used as donor for 

disease resistance or pest resistance or stress resistance for plant type and quality characters in 

hybridization. In case of rice the dwarfing gene from TN-1 or IR-8 have been used for develop-



ing, other dwarf rice varieties in rice. All the sugarcane varieties have been derived from 

introduced noble cane variety of Saccharum officinarum. 

(d) Mutation Breeding: 

If the introduced material is agronomically superior but lacking a few characters may be treated 

with mutagen to rectify the defect. For example, ‘Sonora-64’ introduced with red colour grains 

not accepted by the farmers, the new mutagenic product ‘Sharbati Sonora’ with amber colour 

grains was produced by M.S. Swaminathan by Gamma- ray treatment. 

2. SELECTION (A) PURE-LINE SELECTION; (B) MASS SELECTION; 

PURE-LINE SELECTION 

 A pure line is the progeny of a single self fertilized homozygous plant. 

 The concept of pureline was proposed by Johannsen on the basis of his studies with beans 

(Phaseolus vulgaris) variety called Princess. He obtained the seeds from the market and 

observed that the lot consisted of a mixture of larger as well as smaller size seeds. Thus 

there was variation in seed size. Johannsen selected seeds of different sizes and grown 

them individually. Progenies of larger seeds produced larger seeds and progenies from 

smaller seeds produced small seeds only. 

 This clearly showed that there is variation in seed size in the commercial lot and it has a 

genetic basis. He studied nineteen lines altogether. He concluded that the market lot of 

the beans is a mixture of pure lines. He also concluded whatever variation observed with 

in a line is due to environment only. 

 Confirmatory evidence was obtained in three ways. In line 13 which is having 450 mg 

seed wt he divided the seeds on weight basis. He divided the line into seeds having 200, 

300, 400 and 500 mg weights and studied the progenies. 

 Ultimately he got lines having weight ranging from 458 to 475. Thus the variation 

observed is purely due to environment. The second evidence was that selection with in a 

pure line is ineffective. From a pure line having 840 mg selection was made for large as 

well as small seeds. 

 After six generations of selection the line for large seed as well as for small seed gave 

progenies having 680-690 mg. did not change further. Thus it was proved 
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that selection within a pure line is ineffective. In third evidence when parent - offspring 

regression was worked in line thirteen found be to zero indicating that variation observed 

is non heritable and it is due to environment only. 

Procedure of Pure line selection 

First year: 

 An old variety or landrace is used for pure line selection. Population they selected for 

pureline selection is homozygous. Single plant is selected and harvested separately 

superior plants must be selected from the mixed population. About 1000-2000 plants 

areselected depending on the available resources. 

Second year: 

 The individual progenies are grown separately with proper spacing the top 15-20 

progenies are selected and they are bulked. Poor, defective, weak and segregating 

progenies are discarded. Selection should be based on simply inherited character like 

plant type, Plant height, grain type , flowering and maturity duration disease resistance 

this process may be repeated 

Third year: 

 Seed of the individual plant progenies are not enough to conduct a replication trail. So 

they are grown in unreplicated trial with check. Here yield of progenies are taken as a 

criteria for selection 

Fourth year: 

 Replicated yield trials are conducted using the best available check variety. This may be 

repeated for 2-3 year.All the observation are recorded 

Fifth to Eighth year: 
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 Promising strains are evaluated at several locations along with strains or check. The best 

progeny / strain is released as a new variety and its seed multiplication in initiated for 

distributed to the farmer. 

Advantages: 

 Maximum possible improvement over original variety.Uniform and more attractive, 

easily identifiable. 

Disadvantages: 

 This method can isolate only superior genotypes, it cannotcreate new genotypes. And not 

applicable in cross pollinated crop. Poor adaptability due to narrow genetic base 

vulnarble for new diseases and pests. 

Uses of Pure line selection  

 A variety: A superior pure line may be used as a commercial variety. Almost all the 

varieties of self pollinated crops are pure line 

 As a parent in a hybridization programme hybridization invariably based on pure line 

 Mutation studies: Used forstudying spontaneous and induced mutation. Because genetic 

variation arised due to mutation. 

 The concept of pure line selection was developed in the middle of the 19thcentury in 

Sweden Lecouteur, Sheriff, Halletand Vilmorin. The Genetic basis of pure line was 

explained by Johanssen in 1903. 

 Pure line selection is practiced in heterogeneous population such as introduced material, 

land races and mass selected varieties of self pollinated species to isolate superior 

genotypes. 

 Selection in the segregating generation from cross. 

MASS SELECTION 

 Large number of plants having similar phenotype are selected and their seeds are mixed 

together to constitute a new variety. Thus the population obtained from selected plants 
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will be more uniform than the original population. However, they are genotypically 

different. 

Steps: 

First season: From the base population select phenotypically similar plants which may be 200 - 

2000. Harvest the selected plants as a bulk. 

Second season: The bulk seed is divided into smaller lots and grown in preliminary yield trial 

along with control variety. Dissimilar phenotypes are rejected. High yielding plots are selected. 

Third to Sixth Season: With the selected lots conduct yield trials along with appropriate check 

or control. Select the best one and release it as a variety. 

Merits and Demerits of Mass selection 

Merits 

1. Varieties developed will be having more adaptability since each plant is genotypicaly not 

similar. They have buffering action against abnormal environment. 

2. Time taken for release of a variety is less. 

3. The genetic variability present in the original population is maintained. 

Demerits: 

1. Compared to pure line variety they may not be uniform. 

2. In the absence of progeny test we are not sure whether the superiority of selected plant is due 

to environment or genotype. 

3. May not be as uniform as that of a pureline variety and certification is difficult. 

3. HYBRIDIZATION AND PEDIGREE METHODS 

Introduction 

 Natural variability in self pollinated population is exhausted during selection, for further 

improvements new genetic variability has to be created by crossing two different pure 

lines. Hybridization means the mating or crossing of two plants or lines of dissimilar 

genotypes. 
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 The seeds as well as the progeny resulting from the hybridization are known as hybrid or 

F1. The progeny of F1 obtained by self or inter mating of F1 plants and the subsequent 

generations are called segregating generations. Today hybridization is the most common 

method of crop improvement and the majority of the crops varities have originates from 

hybridization. 

 One of the objectives of hybridization is to create genetic variation. Two genotypically 

different plants are crossed together to obtain F1 generation. F1 is advanced to generate 

F2generation. The degree of genetic variation in F2 and subsequent generation depend on 

number of heterozygous genes in F1 

Aims of Hybridization 

1. To transfer of one or few qualitative character. 

2. Improvement in one or more quantitative character. 

3. F1 Hybrid as variety. 

I. Combination breeding: 

 This method is used for the transfer of one or more character into or single variety from 

another variety. Eg: improving the yield by correcting the defect. i.e disease resistance. The other 

parent selected for hybridization must have a sufficient intensity of a character under transfer. 

II. Transgressive breeding: 

It aims at improving yield or its contributing character through transgresive segregation. 

It refers to the appearance of such plants in F2generation that are superior to both the parents for 

one or more character. It is due to accumulation of plus or favourable genes from the parents as a 

consequences of recombination. The parents used for crossing must combine very well and are 

genetically diverse. So pedigree breeding followed by population approach are designed for 

production of transegressive segregants. 

III. Hybrid varieties: 

             In self pollinated crops F1 is more vigourous and high yielding than the parents. Two 

parents should combine well to produce outstanding F1 hybrid. 

Types of Hybridization 

Inter-varietal Hybridization / Intra specific: Parents involved in hybridization belongto the same 

species. They may be two strains, varieties or races. 



Varietal crosses may be simple crosses or complex crosses 

a. Simple crosses: Two parents are crossed to produce F1(A XB) 

b. Complex crosses: More than two parents are crossed to produce the hybrid (AXB) X C X F1 

PROCEDURE OF DEVELOPING HYBRID VARIETY 

The breeder has clear cut objective in developing the variety. He has to select the variety 

accordingly. 

1. Choice of parents: One of the parent involved in crosses should be a well adapted and 

proven variety in the area. The other variety should be having the character that are absent in 

this variety.Combining ability of the parents serves as useful guides in the selection of 

parents, which produce superior F1 and F2. 

2. Evaluation of parents: Parents are evaluated for their combining ability. 

3. Emasculation: The removal of stamens/anther without affecting the female reproductive 

organs, hand emasculation is mostly followed. 

4. Bagging: Immediately after emasculation the flowers are enclosed in suitable bags to 

prevent cross pollination. 

5. Tagging: The emasculated flowers are tiedwith a thread. The information on date of 

emasculation, date of pollination, name of female and male parents are recorded in the tag 

with pencil. The name of the female parent is written first then male parent. 

6. Pollination: Mature fertile and viable pollen from the male parent should be placed on 

receptive stigma of emasculated flowers to bring about fertilization. Pollen grain is collected, 

allowed for dehiscence and pollination is carried out with camel hair brush. 

7. Harvesting and storing of F1 seeds: The crossed heads/pods should be harvested and 

threshed. The seeds should be dried and properly stored to protect them from storage pests. 

8. Rising the F1 generation: Identify the selfed seeds in the F1generation by using dominant 

marker gene. Larger F1 population is desirable, because both the genes are present in 

heterozygous condition. 

9. Selfing: To avoid cross pollination and to ensure self pollination. In often cross pollinated 

crops they are bagged to prevent cross pollination. 

 

PEDIGREE METHOD 

 In pedigree method individual plants are selected from F2 and their progenies are tested 

in subsequent generations. A record of the entire parent off spring relationship is 

maintained and known as pedigree record. The pedigree may be defined as a description 



of the ancestor of an individual and it generally goes back to some distant ancestor. So 

each progeny in every generation can be traced back to the F2 plant from which it is 

originated. 

 This method used for selection from segregating population of crosses in self pollinated 

crops. It is used for combination or transgressive breeding. 

Procedure: 

1. HYBRIDIZATION: The selected parents are crossed to produce a simple / complex 

cross (F1 seed) 

2. F1GENERATION: F1 seeds are space planted to each produces maximum number of 

F2seed. 15-30 F1 plants are sufficient to produce good F2 populations. 

3. F2GENERATION: 200-10000 plants are space planted and 100-500 plants are 

selected and their seeds are harvested separately. He should select as many as F2 plants 

as he can handle efficiently. The selection depends on skill of the breeder and his ability 

to judge to select F2 which produce good progeny. 

4. F3 GENERATION: Individual plant progeny are space planted. Individual plant with 

desirable characters from superior progenies is selected. 

5. F4 GENERATION: Individual plants progenies are space planted desirable pants are 

selected undesirable progenies are rejected. Progenies are compared visually and more 

plants are selected from superior progenies. Selection of desirable plants from superior 

progenies selection is practiced within / between family. 

6. F5GENERATION: Many families have reached homozygous and may be harvested in 

bulk. The breeder has to assess the yielding potential of progenies, 25-100 progenies are 

advanced and tested in preliminary yield trial. 

7. F6 GENERATION: Multi row plots and evaluated visually progenies harvested bulk 

and they have become homozygous. 

8. F7 GENERATION: Preliminary yield trail with replication to identify the superior 

progenies. Progenies are evaluated for other component character 2-5 outstanding lines 

superior to check are advanced to multi location testing. 
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9. F8 –F10 GENERATION: Replicated yield trial at several locations. They are tested 

for yield as well as for resistance. 

10. F11: Seed multiplication and release. 

Merits and Demerits of Pedigree Method 

Merits: 

1. Maximum opportunity for the breeder touse his skill and judgment for the selection of 

plants in segregating generation. 

2. It provides information about the inheritance of qualitative character from the pedigree 

record . 

3. Chances of recovering transgressive segregants is more. 

4. Weak and defect progenies are eliminated at an early stage. 

Demerits: 

1. Maintainance of accurate pedigree record is tedious and takes up valuable time 

2. Selection of progenies in every generation laborious, time consuming. Difficult to handle 

many crosses. 

3. No opportunity for natural selection. 

4. Possibility of losing the valuable genotype is early segregating generation. 

 

BULK METHOD 

 Bulk method was first used by Nilsson Ehlein 1908. F2 and the subsequent generation are 

harvested as bulks to raise the next generation. At the end of bulking period individual 

plants are selected and evaluated in a similar manner as in the pedigree method.The 

duration of bulking may vary from 7-30 generation artificial selection may seldom be 

practiced 

 Application: Cereals, small millets, grain legumes and oil seeds. 

Application of Bulk Method 

1. Isolation of homozygous lines 

It is used for the isolation of homozygous lines with a minimum of effort and expense. 

The population is carried to F6-F7 as Bulk, where it reaches homozygosity. Individual 

plants are selected and evaluated to derive pure line. So preliminary yield trails are 

conducted to derive homozygous lines. 
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2. Waiting for the opportunity for selection: 

Selection for resistance to disease, lodging and cold depends upon the presence of 

suitable environmental conditions favoring epidemic. Waiting till such environment do 

occur so the segregating generations are carried as bulk in such environment. Individual 

plants are selected and handled as in pedigree method. The duration of bulking depend 

upon the occurrence of the concerned environment. This is known as mass pedigree 

method of Harlan. 

3. Opportunity for natural selection: 

Maintainance of bulk is inexpensive and without much efforts. Some bulk 

populations are carried up to F20 to F30 to provide an opportunity for natural selection to 

act on their composition. Up to F6 the population is heterozygous and after F7 natural 

selection to act on homozygous plants and would change the frequency of homozygous 

genotypes present in the population. It is assumed that natural selection would favour 

higher yielding genotypes and eliminate poorer genotypes. 

Procedure of Bulk Method 

1. Hybridization: Parents are selected and crossed 

2. F1 generation : F1is space planted more than 200 F1 plants 

3. F2-F6 Generation: Planted at commercial seed rate, spacing and harvested as bulk, 

during this period. Frequency of population changes due to out break of disease or pest. 

4. Artificial selection is done, largepopulation is raised,30000-50000 plants in each 

generation. 

5. F7 generation: 50000 plants are space planted about 1000-5000 plants with phenotype 

is selected and the seeds are harvested separately. 

6. F8 generation: Individual plant progenies are single/multi row plants, since progenies 

are homogygous and harvested in bulk weak and inferior progenies are rejected and 100-

300 individual plant progenies with desirable characters. 

7. F9 Generation: Preliminary yield trial with standard check, yield and quality parameter 

is taken for selection. 

8. F10---F12 generation: Replicated yield trails are conducted. Yield and its component 

characters are evaluated along with the check. Superior progenies are released as variety 

9. F13 generation: Seed multiplication of the newly released variety and distribution to 

farmers. 



Single Seed Decent method 

 Single seed descent method This method is a modification of bulk method 

 Single seed from each F2 plants is bulked to raise the F3 generation. Similarly F3, F4, F5 

generation when the plants are homozygous plant progenies are advanced to next 

generation. Selection is done mainly among the progenies and number of progenies is 

sufficiently reduced to permit replicated trail. Individual plants may be selected from 

outstanding families showing segregation. So preliminary yield trial and quality tests 

begin in F7 to F8. 

Objectives 

1. Rapidly advance of generation of crosses. 

2. F2 and subsequent generation are grown with a very high plant density. 

3. F2 plant is represented equally in the end population. 

4. Off season nursery/green house facilities are utilized. 

5. Maximum possible speed. 

6. Require very little space/effort/ labor. 

7. Do not permit any form of selection during the segregating generation. 

8. In each successive generation the population size become small due to poor generation 

and death of plants due to disease/pest. 

Merits: 

1. Simple, convenient and inexpensive. 

2. Due to elimination of undesirable types, isolation of desirable types is easier. 

3. Natural selection increase the frequency of superior types in the population. 

4. No pedigree record is to be kept which save time and labor. 

5. Isolation of transgressive segregants is more. 

Demerits: 

1. Needs more time. 

2. Little opportunity for a breeder to use selection. 

3. Information on the inheritance of character cannot be obtained. 



4. Natural selection act against agronomically desirable types. 

BACK CROSS BREEDING 

Introduction 

 A Crossing between a F1 hybrid or its segregating generation with one of its parents is 

known as Back cross. The hybrid and its progenies in the subsequent generations are 

repeatedly back crossed to one of their parent. As a result the genotype of back cross 

progeny becomes increasingly similar to that parent to whom the back crosses are made. 

At the end of 6-8 back crosses, the progeny would be almost identical with the parent 

involved in back crossing. 

Objective: 

1. To improve one or two specific defects of a high yielding variety and a well adapted variety 

with desirable character. 

2. The characters lacking in this variety are transferred to it from a donor parent without 

changing the genotype of this variety except for the genes being transformed. 

Requirement of Back cross breeding 

1. Suitable recurrent parent must be available which lacks in one or two characteristics. 

2. A suitable donor parent must be available, the character must be highly intense. 

3. Character to be transferred must have high heritability controlled by one or two genes. 

4. 6-7 back crosses are required for full recovery of recurrent parent. 

Application of Back cross breeding 

1. Inter varietal transferring of simply inherited traits. Characters governed by one or two genes 

like disease resistance are successful. 2. Inter varietal transfer of quantitative characters and 

highly heritable quantitative characters like earliness, plant height, seed size and seed shape is 

transferred. 

2. Inter specific transfer of simply inherited characters: Disease resistance is transferred from 

related species to cultivated species. Inter specific transfer of genes are easy when the 

chromosome of the two species pair regularly. 
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3. Transferring of cytoplasm: wild species cytoplasmic are transferred to cultivated species 

transfer of male sterility. The variety or species from which the cytoplasm is to be transferred 

is used as the female parent. The parent to which the cytoplasm is to be transferred is used as 

the male parent in the original cross and back cross. After 6-8 back crosses the progeny would 

have the nuclear genotype of the recurrent parent and the cytoplasm from the donor parent. 

4. Transgressive segregation: F1 is back crossed to one or two times to the recurrent parent 

leaving much heterozygosity for transgressive segregation to appear. In the second 

modification two or more recurrent parent may be used in the back cross progeny to 

accumulate genes from them into the back cross. Progeny of the new variety is not exactly 

like any one of the recurrent parent. 

5. Production of isogenic lines : Isogenic lines are identical in their genotype except for one gene 

6. Germplasm conversion: When valuable germplasm cannot be utilized in breeding 

programmes and may be used as recurrent parent in separate back cross programme these 

lines are called converted lines. 

Non recurrent 

aa 

X Recurrent parent 

AA 

F1 Aa X AA  

BC1  50% X AA 

BC2  75% X AA 

BC3  81% X AA 

BC4  93% X AA 

BC5  98.1% X AA 

BC6  98.4% 

 

7. Recurrent parent: In back cross breeding the parent to which one or few genes from the 

donor parent are transferred. 

8. Non recurrent parent: The donor parent from which the character is to be transferred. 

Procedure for transfer a dominant Gene 



E.g.Highyielding and widely adapted wheat variety A is susceptible to stem rust another variety 

B is resistance to stem rust. Stem rust is dominant to susceptibility. 

1. Hybridization: Variety A is crossed to variety B. Generally variety A should be used as female 

parent. This would help in identification of selfed plants. 

2. BC1 Generation: F1 plants are back crossed to variety A. Since all the F1 are heterozygous for 

rust resistance, selection for rust resistance is not necessary. 

3. First BC1 generation: Half of the plants in BC1 generation are resistant and the remaining half 

would be susceptible to stem rust. Rust resistant plants are selected and back crossed to variety 

A. 

4. BC2 to BC 5 generation: Segregation would occur for rust resistance. Rust resistant plants are 

selected and back crossed to variety A. 

5. BC6 Generation: BC6 plants will have 99 percent genes from variety A Rust resistant plants 

are selected and selfed, their seeds are harvested separately 

6. BC7Generation: Individual plants progeny from the selfed seeds of the selected plants are 

grown. Rust resistant plant similar to the plant type of variety A are selected and they are selfed. 

Seeds are harvested separately. 

7. BC8 Generation: Individual plants progeny are grown. Progenies homozygous for rust 

resistant and similar to plant type of variety Aare harvested in bulk. Several similar progenies are 

usually mixed to constitute the new variety. 

Yield trials: 

It is tested in replicated yield trial along with the variety A as check. All the component character 

are critically examined a detailed yield tests are not required and variety may be directly released 

for cultivation. 

Transfer a recessive gene 

When Rust resistant isrecessive, all the back crossescannot be made one after the other. For 

every two subsequent back crosses F2 generation must be grown to identify the rust resistant 

plants. 

1. Hybridization: The recurrent parent is crossed with the rust resistant donor parent; the 

recurrent parent is generally used as female parent. 

2. BC1 Generation: F1 plants are back crossed to the recurrent parent. 

3. BC2 Generation: Since rust resistance is recessive, all the plants are rust susceptible. No test 

for rust resistance and all the plants are self pollinated. 
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4. BC3 F2 Generation: Rust resistant plantsare selectedand back crossed to recurrent parent 

plants which are similar to recurrent parent are selected. 

5. BC4 Generation: There is no rust resistance test. Plants are selected which are resistance to 

recurrent parent and back crossed. 

6. BC5Generation: There is no disease test. The plants are self pollinated to raise F2. Selection is 

usually done for the plant type of variety A. 

7. BC6 Generation: Plants are inoculated with rust. Rust resistant plants are selected is back 

crossed to variety A. 

8. BC7Generation: There is no rust resistance test plants are back crossed to variety A. 

9. BC8 Generation: There is no rust test, plants are self pollinated to rise F2 generation. 

BC5 Generation: 

Plants are subjected to rest epidemic. Rigid selection is done for rust resistance. And for the 

characteristics of variety A. Selfed seeds of the selected plants are harvested separately. BC5 

Generation: 

 Individual plant progeny are grown and subjected to rust epiphytotic. A rigid selection is 

done for resistant to stem rust and for the characteristics of variety A. Seeds from several 

rust resistant homogenous progenies are mixed to constitute the new variety. 

 Yield test are conducted and released as a variety 

 Same procedure also to be practiced in cross pollinated crops 

Merits and Demerits of Back Cross Breeding 

Merits: 

1. Back cross method retains all desirable character of a popular adapted varieties and replaces 

undesirable allele at particular locus 

2. Useful for the transfer of disease resistance and incorporation of quality traits into a variety 

3. This is used for the development of isogenic lines, 

4. Extensive tests are not required 2-3 generation can be raised in off season nurseries green 

houses, it would save time. 

5. This is the only method for the inter specific gene transfer and transfer of cytoplasm. 

6. Male sterility and fertility restoration genes can be transferred to various back ground. 

Demerits: 

1. New variety cannot be superior to recurrent parent except for the character transferred 
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2. It involves lot of crossing work. 6-8 back cross is often difficult and time consuming. 

3. Sometime undesirable gene linked with desirable also may be transferred. 

4. By the time the back cross programme the recurrent parent may have been replaced by other 

varieties superior in yield and other character. 
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1. Mass selection  

Mass selection in cross-pollinated species takes the same form as in self-pollinated 

species; i.e., a large number of superior appearing plants are selected and harvested in bulk and 

the seed used to produce the next generation. Mass selection has proved to be very effective in 

improving qualitative characters, and, applied over many generations, it is also capable of 

improving quantitative characters, including yield, despite the low heritability of such characters. 

Mass selection has long been a major method of breeding cross-pollinated species, especially in 

the economically less important species. 

2. Recurrent Selection 

Recurrent selection (in its various forms) is a method to increase the frequency of 

favourable genes for yield (or any other quantitative character) by allowing crossing and 

recombination to take place only between the best performing selections. In cross pollinating 

species, recurrent selection must be used while maintaining genetic variability in the population 

being selected to avoid inbreeding depression. Recurrent selection broadly involves the 

following steps:  

1. individual plants are selected from an open-pollinated source population and selfed. These 

plants are evaluated at the same time for the character, or characters, being selected;  

2. plants of inferior performance (assessed visually or on the behaviour of selfed progeny or test-

cross progeny) are discarded;  



3. selfed plants in Step 1 with superior progenies are propagated from the retained portion of 

selfed seed; 

 4. superior progenies are placed in a crossing block to obtain as many intercrosses between 

progenies as possible;  

5. the intercross population is sown as a basis for further cycles of selection and intercrossing as 

in Steps 1 to 4.  

There are three main methods of recurrent selection – simple recurrent selection, 

recurrent selection for combining ability, and reciprocal recurrent selection; they are each 

discussed briefly below.  

(2.1) Simple Recurrent Selection  

This method of selection involves visually selecting single plants from an open pollinated 

source population and selfing them. The progenies of the selections are sown in a crossing block 

in the following year and allowed to freely intercross. The intercross population is sown in the 

following year and single plant selection and selfing carried out again. The progenies of the 

selfed plants are sown again in the following year in an intercross block. The second cycle of 

selection and sowing of progenies is called the first recurrent selection cycle. The cycle can be 

continued until there appears to be no further significant advance being obtained for the character 

or characters under selection. Because the method does not involve progeny evaluation it is 

suitable only for characters of high heritability. An outline of the simple recurrent selection 

procedure is shown in Figure. 



 

Figure-Simple recurrent selection 

2.2. Recurrent Selection for Combining Ability  

This method of recurrent selection involves selecting single plants (called S0 plants) from 

a source population, selfing them and, at the same time, crossing them to a tester. The tester is 

either a heterozygous population or a homozygous line, and the progeny of the test crosses to it 

are evaluated comparatively for the character being selected. Crosses that result in high progeny 

mean performance is said to have good combining ability, either for one cross (specific 

combining ability) or generally across all crosses involving that parent (specific combining 



ability). Selfed seed from S0 plants which are good combiners is then sown in a crossing block in 

the field and the progenies are either intercrossed by hand or allowed to intercross naturally. The 

harvested seed is then sown, and a further cycle of selection and test-crossing can be carried out. 

Recurrent selection for combining ability has been shown to be a useful method for improving 

yield and adaptability of a number of cross-pollinated crops. 

2.3 Reciprocal Recurrent Selection  

This procedure involves the use of two genetically unrelated open-pollinated populations, 

A and B. Random single-plant selection (S0 plants), and their selfing, is carried out in population 

A and at the same time they are crossed with a random sample of plants from population B 

(Figure). The same procedure is also carried out in population B. The progenies of these 

reciprocal crosses are evaluated in replicated trials for the character or characters being selected. 

Selfed seeds of S0 plants of the A and B populations that gives superior progenies in these 

crosses are then sown as separate A and B populations and allowed to intercross within each 

population.  

The bulk progenies of the intercrosses are then sown as separate A and B populations, 

and a further cycle of selection is carried out. It may be decided after the second cycle either to 

proceed to the third cycle or to use the selected populations to produce commercial hybrids. This 

is achieved by making crosses between the selected A and B populations. 



 

Figure-A procedure for reciprocal recurrent selection 

3. Mass Pedigree Method: 

In this method of breeding, the best individuals with desired characters are selected on the basis 

of phenotypic performance in a source population. Open-pollinated seeds of the selected 

individual plants are divided into two halves. Second year replicated progeny row trial is 

conducted using one set of half seeds from each plant. 



On the basis of the progeny performance, the best parental individuals are identified. The 

remnant half seeds from the superior parental plants are mixed and grown in isolation for random 

mating during the third year. 

This method of breeding is equivalent to ear-to-row selection in context of maize originally 

proposed by C.G. Hopkins at the Illinois Agricultural Experiment Station in 1896 to improve 

protein and oil content of maize. This method has been named as mass-pedigree method by S.S. 

Rajan in India. This very method is called line breeding when selection is based on progeny tests 

and a group of progeny lines is composited. 

4. Inbreeding: 

The mating of individuals more closely related than individuals mating at random is known as 

inbreeding. The lines produced by continued inbreeding are known as inbred lines. Self-

fertilization is the most intense form of inbreeding. 

In plant breeding nearly homozygous lines are produced by continued self-fertilization 

accompanied by selection for five to six generations. This can be used as the method of breeding 

only in those crops, which do not show any loss of vigour due to inbreeding, like cucurbits. 

The three important uses of inbreeding in cross-pollinated crops are as follows: 

(i) To attain uniformity in plant characters. 

(ii) To improve yield etc. by individual plant selection as in cucurbits in which there is no 

inbreeding depression. 

(iii) To develop suitable inbred lines in production of hybrids and synthetics. 

Synthetic Variety: 

The term ‘synthetic variety’ has come to be used to designate a variety that is maintained 

from open pollinated seed following its synthesis by hybridization in all combinations among a 

number of selected genotypes, which have been tested for combining ability. 



The components of a synthetic variety could be inbred (usually), clones, mass selected 

populations or various other materials. The component units are maintained so that the synthetic 

may be reconstituted at regular intervals. 

The inbreeds to be used as component lines are chosen on the basis of combining ability tests. 

The component inbred are crossed in all possible combinations. This inter-crossed seed is called 

as Syn 0. 

Equal quantity of seed from all crosses is composited and the mixture is allowed open-

pollination in isolation and seed is harvested. This becomes Syn 1 generation. In absence of 

reconstitution of a synthetic at regular intervals, the population becomes an open-pollinated 

variety. 

The testing for combing ability is the decisive criterion for a synthetic variety by which it can be 

distinguished from a conventional variety of a cross-pollinating species, which originates in a 

continuous selection of individuals and subsequent progeny tests. The greater variability caused 

by crossing several components with high general combining ability makes the synthetic 

varieties more adaptable compared to conventional varieties. 

Composite Varieties: 

Concept of composite varieties (in maize) originated in India. Composite varieties are 

generally derived from the varietal crosses in advanced generation. These are usually developed 

from open-pollinated varieties or other heterozygous populations or germplasm which have 

originally not been subjected to inbreeding or have not been elaborately tested for their 

combining ability. 

Usually, they involve open pollinated varieties, synthetics, double crosses, etc., selected 

for yield performance, maturity, resistance to diseases and pests. These composites often show a 

high order heterosis in F1’s when widely diversed populations are crossed. Advanced 

generations of such heterotic crosses often show stabilized yields. General combining ability and 

additive gene effects play predominant role in exploitation of these populations. 



The details of the steps involved in development of composite variety are as follows:  

(i) Screening of diverse germplasm by evaluation at multi-locations/years to identify the sources 

having adaptability, desirable agronomic attributes and resistance to major diseases and 

tolerance/resistance to serious insects. 

(ii) Making of all possible crosses among selected superior genotypes or top crossing with a 

varietal complex of screened base varieties. 

(iii) Conducting multi-location test with the F1 and F2 generations of varietal crosses and 

selection of F2‘s showing desirable agronomic features along with least decline in F2. 

(iv) Evaluation of selected F2 populations and identification of the best one as practically 

composites are constituted by compositing seeds of various populations and allowing the mixture 

to stabilize under open pollination along with some mild selection in isolation. The constituent 

entries may not be maintained for reconstituting the composite. Composite may serve as a base 

population for developing inbred lines. 

Hybrids: 

The term hybrid variety is used to designate F1 populations that are used to commercial 

planting. The F1‘s are obtained by crossing genetically unlike parents. The pioneering work on 

hybrid maize was done by G.H. Shull (single crosses) and D.F. Jones (double crosses). Other 

innovative researchers in this area have been E.M. East, H.K. Hayes, F.D. Richey and M.T. 

Jenkins and others. 

Types of Hybrids: 

(i) Single cross: 

A single cross is a hybrid progeny from a cross between two unrelated inbred. 

      = A x B 

(ii) Three-way cross: 

A three-way cross is the hybrid progeny from a cross between a single cross and an inbred. 

       (A x B) x C 



(iii) Double cross: 

A double cross is the hybrid progeny from a cross between two single crosses. 

       (A x B) x (C x D) 

(iv) Modified single cross: 

A modified single cross is the hybrid progeny from a three- way cross which utilizes the progeny 

from two related inbred as the seed parent and an unrelated inbred as the pollen parent. 

       (A x A’) x B 

(v) Double modified single cross: 

A double modified single cross is the hybrid progeny from two single crosses, each developed by 

crossing two related inbred. 

            = (A x A’) x (B x B’) 

(vi) Modified three-way hybrid: 

A modified three-way hybrid is the progeny of a single cross as female parent and another single 

cross between two related inbred. 

          = (A x B) x (C x C’) 

(vii) Top cross hybrid: 

This is inbred x variety hybrid. Following top cross hybrids may be formed: 

(a) Inbred line x variety 

(b) Inbred line x experimental hybrid 

(c) Inbred line x synthetic variety 

(d) Inbred line x family 

(viii) Double top cross hybrid: 



A double top cross hybrid is the progeny of a single cross and a variety. Such hybrids have been 

produced on commercial scale in India and China. 
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HETEROSIS BREEDING 
Heterosis, also called hybrid vigour, the increase in such characteristics as size, growth 

rate, fertility, and yield of a hybrid organism over those of its parents. Plant and animal breeders 

exploit heterosis by mating two different pure-bred lines that have certain desirable traits. The 

first-generation offspring generally show, in greater measure, the desired characteristics of both 

parents. This vigour may decrease, however, if the hybrids are mated together; so the parental 

lines must be maintained and crossed for each new crop or group desired. 

 

Genetical Basis of Heterosis: 

The phenomenon of hybrid vigour, expressed particularly in the first generation (F1) 

following the crossing of cultivars or inbred lines, has been known for more than a hundred 

years. The term heterosis, coined by G.H. Shull in 1909 suggests a mechanism based on 

heterozygosity and therefore, is not fixable in the homozygous state. Two hypotheses have been 

put forward to explain heterosis. 

They are as follows: 

(i) Over-dominance Theory: 

This was proposed by G.H. Shull and E.M. East independently in 1908. According to this 

hypothesis, hybridity/heterozygosity is superior to either homozygote and this state of 

heterozygosity has a stimulating effect upon the physiological activities of the organism leading 

to superiority of Aa over AA or aa. 

(ii) Dominance Theory: 

This hypothesis was proposed by C.B. Davenport in 1908, A.B. Bruce in 1910 and F. 

Keeble and C. Pellew in 1910. According to this hypothesis, each dominant allele contributes 
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equally to heterosis and the recessive alleles contribute nothing. It is also assumed that the 

dominance is complete. 

If all the dominant alleles are concentrated in one parent, and the counterpart recessive alleles in 

another parent, the F1 will be equal to the parent having all the dominant alleles. 

For example: 

 

In the above cross, if each dominant allele, contributes 1 unit and the recessive allele, 0 unit, then 

the P1 will have a value of 4 and P2, a value of 0. F1 will have a value of 4. 

However, there are situations, where F1 is superior over the better parent. 

These cases under dominance theory can be explained assuming that dominance and recessive 

alleles are distributed in both the parents as given below: 

 

In this cross, the phenotypic value of P1 is 3, that of P2 is 1 and F1 has a score of 4 which 

is superior to the better parent. Under this model it should be possible to derive a pure line from 

the F1 which should be equal to F1 in the performance and thus this heterosis will be fixable. 

However, it is generally agreed that heterosis is not fixable in the homozygous state. This 

would be the case if hybrid vigour were due to true over-dominance or due to tight linkage in the 

repulsion phase at some incompletely dominant loci. 

Much evidences suggest that apparent over-dominance is, in fact, due to non-allelic 

interaction and linkage disequilibrium and that heterosis is mainly a result of the bringing 

together of unidirectionally dominant alleles distributed between the parental line. Under this, 

heterozygosity is not an essential prerequisite for high performance, uniformity and stability of 

performance. 

LIMITATIONS OF CONVENTIONAL BREEDING 
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In this methods of crop improvement hybrid varieties has had a tremendous impact on 

agricultural productivity over the last decades. While an extremely important tool, conventional 

plant breeding also has its limitations.   

1. Breeding can only be done between two plants that can sexually mate with each other. This 

limits the new traits that can be added to those that already exist in that species  

 2. When plants are crossed, many traits are transferred along with the trait of interest including 

traits with undesirable effects on yield potential 

3. Conventional methods will take long time to develop or improve a desirable trait. 

ASPECTS OF MOLECULAR BREEDING 

Molecular breeding is the application of molecular biology tools, often in plant breeding and 

animal breeding. 

The areas of molecular breeding include: 

 QTL mapping or gene discovery 

 Marker assisted selection and genomic selection
[5][6][7]

 

 Genetic engineering 

 Genetic transformation 

Aspects of Molecular Breeding includes the following field:- 

Marker assisted breeding 

 Genotyping and creating molecular maps - genomics 

 The commonly used markers include Simple sequence repeats (or microsatellites), single 

nucleotide polymorphisms (SNP). The process of identification of plant genotypes is 

known as genotyping. 

 Development of SNPs has revolutionized the molecular breeding process as it helps to 

create dense markers. Another area that is developing is genotyping by sequencing. 

Phenotyping - phenomics 

 To identify genes associated with traits, it is important to measure the trait value - known 

as phenotype. "omics" for measurement of phenotypes is called phenomics. The 

phenotype can be indicative of the measurement of the trait itself or an indirectly related 

or correlated trait. 

QTL mapping or association mapping 
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 Genes (Quantitative trait loci (abbreviated as QTL) or quantitative trait genes or minor 

genes or major genes) involved in controlling trait of interest is identified. The process is 

known as mapping. Mapping of such genes can be done using molecular markers. QTL 

mapping can involve single large family, unrelated individuals or multiple families 

(see: Family based QTL mapping). The basic idea is to identify genes or markers 

associated with genes that correlate to a phenotypic measurement and that can be used in 

marker assisted breeding / selection 

Marker assisted selection or genetic selection 

 Once genes or markers are identified, they can be used for genotyping and selection 

decisions can be made. 

Marker-assisted backcrossing (MABC) 

 Backcross is crossing F1 with its parents to transfer a limited number of loci (e.g. 

transgene, disease resistance loci, etc.) from one genetic background to another. Usually 

the recipient of such genes is good adapted cultivars otherwise except the gene that is to 

be transferred. So we want to keep genetic background of the recipient genotypes, which 

is done by 4-6 rounds of repeated backcrosses while selecting for the gene of interest. We 

can use markers from the whole genome to recover the genome quickly in 2-3 rounds of 

backcrossing might be good enough in such situation. 

Marker-assisted recurrent selection (MARS) 

 MARS include identification and selection of several genomic regions (up to 20 or even 

more) for complex traits within a single population. 

Genomic selection 

 Genomic selection is novel approach to traditional marker-assisted selection where 

selection are made based on few markers.
[5]

 Rather than seeking to identify individual 

loci significantly associated with a trait, genomics uses all marker data as predictors of 

performance and consequently delivers more accurate predictions. Selection can be based 

on genomic selection predictions, potentially leading to more rapid and lower cost gains 

from breeding. Genomic prediction combines marker data with phenotypic and pedigree 

data (when available) in an attempt to increase the accuracy of the prediction of breeding 

and genotypic values.
[8]
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Genetic transformation or Genetic engineering 

 Transfer of genes make it possible for horizontal transfer of genes from one organism to 

another. Thus plants can receive genes from humans or algae or any other organism. This 

provides limitless opportunity in breeding crop plants. 
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INTRODUCTION 

Attempts to characterize current types of DNA markers generally yield 

several different classifications. This is explained by the fact that the development 

of an integral and more or less comprehensive classification of DNA markers is 

hindered by the vast diversity of the available methods of analysis of DNA 

polymorphism and numerous combinations of these methods. In studies of the 

plant genome, the following markers are commonly used: RFLP, CAPS, STS, 

RAPD, SCAR, AFLP, SSAP, SSR, ISSR, and SNP. These markers can be 

classified in different groups, according to the approach employed in the 

classification, i.e., methodical principle, the aim of use, or the type of 

polymorphism. A basic classification have been proposed of DNA markers, 

according to which they are divided into three classes:  

(1) Hybridization-based DNA markers (e.g., RFLP);  

(2) PCR-based DNA markers (e.g., CAPS, STS, RAPD, SCAR, AFLP, SSAP, 

SSR, ISSR);  

(3) DNA chip and sequencing-based DNA markers (SNP).  

In this classification, the markers are grouped on the basis of the principal method 

used for analysis. This classification also reflects the “evolution” of DNA markers. 

The first class represents the first generation of DNA markers, which were widely 

used in the 1980s; then in the 1990s, PCR markers (the second group) gained key 

importance; and since 2000, these were succeeded by a new generation—SNP 

markers, based on microarray technologies (the third group). 



In recent years, owing to the development of the programs on sequencing 

cDNA libraries, more than 16 000 loci of expressed DNA sequences (ESTs) have 

been mapped with the use of deletion and aneuploid wheat lines. The application 

of ESTs as genetic markers is based on Southern blot hybridization, which is costly 

and time-consuming. Because of this, more convenient STS, SSR, and SNP 

markers have been developed on the basis of ESTs.  

Presently researchers is devoted to various aspects of developing and using 

new-generation markers, i.e., SNPs. Analysis of this marker type is based on a 

number of modern highly effective approaches, in particular, application of DNA 

microarrays. Compared to other types of DNA markers, the use of SNPs allows to 

make this analysis automated and to enhance the efficiency of genotype analysis 

by an order of magnitude. 

Origin of SNPs 

SNP is defined as a nucleotide site, for which a high substitution rate has 

been shown among individual samples in a population. According to the more 

accurate definition given by Brookes, “SNPs are single base pair positions in 

genomic DNA, at which different sequence alternatives (alleles) exist in normal 

individuals in some population(s), herein the least frequent allele has an abundance 

of 1% or greater.” The restriction posed on frequency distinguishes SNPs from rare 

point mutations and implies the use of the former as genetic markers. Based on this 

definition, SNP markers formally do not include single-nucleotide 

insertions/deletions (indels), though some authors combine these two 

polymorphism types with single-nucleotide substitutions under the common term 

of SNPs (simple nucleotide polymorphisms).  

Theoretically, four alleles can occur at each nucleotide position (because of 

the four existing nucleotide types), but in practice only two variants occur, as a 

rule. In other words, SNP markers are biallelic, which is explained by unequal 



occurrence of nucleotide transitions (A G, T C) and transversions (A C, A T, G C, 

G T). Although the number of variants of nucleotide transversion is two fold 

higher than that of transition, the frequency of transitions is, conversely, higher by 

a factor of 1.5–2.5, than the frequency of transversions. This is explained by a high 

spontaneous rate of deamination of 5-methylcytosine to thymidine in CpG 

dinucleotides. 

SNP Classification  

Several types of SNPs are distinguished, according to their assignment to the 

structural element of genomic DNA or their functional effect. Depending on the 

SNP position in a gene, SNPs are classified into exon (synonymous and non-

synonymous), intron, and promoter ones. Oligonucleotide substitutions, involving 

regulatory regions that control gene expression, are referred to as regulatory SNPs 

and designated rSNPs. They may include promoter SNPs and some inton SNPs. 

Depending on the presence of data on the functional effect of the single-nucleotide 

substitutions, they are classified into anonymous SNPs (functional effect is 

unknown), candidate SNPs (presumably having a functional effect), and protein 

SNPs (single-nucleotide substitutions, resulting in a change in the protein function 

or expression). 

Strategies of Developing SNP Markers  

In principle, analysis of DNA polymorphism at single-nucleotide sites is not 

something entirely new. For instance, restriction fragment length polymorphism 

(RFLP) is also based on single-nucleotide substitutions. Wide interest to SNPs as a 

novel promising class of genetic markers has appeared in the course of projects on 

complete sequencing of the genome of many model organisms and accumulation 

of nucleotide sequences of cDNA libraries of a number of organisms 

(http:/www.ncbi.nlm.nih.gov/dbEST/). Overlapping DNA sequences from 

genomic and cDNA libraries (EST sequences) provided a possibility for 



identifying single-nucleotide substitutions in silico. This possibility substantially 

facilitates large-scale development of SNP markers. The difficulties, related to 

sequences errors in data bases, have been shown to be surmountable. 

 In general, the development of SNP markers involves the following 

approaches: 

(1) The development of SNP markers on the basis of overlapping genomic DNA 

sequences. This method does not require additional DNA sequencing, thus 

being advantageous for large-scale generation of SNP markers. However, its 

use at the moment is possible only for a limited number of model organisms, 

whose genome is completely or nearly completely sequenced, as, for 

example, rice (http:/plantgenome.agtec.uga.edu/snp/). 

(2) The development of SNP markers on the basis of overlapping EST sequences. 

This approach has been employed for large-scale generation of SNP markers 

(without additional DNA sequencing) in a number of organisms. In some 

cases, ovelapping cDNA libraries are purposefully developed before 

generating EST-derived SNPs, as was done. The interest to this approach is 

also explained by the fact that its use makes possible identifying at high 

probability cSNPs (coding SNPs) among other SNPs. In rare cases, the 

singlenucleotide polymorphism detected by this method may result from a 

change in template, rather than genomic, DNA, which is a disadvantage of the 

method of ESTderived SNP generation. 

(3) The development of SNP markers on the basis of unique (nonoverlapping) 

genomic and EST sequences. In contrast to the two previous approaches, this 

method cannot be used for rapid large-scale generation of SNP markers 

because it requires additional DNA sequencing on several cultivars. However, 

this method is helpful in the case, when the databases lack data on 

overlapping for some sequences, thus supplementing the two previous 



approaches. It is employed for developing SNPs for organisms, for which no 

projects of complete genome sequencing are underway. Using EST sequences 

permits selective detection of coding SNPs, rejecting vast number of 

anonymous SNPs, occurring in non-expressing genome regions. 

Unfortunately, regulatory SNPs, which are as valuable as cSNPs as potential 

diagnostic markers, can be lost with the anonymous markers.  

(4) The development of SNP markers on the basis of “shotgun” sequencing a 

particular sample of fragments of genomic DNA, which simultaneously 

represents several genotypes (reduced representation shotgun, RRS). The 

RRS approach has been designed for developing a map of the human genome, 

uniformly saturated with SNP markers, which has been constructed by the 

SNP Consortium (http://snp.cshl.org). This approach allows one to avoid a 

nonuniform distribution of the detected SNPs, which is characteristic for the 

method of SNP generation by in silico analysis of overlapping genomic 

sequences, associated with the admittedly unequal number of overlapping 

BAC clones for a certain genome part. So far, this method has not been used 

for detecting SNPs in plant genomes. 

(5) The development of SNP markers on the basis of RFLP, STS, CAPS, and 

other molecular markers. This approach is aimed at the targeted generation of 

SNP markers to tag particular genes. Single-nucleotide polymorphism 

underlies many known types of molecular markers (except those based on 

repeated sequence polymorphism). For instance, single-nucleotide 

substitutions (or insertions/deletions) in restriction recognition sites result in 

such DNA polymorphisms as RFLP and CAPS, while substitutions of 

nucleotides adjacent to restriction sites lead to APLP polymorphisms. 

Singlenucleotide substitutions/insertions/deletions in sites of PCR primer 

annealing may generate randomly amplified polymorphic DNA (RAPD). 



Main Advantages of SNP Markers  

In contrast to multiallelic markers, analysis of biallelic SNP markers can be 

practically fully automated. Several thousands of SNPs can be analyzed 

simultaneously by application of DNA microarrays. Thus, using modern 

technologies, the effectiveness of SNP analysis can be many times higher than that 

of other methods of DNA analysis. Moreover, none of other types of DNA 

polymorphisms has such diverse and numerous methods of analysis, as SNP. 

Because of this, SNP markers can be used in projects of different financial level. 

 Single-nucleotide polymorphism is the most common type of DNA 

polymorphisms. For instance, in the wheat genome, the SNP density ranges from 1 

per 370 bp  to 1 per 540 bp. High occurrence of SNP loci in the genome opens a 

possibility to develop on their basis molecular genetic maps of very high density, 

required for isolating and studying genes for resistance to various diseases as well 

as other agronomically valuable plant genes. In addition, owing to the advantages 

of SNP markers, they can be widely used for certification of cultivars and lines.  

High SNP frequency involves also coding and regulatory regions of genomic 

DNA (cSNP and rSNP). This feature opens a perspective for effective 

development of diagnostic SNP markers. 

Strategies of Developing SSR Markers  

Microsatellites (1 to 10 nucleotides) and minisatellites (> 10 nucleotides) are 

subcategories of tandem repeats (TRs) that, together with the predominant 

interspersed repeats (or remnants of transposable elements), make up genomic 

repetitive regions. TRs are evolutionarily relevant due to their instability. They 

mutate at rates between 103 and 106 per cell generation i.e., up to 10 orders of 

magnitude greater than point mutations. Microsatellites, Simple Sequence Repeats 

(SSR), Short Tandem Repeats (STR) and Simple Sequence Length Polymorphisms 

(SSLP) are found in prokaryotes and eukaryotes. They are widely distributed 



throughout the genome, especially in the euchromatin of eukaryotes, and coding 

and non-coding nuclear and organellar DNA.  

There is a lot of evidence to back up the hypothesis that SSRs are not 

randomly distributed along the genome. In a comparative study, SSR distribution 

was found to be highly non-random and to vary a great deal in different regions of 

the genes of Arabidopsis thaliana and rice.  

Development of SSR markers, including de novo nucleotide sequences 

for finding SSRs  

The development of SSR markers can basically be divided into the following 

stages: (i) prior knowledge of nucleotide sequences in which SSRs occur; (ii) 

design of oligonucleotides (or primers) complementary to the regions flanking the 

SSR; (iii) validation of primers by PCR and electrophoresis of the product of the 

reaction, and (iv) detection of polymorphisms among individuals. A schematic 

workflow showing how an SSR marker can be obtained is given in Figure. 

Interestingly, the efficiency of SSR marker development was found to be 

associated with the microsatellite class. 



 

                                    Figure  - Workflow steps of SSR marker development 

Microsatellites were originally developed from both coding and non-coding 

regions of plant genomes, and several sources were used to search for SSRs, 

including a variety of DNA libraries (genomic, genomic-enriched for SSR, bacterial 

artificial chromosome and cDNA libraries), as well as public databases, including 

expressed sequence tag (EST) databases. 

In prospecting for SSRs, the first step consists of constructing enriched 

genomic libraries and various enrichment methods have been successfully 

developed. To construct and sequence genomic libraries, the DNA is fragmented, 

ligated to adaptors and inserted into vectors for transforming Escherichia coli. 

Most protocols involve a stage of enrichment for repetitive sequences that can be 

achieved using selective hybridization, PCR or both techniques. In enrichment by 

hybridization, positive clones are detected using radioactively or chemically 

labeled SSR probes. Finally, these clones are selected by PCR amplification and 

sequencing. Another way of enriching a library is to use biotinized SSR probes that 



are captured by streptavidin-coated beads. The captured DNA is eluted, amplified, 

cloned and sequenced. The enriched libraries are screened to identify clones 

containing SSRs, producing the subsample of repetitive sequences that is intrinsic 

to this approach. PCR-based methods can bias the sampling of repetitive 

sequences in non-enriched libraries, since fragment selection and amplification 

are dependent on complementarity with specific primers for the SSR and cloning 

vector. However, non-enriched libraries and alternative methods derived from 

other molecular markers (e.g. RAPD and AFLP) have also been used to find SSRs. 

The advances made in Next Generation Sequencing (NGS) have provided a 

new scenario for detecting microsatellites. Various NGS-based projects have been 

developed over the last few decades, generating an enormous quantity of 

sequences made available in public databases and widely used for prospecting for 

microsatellites. Automation of the original sequencing method proposed by 

Sanger and Coulson (1975) has made it possible to sequence the complete 

genome of A. thaliana (Arabidopsis Genome Initiative, 2000). However, because 

of the high cost of the Sanger method when sequencing complete genomes, it has 

been replaced by NGS platforms or a combination of both methods. 

 NGS has been very useful for various studies, including prospecting for new 

SSR markers. Successors of the Sanger sequencing method include the 454 FLX 

(Roche), Solexa (Illumina), SOLiD (Applied Biosystems) and HeliScope True Single 

Molecule Sequencing (Helicos) platforms. Third generation platforms are also 

currently available, including a platform developed by Pacific Biosciences (PacBio), 

based on a new sequencing technology, SMRT sequencing, which has the 

advantage of producing longer DNA reads. Each platform has specific 

characteristics in terms of the number and size of reads generated, run time, as 

well as the accuracy and cost of each base read, with both advantages and 

disadvantages compared to other platforms. In order to advice researchers in 

sequencing technology choice. Control error analysis is one of the most important 

steps in sequencing data analysis, mainly in de novo sequencing projects, that lack 

a reference genome. Furthermore, sequences that contain repetitive regions are 

challenges to be overcome by error correction methods, due to their vulnerability 

to errors. 



 Initiatives for sequencing the complete genomes of various species use 

combinations of different platforms with the aim of incorporating the best 

features of each and extracting the maximum amount of information. Currently, 

454 and Illumina are the NGS platforms most widely used for developing SSR 

markers. However, the PacBio SMRT sequencing technology is being considered 

an economically viable alternative for discovering microsatellites. 
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Introduction 

Genotyping is the process of determining differences in the genetic make-up 

(genotype) of an individual by examining the individual's DNA sequence 

using biological assays and comparing it to another individual's sequence or a 

reference sequence. It reveals the alleles an individual has inherited from their 

parents. Traditionally genotyping is the use of DNA sequences to define biological 

populations by use of molecular tools. It does not usually involve defining the 

genes of an individual. 

Current methods of genotyping include restriction fragment length 

polymorphism identification (RFLPI) of genomic DNA, random amplified 

polymorphic detection (RAPD) of genomic DNA, amplified fragment length 

polymorphism detection (AFLPD), polymerase chain reaction (PCR), DNA 

sequencing, allele specific oligonucleotide (ASO) probes, 

and hybridization to DNA microarrays or beads. Genotyping is important in 

research of genes and gene variants associated with disease. Due to current 

technological limitations, almost all genotyping is partial. That is, only a small 

fraction of an individual’s genotype is determined, such as with (epi) GBS 

(Genotyping by sequencing) or RADseq. New mass-sequencing 

technologies promise to provide whole-genome genotyping (or whole genome 

sequencing) in the future. 
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Genotyping applies to a broad range of individuals, including 

microorganisms. For example, viruses and bacteria can be genotyped. Genotyping 

in this context may help in controlling the spreading of pathogens, by tracing the 

origin of outbreaks. This area is often referred to as molecular 

epidemiology or forensic microbiology. 

When genotyping transgenic organisms, a single genomic region may be all that 

needs to be examined to determine the genotype. 

1. Restriction fragment length polymorphism (RFLP) is a technique that exploits 

variations in homologous DNA sequences, known as polymorphisms, in order to 

distinguish individuals, populations, or species or to pinpoint the locations 

of genes within a sequence. The term may refer to a polymorphism itself, as 

detected through the differing locations of restriction enzyme sites, or to a related 

laboratory technique by which such differences can be illustrated. In RFLP 

analysis, a DNA sample is digested into fragments by one or more restriction 

enzymes, and the resulting restriction fragments are then separated by gel 

electrophoresis according to their size. 

Although now largely obsolete due to the emergence of inexpensive DNA 

sequencing technologies, RFLP analysis was the first DNA profiling technique 

inexpensive enough to see widespread application. RFLP analysis was an 

important early tool in genome mapping, localization of genes for genetic 

disorders, determination of risk for disease, and paternity testing. 

RFLP Analysis 

The basic technique for the detection of RFLPs involves fragmenting a 

sample of DNA with the application of a restriction enzyme, which can selectively 

cleave a DNA molecule wherever a short, specific sequence is recognized in a 

process known as a restriction digest. The DNA fragments produced by the digest 

https://en.wikipedia.org/wiki/Viruses
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Molecular_epidemiology
https://en.wikipedia.org/wiki/Molecular_epidemiology
https://en.wikipedia.org/wiki/Forensic
https://en.wikipedia.org/wiki/Microbiology
https://en.wikipedia.org/wiki/Transgenic
https://en.wikipedia.org/wiki/Homology_(biology)
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Polymorphism_(biology)
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Restriction_site
https://en.wikipedia.org/wiki/Restriction_enzyme
https://en.wikipedia.org/wiki/Restriction_enzyme
https://en.wikipedia.org/wiki/Gel_electrophoresis
https://en.wikipedia.org/wiki/Gel_electrophoresis
https://en.wikipedia.org/wiki/DNA_sequencing
https://en.wikipedia.org/wiki/DNA_sequencing
https://en.wikipedia.org/wiki/DNA_profiling
https://en.wikipedia.org/wiki/Genome_mapping
https://en.wikipedia.org/wiki/Genetic_disorder
https://en.wikipedia.org/wiki/Genetic_disorder
https://en.wikipedia.org/wiki/Genetic_testing
https://en.wikipedia.org/wiki/DNA_paternity_testing
https://en.wikipedia.org/wiki/Restriction_enzyme
https://en.wikipedia.org/wiki/Recognition_sequence
https://en.wikipedia.org/wiki/Nucleic_acid_sequence
https://en.wikipedia.org/wiki/Restriction_digest


are then separated by length through a process known as agarose gel 

electrophoresis and transferred to a membrane via the Southern 

blot procedure. Hybridization of the membrane to a labeled DNA probe then 

determines the length of the fragments which are complementary to the probe. A 

restriction fragment length polymorphism is said to occur when the length of a 

detected fragment varies between individuals, indicating non-identical sequence 

homologies. Each fragment length is considered an allele, whether it actually 

contains a coding region or not, and can be used in subsequent genetic analysis. 

2. RAPD (pronounced as "rapid") stands for 'Random Amplification 

of Polymorphic DNA. It is a type of PCR, but the segments of DNA that are 

amplified are random. The scientist performing RAPD creates several arbitrary, 

short primers (8–12 nucleotides), then proceeds with the PCR using a large 

template of genomic DNA, hoping that fragments will amplify. By resolving the 

resulting patterns, a semi-unique profile can be gleaned from an RAPD reaction. 

No knowledge of the DNA sequence of the targeted genome is required, as 

the primers will bind somewhere in the sequence, but it is not certain exactly 

where. This makes the method popular for comparing the DNA of biological 

systems that have not had the attention of the scientific community, or in a system 

in which relatively few DNA sequences are compared (it is not suitable for 

forming a cDNA databank). Because it relies on a large, intact DNA template 

sequence, it has some limitations in the use of degraded DNA samples. Its 

resolving power is much lower than targeted, species-specific DNA comparison 

methods, such as short tandem repeats. In recent years, RAPD has been used to 

characterize, and trace, the phylogeny of diverse plant and animal species. 

RAPD markers are decamer (10 nucleotides long) DNA fragments from 

PCR amplification of random segments of genomic DNA with a single primer of 
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arbitrary nucleotide sequence and which are able to differentiate between 

genetically distinct individuals, although not necessarily in a reproducible way. It 

is used to analyze the genetic diversity of an individual by using random primers. 

Due to problems in experiment reproducibility, many scientific journals do not 

accept experiments merely based on RAPDs anymore. RAPD requires only one 

primer for amplification. 

How it works 

Unlike traditional PCR analysis, RAPD does not require any specific 

knowledge of the DNA sequence of the target organism: the identical 10-mer 

primers will or will not amplify a segment of DNA, depending on positions that are 

complementary to the primers' sequence. For example, no fragment is produced if 

primers annealed too far apart or 3' ends of the primers are not facing each other. 

Therefore, if a mutation has occurred in the template DNA at the site that was 

previously complementary to the primer, a PCR product will not be produced, 

resulting in a different pattern of amplified DNA segments on the gel. 

Limitations 

 Nearly all RAPD markers are dominant, i.e. it is not possible to distinguish 

whether a DNA segment is amplified from a locus that is heterozygous (1 

copy) or homozygous (2 copies). Codominant RAPD markers, observed as 

different-sized DNA segments amplified from the same locus, are detected 

only rarely. 

 PCR is an enzymatic reaction, therefore, the quality and concentration of 

template DNA, concentrations of PCR components, and the PCR cycling 

conditions may greatly influence the outcome. Thus, the RAPD technique is 



notoriously laboratory dependent and needs carefully developed laboratory 

protocols to be reproducible. 

 Mismatches between the primer and the template may result in the total 

absence of PCR product as well as in a merely decreased amount of the 

product. Thus, the RAPD results can be difficult to interpret, unlike 

traditional PCR analysis. 

3. AFLP-PCR or just AFLP is a PCR-based tool used in genetics research, DNA 

fingerprinting, and in the practice of genetic engineering. Developed in the early 

1990s by Keygene.  AFLP uses restriction enzymes to digest genomic DNA, 

followed by ligation of adaptors to the sticky ends of the restriction fragments. A 

subset of the restriction fragments is then selected to be amplified. This selection is 

achieved by using primers complementary to the adaptor sequence, the restriction 

site sequence and a few nucleotides inside the restriction site fragments (as 

described in detail below). The amplified fragments are separated and visualized 

on denaturing on agarose gel electrophoresis , either 

through autoradiography or fluorescence methodologies, or via automated capillary 

sequencing instruments. 

Although AFLP should not be used as an acronym it is commonly referred 

to as "Amplified fragment length polymorphism", the resulting data are not 

scored as length polymorphisms, but instead as presence-absence 

polymorphisms.  

AFLP-PCR is a highly sensitive method for 

detecting polymorphisms in DNA. The technique was originally described 

by Vos and Zabeau in 1993. In detail, the procedure of this technique is 

divided into three steps: 
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1. Digestion of total cellular DNA with one or more restriction enzymes and 

ligation of restriction half-site specific adaptors to all restriction fragments. 

2. Selective amplification of some of these fragments with two PCR primers 

that have corresponding adaptor and restriction site specific sequences. 

3. Electrophoretic separation of amplicons on a gel matrix, followed by 

visualisation of the band pattern. 

Applications 

The AFLP technology has the capability to detect various 

polymorphisms in different genomic regions simultaneously. It is also highly 

sensitive and reproducible. As a result, AFLP has become widely used for 

the identification of genetic variation in strains or closely related species of 

plants, fungi, animals, and bacteria. The AFLP technology has been used in 

criminal and paternity tests, also to determine slight differences within 

populations, and in linkage studies to generate maps for quantitative trait 

locus (QTL) analysis. 

There are many advantages to AFLP when compared to other marker 

technologies including randomly amplified polymorphic DNA 

(RAPD), restriction fragment length polymorphism (RFLP), 

and microsatellites. AFLP not only has higher reproducibility, resolution, 

and sensitivity at the whole genome level compared to other techniques, but 

it also has the capability to amplify between 50 and 100 fragments at one 

time. In addition, no prior sequence information is needed for amplification. 

As a result, AFLP has become extremely beneficial in the study of taxa 
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including bacteria, fungi, and plants, where much is still unknown about the 

genomic makeup of various organisms. 

4. Polymerase chain reaction (PCR) is a method widely used in molecular 

biology to rapidly make millions to billions of copies of a 

specific DNA sample allowing scientists to take a very small sample of 

DNA and amplify it to a large enough amount to study in detail. PCR was 

invented in 1983 by Kary Mullis. It is fundamental to much of genetic 

testing including analysis of ancient samples of DNA and identification of 

infectious agents. Using PCR, copies of very small amounts of DNA 

sequences are exponentially amplified in a series or cycles of temperature 

changes. PCR is now a common and often indispensable technique used 

in medical laboratory and clinical laboratory research for a broad variety of 

applications including biomedical research and criminal forensics.  

The majority of PCR methods rely on thermal cycling. Thermal 

cycling exposes reactants to repeated cycles of heating and cooling to permit 

different temperature-dependent reactions – specifically, DNA 

melting and enzyme-driven DNA replication. PCR employs two main 

reagents – primers (which are short single strand DNA fragments known 

as oligonucleotides that are a complementary sequence to the target DNA 

region) and a DNA polymerase. In the first step of PCR, the two strands of 

the DNA double helix are physically separated at a high temperature in a 

process called Nucleic acid denaturation. In the second step, the temperature 

is lowered and the primers bind to the complementary sequences of DNA. 

The two DNA strands then become templates for DNA polymerase 

to enzymatically assemble a new DNA strand from free nucleotides, the 

building blocks of DNA. As PCR progresses, the DNA generated is itself 
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used as a template for replication, setting in motion a chain reaction in which 

the original DNA template is exponentially amplified. 

Almost all PCR applications employ a heat-stable DNA polymerase, 

such as Taq polymerase, an enzyme originally isolated from 

the thermophilic bacterium Thermus aquaticus. If the polymerase used was 

heat-susceptible, it would denature under the high temperatures of the 

denaturation step. Before the use of Taq polymerase, DNA polymerase had 

to be manually added every cycle, which was a tedious and costly process.  

Applications of the technique include DNA cloning for sequencing, 

gene cloning and manipulation, gene mutagenesis; construction of DNA-

based phylogenies, or functional analysis 

of genes; diagnosis and monitoring of hereditary diseases; amplification of 

ancient DNA; analysis of genetic fingerprints for DNA profiling (for 

example, in forensic science and parentage testing); and detection 

of pathogens in nucleic acid tests for the diagnosis of infectious diseases. 

5. DNA sequencing is the process of determining the nucleic acid sequence – 

the order of nucleotides in DNA. It includes any method or technology that 

is used to determine the order of the four bases: adenine, guanine, cytosine, 

and thymine. The advent of rapid DNA sequencing methods has greatly 

accelerated biological and medical research and discovery.  

Knowledge of DNA sequences has become indispensable for basic 

biological research, and in numerous applied fields such as medical 

diagnosis, biotechnology, forensic biology, virology and 

biological systematics. Comparing healthy and mutated DNA sequences can 

diagnose different diseases including various cancers, characterize antibody 

repertoire, and can be used to guide patient treatment. Having a quick way to 
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sequence DNA allows for faster and more individualized medical care to be 

administered, and for more organisms to be identified and cataloged.  

The rapid speed of sequencing attained with modern DNA sequencing 

technology has been instrumental in the sequencing of complete DNA 

sequences, or genomes, of numerous types and species of life, including 

the human genome and other complete DNA sequences of many animal, 

plant, and microbial species. 

 

An example of the results of automated chain-termination DNA sequencing. 

The first DNA sequences were obtained in the early 1970s by academic 

researchers using laborious methods based on two-dimensional 

chromatography. Following the development of fluorescence-based 

sequencing methods with a DNA sequencer, DNA sequencing has become 

easier and orders of magnitude faster.  

6. An allele-specific oligonucleotide (ASO) is a short piece of 

synthetic DNA complementary to the sequence of a variable target DNA. It acts as 

a probe for the presence of the target in a Southern blot assay or, more commonly, 
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in the simpler Dot blot assay. It is a common tool used in genetic testing, forensics, 

and Molecular Biology research. 

An ASO is typically an oligonucleotide of 15–21 nucleotide bases in length. 

It is designed (and used) in a way that makes it specific for only one version, 

or allele, of the DNA being tested. The length of the ASO, which strand it is 

chosen from, and the conditions by which it is bound to (and washed from) the 

target DNA all play a role in its specificity. These probes can usually be designed 

to detect a difference of as little as 1 base in the target's genetic sequence, a basic 

ability in the assay of single-nucleotide polymorphisms (SNPs), important 

in genotype analysis and the Human Genome Project. To be detected after it has 

bound to its target, the ASO must be labeled with a radioactive, enzymatic, or 

fluorescent tag. The Illumina Methylation Assay technology takes advantage of 

ASO to detect one base pair difference (cytosine versus thymine) to measure 

methylation at a specific CpG site. 

7. Sequencing by hybridization is a class of methods for determining the order in 

which nucleotides occur on a strand of DNA. Typically used for looking for small 

changes relative to a known DNA sequence. The binding of one strand of DNA to 

its complementary strand in the DNA double-helix (known as hybridization) is 

sensitive to even single-base mismatches when the hybrid region is short or if 

specialized mismatch detection proteins are present. This is exploited in a variety 

of ways, most notably via DNA chips or microarrays with thousands to billions of 

synthetic oligonucleotides found in a genome of interest plus many known 

variations or even all possible single-base variations.  

The type of sequencing by hybridization described above has largely been 

displaced by other methods, including sequencing by synthesis, and sequencing by 

ligation (as well as pore-based methods). However hybridization of 
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oligonucleotides is still used in some sequencing schemes, including hybridization-

assisted pore-based sequencing, and reversible hybridization.  

8. A DNA microarray (also commonly known as DNA chip or biochip) is a 

collection of microscopic DNA spots attached to a solid surface. Scientists use 

DNA microarrays to measure the expression levels of large numbers of genes 

simultaneously or to genotype multiple regions of a genome. Each DNA spot 

contains picomoles (10
−12

 moles) of a specific DNA sequence, known 

as probes (or reporters or oligos). These can be a short section of a gene or other 

DNA element that are used to hybridize a cDNA or cRNA (also called anti-sense 

RNA) sample (called target) under high-stringency conditions. Probe-target 

hybridization is usually detected and quantified by detection of fluorophore-, 

silver-, or chemiluminescence-labeled targets to determine relative abundance of 

nucleic acid sequences in the target. The original nucleic acid arrays were macro 

arrays approximately 9 cm × 12 cm and the first computerized image based 

analysis was published in 1981.
[2]

 It was invented by Patrick O. Brown. 
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In 1999 a meeting took place at the Jackson Laboratory, a large mouse research centre in Bar Harbor,

Maine, to consider the value of systematically collecting phenotypes on inbred strains of mice (Paigen

and Eppig (2000) [1]). The group concluded that cataloguing the extensive phenotypic diversity present

among laboratory mice, and in particular providing the research community with data from cohorts of

animals, phenotyped according to standardized protocols, was essential if we were to take advantage

of the possibilities of mouse genetics. Beginning with the collection of basic physiological, biochemical

and behavioral data on nine commonly used inbred strains, the project has expanded so that by the

beginning of 2010 data for 178 strains had been collected, with 105 phenotype projects yielding over

2000 different measurements (Bogue et al. (2007) [2].

� 2010 Elsevier Inc.

1. Introduction

In 1999 a meeting took place at the Jackson Laboratory, a large

mouse research centre in Bar Harbor, Maine, to consider the value

of systematically collecting phenotypes on inbred strains of mice

[1]. The group concluded that cataloguing the extensive pheno-

typic diversity present among laboratory mice, and in particular

providing the research community with data from cohorts of ani-

mals, phenotyped according to standardized protocols, was essen-

tial if we were to take advantage of the possibilities of mouse

genetics. Beginning with the collection of basic physiological, bio-

chemical and behavioral data on nine commonly used inbred

strains, the project has expanded so that by the beginning of

2010 data for 178 strains had been collected, with 105 phenotype

projects yielding over 2000 different measurements [2].

Fig. 1 provides a representative example, in this case data for 16

strains for three haematological phenotypes (red blood cell, plate-

let and white blood cell counts). The distribution of each strain

phenotype is shown as a box and whisker plot, from which it is

immediately clear that there is large and highly significant varia-

tion between strains (for example an analysis of variance for the

red blood cell phenotype gives an F value of 56.1 (on 15 and 381

degrees of freedom), with a P-value of <10�85). Similar plots can

be made for the other phenotypes, all illustrating the large differ-

ences that exist between laboratory strains.

Under the reasonable (but not entirely true) assumption that

animals of the same strain are genetically completely identical

then the phenotypic variation within a strain is due to environ-

mental effects. Variance between strains provides a measure of

the extent to which genetic variation contributes to phenotypic

variation. So an estimate of the heritability of a trait can be ob-

tained as a ratio of variation between strains to the total variation

(between and within strain variance). For the red blood cell pheno-

types this gives a heritability of about 70% – in other words, about

70% of the variation in red blood cell counts between inbred strains

arise from the sequence variants that distinguish strains. While the

extent of heritability varies considerably between phenotypes, it is

rare to find instances where it less than 10%. Genetic effects on

phenotypic variation are therefore almost always important. This

observation means that genetic analysis is an entry point to the

study of almost any phenotype you can measure in mice. However,

as this article sets out to show, progressing from phenotype to se-

quence variant is a much more difficult procedure than demon-

strating that the phenotype has a heritable component.

2. Genetic mapping

There are two factors that have shaped approaches to mapping

the genetic basis of complex traits in mice: first, the existence of so

many inbred strains, and second the fact that most inbred strains

are related. The number and genetic consistency of inbred strains,

carefully maintained to reduce genetic contamination, provides an

unusual, almost unique, opportunities for genetic mapping. The

relatedness between strains however can complicate some of the

strategies employed. Below I consider these factors and their rela-

tionship to genetic mapping methodologies.

The utility of inbred strains for genetic mapping is best illus-

trated through the use of mice that contain one portion of their

genome from one strain, and the rest from a second strain. The

aim here, as elsewhere in this article is to find which sequence

variants contribute to the differences between strains (this is by
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no means the only object of genetic mapping, but I do not consider

here the many alternatives).

3. Chromosome substitution strains

We know from phenotype comparisons described above that

strains 129S1/SvlmJ and C3HeB/FeJ contain functional genetic vari-

ants that contribute to differences in red blood cell counts, but we

do not know howmany there are or where they are in the genome.

Suppose we create mice that have one chromosome from strain

C3HeB/FeJ, and the remainder from strain 129S1/SvlmJ. Such

strains are called chromosome substitution strains, for obvious

reasons, or consomic (for less obvious reasons). A full consomic pa-

nel for mapping consists in mice of 22 strains (19 autosomes, 2 sex

chromosomes and mitochondria), or 44 if a reciprocal set (with

both parents as progenitor donor) is used. Fig. 2 shows an example

of what might be found from comparing the phenotypes of four

such new inbred strains with 129S1/SvlmJ (the data are again

the red blood cell count whose provenance is described above).

In this case the strain that has chromosome 1 from C3HeB/FeJ (in

the figure shown as ‘‘chr 1”) clearly has a low RBC phenotype. Since

the difference between 129S1/SVlmJ and the chromosome 1 con-

somic is the C3HeB/FeJ sequence on chromosome 1, we can con-

clude that there must be one, or more, loci that contribute to the

strain difference in red blood counts on chromosome 1. Since the

trait is quantitative, the locus is referred to as a quantitative trait

locus or QTL. Analysis of chromosome substitution strains (CSS)

is a simple way of mapping QTL.

CSS have a long history in plant [3] and Drosophila genetics [4]

but have only been recently available to the mouse community.

CSS were first used to map QTL in mice in 1999 [5], theoretical as-

pects were described in 2000 [6] and the first complete CSS set,

created from A/J and C57BL/6J strains, was produced in 2004 and

used to detect QTLs across the mouse genome [7]. Since then addi-

tional sets of consomics have been developed: a second set was

created from crossing C57BL/6J to the inbred strain MSM/Ms, de-

rived from a Japanese wild mouse, Mus musculus molossinus [8];

a third set was developed from crossing C57BL/6J to PWD/Ph [9],

an inbred strain established from a pair of trapped wild mice of

Mus musculus musculus origin [10].

4. Recombinant inbreds and crosses between inbred strains:

intercrosses and backcrosses

Mapping to a chromosome is a start, but a long way from iden-

tifying a gene. I introduced the method first in this discussion as a

Fig. 1. The distribution of three phenotypes in 16 inbred strains of mice shown as box and whisker plots. The y axis label is the name of the phenotype; the x axis labels are

the strain names. Phenotypic data are from http://www.phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/aboutmpd.
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heuristic for mapping in general, and while it is a starting point

now for some investigators [11], it is still an uncommon approach.

Mapping within a chromosome relies on recombination; again

inbred strains play a critical role in the production and analysis

of recombinants.

Suppose we cross the chromosome one substitution strain to

129S1/SVlmJ and then mate the offspring to each other (an inter-

cross) (Fig. 3). Recombination between the identical chromosomes

will occur, but has no effect on the structure of the offspring’s chro-

mosomes. However, recombination on chromosome 1 produces a

chromosome with a patchwork of 129S1/SVlmJ and C3HeB/FeJ se-

quences. If we had animals with the same recombinant chromo-

some 1, for example in the middle of the chromosome so that

lower half is all 129S1/SVlmJ, then we could use the phenotype

comparison method described above. We compare them to the

CSS with the intact C3HeB/FeJ chromosome and if we find a differ-

ence in the RBC count, then we know the genetic effect has to lie in

the region of sequence difference, i.e., in the upper half of the chro-

mosome (Fig. 3). If there is no phenotypic difference, then the QTL

lies in the lower half of the chromosome. Further mapping could

proceed by finding animals with recombinants in the top or bot-

tom half of the chromosome, isolating those regions in inbred

strains, and testing for a phenotypic difference with the progenitor

strain (this process is identical to the creation and testing of con-

genic strains, described below).

Making animals with the necessary recombinants for mapping

in this way is far too time consuming, and is not carried out in

practice, but it provides an introduction to the use of recombinant

inbreds. Fig. 4 shows the result of an intercross, this time using just

one chromosome as an example. Siblings are then inbred, which

takes about 20 generations, so that they have the chromosome

structure shown at the bottom of the figure. Six new inbred strains

have been created, each a unique mixture of the two progenitor

chromosomes. The chromosome is broken up, but how do we

map? Comparison with the progenitor chromosome will not indi-

cate which region contains the QTL since each recombinant chro-

mosome is a patchwork. A significant difference would not tell

us which part of the chromosome contains the locus. Instead we

take a different approach. We compare the phenotypes of all re-

combinant chromosomes and find chromosome regions that the

high scoring and low scoring chromosomes have in common.

At the bottom of the figure is the mean red blood cell score for

each strain. The first, third and fifth strains have higher scores than

the others; these strains also share blue chromosomal material

(from strain 129S1/SvImJ), suggesting that the top of the chromo-

some contains the locus increasing the phenotype. Of course this

might be a chance finding, so we should test the result. We can

do this as follows. Assuming we know the origin of each part of

the chromosome, as shown in the figure, as either blue (B) or red

(R), then we can genotype the chromosome. For example the top

most portion of the chromosome the genotype of the first strain

is BB, the second RR, the third BB and so forth. Table 1 shows the

genotypes for the six strains, along the chromosome, together with

the RBC results for each strain. The association between RBC phe-

notype and genotype can be tested at each location by linear

regression. P-values are given in Table 1, along with the negative

logarithm of the P-value (base 10), an easier measure to use for

many applications, including plotting the results as shown in

Fig. 5. The log P is highest (P-value therefore lowest) at the left of

the figure, and this is where the locus is most likely to be (but note

the positions given in the figure correspond to the different geno-

types rather than to an absolute position on the chromosome).

Fig. 3. The results of crossing a chromosome 1 consomic to its progenitor. Only four

chromosomes are shown. The chromosomal structure is shown by colour, so that

blue indicates descent from 129S1/SvlmJ and red from C3HeB/FeJ. Production of the

inbred recombinant shown at the bottom of the figure is assumed to take a number

of generations (i.e., it is not simply the product of intercrossing the F2 shown in the

figure).

Fig. 4. The chromosomal structure of an F1, F2 and of recombinant inbreds. The

chromosomal structure is shown by colour, so that blue indicates descent from

129S1/SvlmJ and red from C3HeB/FeJ. Below the recombinant inbreds are shown

simulated results for their red blood cell counts (RBC).

Fig. 2. A simulated example of the distribution of red blood cell counts in four

consomic strains compared to 129S1/SvlmJ. The chromosomal structure of the

consomic strains is indicated by their name so ‘‘chr 1” means that all the

chromosomes are derived from 129S1/SvlmJ and chromosome 1 from the other

progenitor, C3HeB/FeJ.
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The principle illustrated by this simple example can be applied

to all chromosomes, not just the one shown in Fig. 5, and provides

a method to map genes to sub-chromosomal segments. The basic

approach, of obtaining genotypes along the chromosome and test-

ing their associating with the phenotype, applies to the other com-

monly used methods – mapping using intercrosses and

backcrosses.

Fig. 4 shows mice produced from an intercross. Like the recom-

binant inbreds, they have chromosomes derived from the two

inbred progenitors and like the recombinant inbreds they can be

genotypes along the chromosome. However, unlike the recombi-

nant inbreds they have heterozygote genotypes (RB), so that a

QTL with any mode of action can be detected (dominant, recessive

or additive). Also unlike recombinant inbreds the animal’s geno-

type cannot be reproduced, so there is a limit to the number of

phenotypes that can be tested on the same genotype. Backcrosses

lack homozygote genotypes of one progenitor, and have fewer

recombinants (the recombination density is half that of an inter-

cross), features that simplify the genetic architecture.

5. QTL location

The example illustrates a number of problems that will recur

throughout this article, some of which have been solved, some

not. The first problem is deciding the most likely position of the

QTL. Suppose we have results from two markers on the chromo-

some, both of which are significant. Is the locus in the middle of

the two markers, or closer to one or the other, or possibly outside

the interval? This problem has also been solved, using methods

that probabilistically reconstruct genotypes in intervals between

markers, assuming that the location of crossovers is random (that

there is no cross-over interference). The first solutions used maxi-

mum likelihood and estimate support for a QTL at a particular

recombination fraction (denoted by c) from the marker compared

to a model assuming no QTL [12]. Since this method gives two like-

lihoods, a natural way of representing the result is a likelihood of

odds or LOD score. The LOD is the logarithm (base 10) of the like-

lihood ratio test statistic for a particular value of the recombination

fraction (c):

LOD ¼ LRðcÞ=2 ln10 ¼ � LRðcÞ=4:61

Maximum likelihood estimates are normally distributed for

large sample sizes so the confidence intervals of the QTL position

and the effect size of the QTL can be obtained from the sampling

variance of the ML estimates (this is the justification for the one

LOD support interval [12] that indicates the 95% confidence inter-

val for the QTL).

Linear regression can be also be used (and is much easier to

implement) [13,14]. Assuming the phenotype is normally distrib-

uted, the regression estimates are equivalent to the maximum like-

lihood estimates. Again a test statistic is calculated at different

recombination fractions from a marker and the location that ex-

plains most of the variation in the phenotype (where r2 is maximal)

is taken as the most likely position of the QTL.

More recently algorithms for hidden Markov models (HMMs)

have been developed [15], which have the advantage that they

can take into account genotype errors and partially informative

markers. Markov chains are sets of random variables whose states

are conditionally independent. A set of observed variables (the ob-

served genotypes) is assumed to depend on a set of unobserved,

hidden variables (the true underlying genotypes). An initial proba-

bility given by the segregation model defines the initial hidden

state; transition probabilities give rise to the distribution of the

hidden Markov chain and are a function of recombination frac-

tions; the observed genotypes are then given by a set of emission

probabilities (that can include genotyping error and any other fac-

tors thought to be important). In QTL mapping the QTL genotypes

are simulated via their joint distribution conditional on the ob-

served data probabilities. Further descriptions of maximum likeli-

hood, regression and HMM methods are available in Lynch and

Walsh [16] and Broman and Sen [17].

6. Significance thresholds

The second problem concerns the significance of the result. The

P-value in the example in the table (P < 0.002, log P of 2.8) exceeds

the accepted threshold of P < 0.05, but does not take into account

the number of tests carried out. Six tests were performed. With

no significant difference between genotypes each test has a 1 in

20 chance of yielding a result less than 0.05, so if we carried out

20 tests we would expect at least one to be less than 0.05. Dividing

the P-value by the number of tests carried out is a simple solution

(this is a Bonferroni correction): the threshold then becomes 0.05/

6 = 0.008, which is exceeded in our example. Screening the genome

would mean testing more regions, so the significance threshold

will be much smaller, but the same principle applies.

There is a complication to this simple approach. Typically, we

do not know the position of recombination break points; they

are inferred from the genotypes of markers to distinguish the

strain origins of the chromosome. Since in an F2 or a backcross

Fig. 5. Results of mapping the using recombinant inbreds shown in Fig. 4 at six

markers (data are given in Table 1). The x axis gives the position in arbitrary units,

the vertical axis is the significance of the association, shown as a negative logarithm

(base 10) of the P-value (log P).

Table 1

The data are from a simulated experiment, where mice are genotyped at a diallelic

locus (with alleles R and B) and tested for association with variation in red blood cell

count (RBC). The significance of the result is shown both as a P-value and as a negative

logarithm (base 10) of the P-value (log P). The markers are given arbitrary names (Pos.

1–Pos. 6) representing their order on the chromosome.

RBC Pos. 1 Pos. 2 Pos. 3 Pos. 4 Pos. 5 Pos. 6 P-value log P

12.5 BB RR BB BB BB RR 0.002 2.76

10.3 RR BB BB BB RR BB 0.111 0.96

12 BB BB BB BB RR RR 0.547 0.26

9.6 RR BB BB RR BB RR 0.057 1.25

11.8 BB RR RR BB BB RR 0.874 0.06

9.9 RR BB BB RR BB RR 0.583 0.23
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each chromosome undergoes at most a handful of recombinants in

the single generation that scrambles the progenitor lines, a small

set of markers is sufficient to screen each chromosome (a few hun-

dred markers can be used to screen the genome). However, mark-

ers may often detect the same recombinants, so that the

information we obtain is, partly redundant. Put another way the

genotypes are correlated, due to linkage disequilibrium, so that

the statistical tests we carry out in mapping are not independent,

and the Bonferroni correction is too strict.

The problem of the dependency structure of statistical tests, and

an associated problem that the tests often assume a specific pheno-

typic distribution (normality), can be dealt with by permutation.

Churchill and Doerge proposed repeated shuffling of the trait values

at randomamongst the test subjects animals and re-analysis of each

shuffled data set [18]. This procedure generates a set of P-values,

whose distribution corresponds to that expected if there were no

detectable QTLs in the data. For example to obtain the significance

threshold for the data in Table 1, I re-order the phenotypes in rela-

tion to the genotypes and re-analyse the data, obtaining a new set

of P-values (0.54, 0.27, 0.35, 0.64, 0.19 and 0.82). I keep themost sig-

nificant result (0.19) and I repeat this process thousands of times,

each time keeping the most significant result. I then ask how often

I see, amongst the thousands of P-values I have generated, results

that are equal to, ormore significant than, themost significant P-va-

lue found in my data without re-arrangement. I find that about one

in every of 100 of the permuted results are more significant than

0.002, so my empirically derived P-value is about 1%.

While this method is robust and easy to implement, it makes

one critical assumption: that the animals are equally genetically

related [19]. It will not work for example when the data consist

of a set of families. Permutation among siblings will work (as they

are all similarly related) but not between families. Methods for

dealing with structured populations are available, and described

later; here the point to emphasize is that permutation cannot be

applied to all experimental designs (for example it is not appropri-

ate for advanced intercross lines or heterogeneous stocks).

7. Multiple QTLs

The mapping methods described above assume a single QTL is

associated with the phenotype. In fact the majority of quantitative

phenotypes arise from the joint effect of multiple loci. The models

described above test for the presence of a single locus, one interval

at a time, without taking into account the presence of other QTLs

(their effect is mopped up in a residual variance term). Why is it

bad to look for one QTL at a time?

The problem is that ignoring the conjoint effects of multiple

QTLs can bias the results. This happens in two ways. First linked

QTL, for example two or more QTLs in the same, or adjacent marker

intervals, can produce spurious peaks. Sometimes what appears to

be the largest peak is just an artefact of the mapping. Second, un-

linked QTL contribute to the phenotypic variation, in effect increas-

ing noise and reducing the power to detect loci.

Dealing with multiple QTLs is the third problem, after location

and significance thresholds, and it has been less well solved than

the other two. Composite interval mapping [20,21] and multiple

interval mapping [22] were introduced as ways to model multiple

QTLs, but they face the difficulty of having to cover an enormous

number of models: assuming just 100 markers and a simple addi-

tive model there are 3100 models in an intercross (three because

there are three genotypes) and exponentially more possibilities

when we allow for interactions. Forward and backward selection

can be used to reduce the search space (by adding in markers

one at a time and discarding those that do not increase the explan-

atory power of the model), but results can vary depending on the

order in which markers are added.

An alternative solution is to use Bayesian QTL mapping in which

a prior distribution of QTL models, QTL positions and effects is set

and a posterior estimated, given the data (see for example [23,24]).

Despite their forbidding complexity, and the unusual terminology

in which they are cloaked (posteriors and priors for example)

Bayesian approaches are much closer to how we weigh up evi-

dence for and against a hypothesis. Rather than estimating the

probability that a null hypothesis is incorrect, they start with rea-

sonable estimates of the parameters (number of loci and effect

size; these are the prior probabilities) and provide estimates that

these are correct (these are the posterior probabilities). Estimating

the posterior distribution is too complex to solve analytically and

so is usually approximated by sampling from a Markov chain

whose limiting distribution is the target posterior distribution (a

Markov chain Monte Carlo (MCMC)). Bayesian approaches avoid

the difficulty of testing an unknown number of QTLs with un-

known effect sizes and unknown interactions: all these can be esti-

mated from the posterior probability. However, specifying the

prior distributions is hard, as is choosing the appropriate MCMC

algorithm, the computational demands are intense (I have spent

3 weeks running a model for three loci among 100 markers), and

the interpretation of the posterior is not straightforward. But as

the methods are sill in their infancy it is likely that they may yet

displace the classical frequentist approaches described above.

8. Mapping resolution and the problem of gene identification

All of the three problems described above, QTL location, signif-

icance threshold and modeling multiple QTLs, have an impact on

our ability to find genes. They will recur throughout the subse-

quent discussion. Consider first Fig. 6, which shows the results of

mapping a QTL onto a single chromosome using an intercross de-

sign. The peak of the locus is at 85 centimorgans but the 95% con-

fidence interval is very broad – in fact encompassing about 40

centimorgans. Given an average gene density of 10 genes per meg-

abase and that in the mouse one centimorgan is about 2 megabases

in size, about 800 genes are potential candidates.

Initial approaches to gene identification relied upon the con-

struction of congenics as a way to reduce the interval. A congenic

is an inbred strain that contains one segment of a chromosome

from one strain, all the rest from the other, as shown in Fig. 3. Re-

peated back crossing to isolate increasingly smaller segments

could, in theory, allow the identification of the gene involved, an

idea that still motivates attempts at QTL cloning. And while there

have been some successes using this approach [25], a much com-

moner outcome is the discovery that there is no single effect, but

multiple, physically linked small effects. There are a large number

of examples of this phenomenon, including QTLs influencing sei-

zures [26], obesity [27], growth [28], blood pressure [29–33], dia-

betes [34], antibody production [35] and infection [36].

Alternative approaches to gene identification have taken three

routes. The first of these is to use recombination to break up chro-

mosomes so that there is less linkage disequilibrium (LD) (in other

words lower correlation between genotypes at different markers).

Simply put, lower LD means higher resolution, which comes at the

price of needing more markers to screen the genome, but this

objection is balanced, if not outweighed, by falling genotype costs.

Two sources of additional recombinants have been used: more ani-

mals and more generations.

9. The Collaborative Cross

Until recently the number of recombinant inbreds (RIs) avail-

able to mouse geneticists has been relatively small. The widely

used panel of BXD RIs consists of 26 lines. QTLs have to account
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for more than half the additive genetic variance to be detected in

the BXD and are mapped into regions of tens of megabases.

Increasing the number of RIs increases the power to detect a

QTL and also increases resolution [37]: a panel known as the

LXS (because derived from long and short alcohol induced sleep)

consists of 77 strains is estimated to map QTLs into regions with

2–20 Mb resolution [38] and the development of a novel set of 46

BXD lines is estimated to have doubled the number of recombi-

nants [39].

In addition to these panels, other inbred resources have been

created for mapping. Subconsomic strains have been created by

transferring segments of individual autosomes of DBA/2J onto

C57BL/6J [40] (95% of autosomes are covered); 40 subconsomic

strains were created from CAST/Ei crossed onto C57BL/6J [41]

(80% of CAST/Ei autosomes are covered). An additional resource

comes from the creation of interspecific recombinant congenic

strains between C57BL/6 and mice of the Mus spretus species [42].

However, the most ambitious attempt to provide a high-resolu-

tion mapping resource is the development of the Collaborative

Cross (CC) [43]. The CC is descended from eight divergent strains

of mice: five classical inbred strains (A/J, C57BL/6J, 129S1/SvImJ,

NOD/LtJ and NZO/H1LtJ) and three wild-derived strains (CAST/EiJ,

PWK/PhJ and WSB/EiJ) were selected as founders of the CC. In each

mouse the average distance between recombinants is approxi-

mately 12 Mb, and the QTL mapping resolution is expected to be

about a megabase [44].

The CC has generated considerable interest not only because it

is expected to be the largest RI panel created, with more than

1000 lines being inbred [45–47]. It has another unique feature: it

was designed to capture more genetic diversity than other re-

sources. This is important because a resource that has variation

distributed throughout the genome can be used to interrogate

the effects of all genes on a phenotype. It avoids having blind spots,

regions of the genome where there is no variation. A systematic

breeding design used to create the CC ensures the genetic contribu-

tion of each of the eight founder strains is equivalent, so that, when

averaged across all CC lines, the allele frequency at each locus will

be approximately 0.125. Analysis of the CC indicates that its distri-

bution of polymorphism is representative of natural populations

and that it is suited to systems biology applications analysis [48].

Once genotyped, mapping of almost any conceivable trait will

be possible in the CC. And since the same genotype will be interro-

gated, an almost limitless amount of information can be accumu-

lated, from molecular through to the level of the whole

organism. Furthermore, F1 hybrids created from pairs of CC lines

will be a reproducible source of heterozygous animals, therefore

modeling what is found in wild populations. The possibility of trac-

ing the impact of genetic variation, through cellular and organ level

variation to whole body phenotypes is exciting; realizing this po-

tential will require large-scale phenotyping, on the scale currently

employed of analysing the products of mutagenesis experiments

[49] and the genome-wide knockouts. Maintaining the 1000 or

so CC lines poses significant challenges.

Logistic issues aside, there are two scientific issues that remain

unresolved. The first is how data from the CC can be used to iden-

tify genes. Mapping to the resolution of a megabase will identify

about 10 genes, and though the use of F1s can be used to reduce

the interval, it is unlikely that creating crosses will be a practical

solution given the extremely large number of loci that will need

to be dissected. The second is how best to integrate the multiple

sets of data to address biological questions. An example of how

this might be done is found in work integrating expression and

phenotypic data, where attempts have been made to model causal

relationships between genotype, transcript abundance and pheno-

typic variation [50,51]. This point is discussed later.

10. Historical recombinants: advanced intercross lines

Continued intercrossing reduces linkage disequilibrium and,

with increasing numbers of generations the proportion of recombi-

nants between any linked loci approaches 0.5, in other words ap-

proaches linkage equilibrium [52]. Thus one way to increase

mapping resolution is to use a cross that has accumulated recom-

binations over many generations [53,54]. For instance, rather than

mapping in an F2, map in an F10. Darvasi and Soller showed that so

doing would increase mapping resolution fivefold; there are

diminishing returns from using later generations. As shown by

simulation (Fig. 7), this depends in part on the population size,

but given the time needed to create even an F10 laboratories have

not used advanced intercross lines (AILs) with more generations.

AILs have been used to fine-map collagen-induced arthritis

QTLs [55], fear-related behaviour [56], lung cancer susceptibility

[57], high density lipoproteins [58] and trypanosomiasis resistance

[59]. The method certainly reduces the size of the QTL confidence

interval but suffers from two problems. The first is that genetically

relatedness between individuals in a population of AILs varies, un-

like an F2 where all animals are siblings. There is population struc-
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Fig. 6. Mapping QTLs using an intercross: results on a single chromosome. The vertical axis shows the significance of the association expressed as a likelihood of odds or LOD

score. In an intercross the LOD score is identical to a log P (negative logarithm (base 10) of the P-value) so the peak can be read as having a P-value of 10�25. The dotted red

lines indicate the extent of the 95% confidence interval.
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ture that violates assumptions about independence upon which

some genetic analyses depend. This is particularly bad when, as of-

ten happens, AIL populations used for mapping are generated from

multiple litters from the same families. False positives will occur if

structure is ignored: long-range correlations between genetic

markers occur so that it is sometimes possible to predict the geno-

type of a marker on one chromosome by the genotype on another.

These long-range correlations are due to partial fixation of pairs of

haplotype blocks within subsets of the population. There are solu-

tions to this problem, correcting for genetic relatedness using

mixed model association [60] or model averaging approaches

[61], although their implementation can be daunting. The second

problem is more intractable: resolution is still insufficient to iden-

tify genes. To date, no AIL experiment has led to the identification

of a gene at a mouse QTL.

11. Historical recombinants: heterogeneous stocks

Heterogeneous stocks (HS) are an extension of AILs, in that they

are outbred mice derived from inbred strains, but there are two

differences: HS descend from more than two strains (eight in the

extant stocks) and the number of generations of breeding is many

more than for AILs (greater than 50). The latter means that HS have

higher mapping resolution: QTLs typically are mapped into inter-

vals of less than three megabases [62]. An HS can deliver higher

mapping resolution than an AIL because of the larger number of

differing chromosomes with which the stock is seeded, but, as with

the AIL, there are diminishing benefits with increasing generations.

To some extent this can be alleviated by a larger population size,

since, assuming random mating, the time required for a neutral al-

lele to go to fixation in a population is approximately equal to four

times the effective population size [63].

In practice HS are maintained with no more than 40 mating

pairs. These small breeding populations used to maintain an HS

mean that, as with the AIL, analyses of an HS have to take into ac-

count population structure, and the same solutions apply [60,61].

Note that model averaging mapping results are not returned as a

P-value of the association between phenotype and locus. Rather

we obtain the expected proportion of times a genetic predictor is

included in a multilocus model, given by a Monte Carlo estimate,

termed a resample model inclusion probability (RMIP). An RMIP

of 1 would indicate that the locus is included in every resampling,

an RMIP of 0.5 that the locus is included in half the resamples and

so on. This does not easily translate into a false positive or false

negative value and unfortunately the meaning of an RMIP is not

universal: it depends on the experiment. Simulation is necessary

in order to interpret it as a probability of a QTL and different map-

ping populations require individual calibration.

There are currently two mouse HS available. The oldest was first

bred by McClearn and is an eight-way cross of C57BL/6, BALB/c,

RIII, AKR, DBA/2, I, A/J and C3H inbred mouse strains [64]. The

more recent, established by Hitzemann, descends from A/J, AKR/J,

BALBc/J, CBA/J, C3H/HeJ, C57BL/6J, DBA/2J and LP/J [65]. The strain

origins are important since they are used in mapping and for this

reason the Hitzemann HS is preferred since the strain designations

of the McClearn stock are not unambiguous. DNA from all progen-

itors is needed for mapping in an HS. Markers used for genotyping

are usually single nucleotide polymorphisms (SNP) and so have

fewer alleles (two) than the number of haplotypes segregating in

the cross (eight). Consequently genotyped markers do not unam-

biguously identify the underlying strain haplotype with the result

that observed genotypes may not reflect the underlying haplo-

types. This means that QTLs can be missed by single marker asso-

ciation analysis that ignores strain haplotypes [66]. A solution to

this problem is reconstruct haplotypes, based on the recombina-

tion distance between markers and the known progenitor alleles.

For this to work a good recombination map is needed [67] and ac-

cess to the genotypes of the progenitors. Mapping then occurs by

associating the probabilistically reconstructed haplotypes at each

locus in the genome with the phenotype [66]. Evidence for the

location of QTLs is then provided within a framework that takes

into account population structure. Small effect QTLs have now

been mapped to subcentimorgan resolution using heterogeneous

stock mice [62,66,68–70].

12. Historical recombinants: outbreds

None of the approaches described before gives gene-level reso-

lution. In some species, in outbred populations linkage disequilib-

rium is often low enough to map genetic effects into regions of a

few kilobases. There have been few analyses of the genetics of wild

mice [71], but an assessment of linkage disequilibrium in mice

caught in Arizona demonstrated that the decay in linkage disequi-

librium with physical distance is comparable to that found in hu-

man populations: the 95th percentile of the genotype correlation

(r2) decreases to less than 0.4 within 100 kb [72].

The LD structure of wild mice indicates that it would be possible

to map to the level of individual genes, using mapping strategies

developed in human genome-wide association studies. Conceptu-

ally, the methodology is an extension of the methods previously

described, except now employed on a grand scale. Each marker is

tested for association with the phenotype, for example by analysis

of variance, but because of the low LD rather than needing a few

hundred markers (as in an F2 intercross) or a few tens of thousands

of markers (as in an HS analysis), a genome-wide analysis needs

millions of markers to obtain reasonable coverage. Complications

arise due to variation in LD and variation in allele frequency, but

many of analytical the issues have been resolved and appropriate

software developed (see for example [73]).

The use of wild mice for mapping quantitative traits is likely to

suffer fromall of the same problems that afflict associationmapping

in human studies [74]: tens of thousands of subjects will be needed

for robust detection of common causal variants and the majority of

thegenetic variance is likely to remainunexplained, evenusing large

Fig. 7. Simulation results for the confidence interval of a QTL, showing the effect of

increasing the number of generations (x axis). The confidence interval is plotted on

the y axis in centimorgans (cM). The effect of changing population size is also

shown, with results for three breeding populations of size 50, 150 and 1500.
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sample sizes, because wild populations are likely to contain large

numbers of rare variants contributing to phenotypic variation. And

wildmice present problems of their own: phenotyping will be diffi-

cult (their health status forbids their import into any clean animal

facility), behavioural testing will be particularly challenging; there

is also evidence for population structure [72].

One alternative is to use outbred mice from commercial suppli-

ers such as Harlan and Charles River Laboratories. The colony sizes

are often in the thousands (animals are used by pharmaceutical

companies for toxicology experiments and often need thousands

of animals), so that there is less likelihood of the complications that

affect AIL and HS populations. LD in some outbred stocks (MF1) has

been shown to allow high-resolution mapping [75]. Outbred CD1

mice have been used to fine-map a susceptibility locus for pulmon-

ary adenoma [76]; outbred MF1 were used to identify rgs2 as a

gene influencing anxiety [77].

However, mapping resolution is not the only measure of the

likely usefulness of the mice for mapping genes. Low LD occurs

in large populations maintained for many generations but an

unfortunate corollary is the presence of rare alleles. This is because

allele frequencies drift to extremes and new, rare, alleles arise as a

consequence of mutations. The more rare alleles in a population,

and the more they contribute to phenotypic variation, the more

difficult it will be to detect QTLs using genome-wide association

strategies that genotype only common alleles.

Most outbred stocks are known to derive from animals from a

single population, such as the ‘Swiss’ stocks which descend from

two male and seven female imported from Lausanne, Switzerland

[78]. Available sequencing data indicates that commercially avail-

able outbred stocks originated from mice genetically similar to

inbred strains and that almost all of the genetic variants can be

found in classical laboratory strains [77]. Haplotype reconstruction

demonstrates how variants in the outbreds can be modeled as

descending from inbred progenitors [77]. The limited sequence

diversity means it is possible to impute the sequence of any com-

mercially available mouse from the sequences of inbred strains.

Thus the full catalogue of sequence variation in a stock could be

obtained by sequencing the inbred strains presumed to be foun-

ders for it, and genotyping the stock at a skeleton of SNPs. There-

fore, we should be able to detect the effect of all variants, a

situation that has so far eluded studies in completely outbred

populations.

13. Historical recombinants: inbreds

Another source of recombinants lies in the origin of laboratory

strains. Just as AIL and HS are descended from a small number of

chromosomes, the inbred strains themselves are the product of a

small number of progenitors [79,80]. The common laboratory

strains have a complicated origin that has left an imprint on the

structure of their chromosomes.

Distinct subspecies of M. musculus are present in largely non-

overlapping regions of the world [81]. Wild house mice in Asia

(M. musculus musculus) and in Europe (M. musculus domesticus, also

present in the Americas and Australia following human emigra-

tion) diverged about 1 million years ago. Apart from a hybrid zone

in Eastern Europe, the two subspecies live separately. Mice from

Asia (musculus, castaneus andmolossinus) were bred with European

(domesticus) subspecies to produce fancy mice in the nineteenth

century, and inbred in the twentieth inbred to create laboratory

strains of mice. Consequently, laboratory mice have genomic seg-

ments derived from different subspecies of M. musculus and from

different chromosomes in these subspecies.

Since a QTL must be contained in a region where sequence

divergence corresponds to genetic action, QTLs can be excluded

wherever there is identity by descent, and included in regions

where the strain distribution pattern of sequence variants agrees

with that of the QTL alleles [68,82–84]. It should be possible to

map QTLs by treating laboratory strains as a set of recombinant in-

breds, whose chromosomes have a very fine-grained mosaic struc-

ture, potentially providing very high level mapping resolution

[85,86].

The pattern of sequence variation between inbred strains ini-

tially suggested that the distribution of polymorphisms had a rel-

atively simple mosaic structure, consistent with the derivation

from a small number of Asian and European stocks [87–89]. We

now know that the picture is more complex [90–92]. Using a set

of 8.3 million SNPs two groups performed a detailed reconstruction

of the phylogenetic reconstruction of laboratory mice [93,94].

Comparisons between classical strains found that between 36%

and 62% of the genome was identical by descent. Among the 11

classical strains analysed, about 10% of the genome was found to

be identical by descent. On average, 9% of the genome had a differ-

ent subspecific origin between any given pair of classical strains,

whereas 91% of the genome shared the same subspecific origin.

In principle, mapping using the inbred strains is just like map-

ping using recombinant inbreds: by establishing phylogenetic rela-

tionships amongst inbred strains from sequence information, it is

possible to identify regions that are identical by descent. The prob-

lem is that in contrast to a set of recombinant inbred strains where

genotyping unambiguously defines descent so that genetic identi-

ties can be associated with phenotypic similarities, finding se-

quence variants shared by a set of inbreds does not guarantee

their descent from a common ancestor. Results from the SNP stud-

ies described above indicate that the most common strain distribu-

tion patterns in classical strains are found on average in almost half

of mouse chromosomes, which will give rise to false positives in

genetic mapping studies [93,94].

The low power of using inbreds in this way (sometimes called in

silico mapping) has been shown by a number of groups [95–97]. As

with AIL and HS, the complex relatedness requires methods that

deal with population structure [60,61]. There are, unfortunately,

a number of studies, that have not applied such methods, so that

it is not clear how many of the reported successes of mapping

are false positives [98,99].

The statistical power of in silicomapping is only high for pheno-

types when the background genetic effect is low or for large genet-

ic effects [97]. There is little doubt that in silico mapping is very

effective for monogenic highly penetrant mutations [85,87,100].

The problem is that in silico mapping does not perform well in

detecting small effect loci [100]. As discussed later, almost all QTLs

are small effect. Current attempts to increase the power of in silico

approaches involve increasing sample sizes (combining 29 classic

inbred strains and three sets of recombinant inbred (RI) strains

to obtain 100 lines [101]) and imputing high density SNPs on 94

strains [97]. These improvements have indeed detected smaller ef-

fects, but the strength of the signal remains weak.

14. Genes: knock outs, complementation and transcripts

Genetic mapping, even if carried to the resolution of a single

nucleotide, does not identify genes, only functional variants, which

may be at some distance, physically, from the genes they influence.

Where the variant interrupts a protein-coding gene, or otherwise

disrupts gene function in a recognized fashion, knowing the se-

quence variant will aid gene identification (though it does not

prove it). One of the clear results from high-resolution mapping

in humans is that QTLs do not lie in coding regions [102], often

in fact they lie completely outside genes, in regions whose function

remains obscure. There is every reason to suppose that the same
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will be true of the molecular basis of quantitative traits in mice.

This makes gene identification hard.

One solution is to work at the level of genes, rather than se-

quence variants. A simple test that a gene is involved in a pheno-

type is whether a knockout has an abnormal phenotype [103].

The availability of large numbers of engineered mutations makes

this approach relatively easy, though time consuming (especially

if the knockout is only available as an embryonic stem cell line).

But it does not prove that the QTL acts either at or through the

gene. QTL alleles as mentioned above are rarely knockouts; they al-

ter gene function in other ways, which are not necessarily modeled

by the null allele, and there are plenty examples in genetics where

contrasting phenotypes can be attributed to different alleles at the

same gene [104]. Moreover some phenotypes, such as height or

weight, are influenced by so many gene that upwards of a third

of all knockouts may show a phenotype [105]. Relying on knock-

outs to implicate a gene at a QTL can therefore give both false neg-

ative and false positive results.

However, knockouts can be used in quantitative complementa-

tion tests, or QTL-knockout interaction [106] to test the candidacy

of a gene at a QTL. The test is not complementation in its classical

form because it is testing for an interaction between the null allele

and the QTL, rather than for a main effect of either and for this rea-

son the name QTL-knockout interaction test is preferable [107]. An

inbred animal bearing one QTL allele (for example ‘high’) is mated

to an inbred animal with a null allele of the gene of interest (‘m’)

and also to the co-isogenic wild type animal (‘wt’). A similar pair

of crosses is established, but this time using an inbred strain with

the alternative QTL allele (‘low’). If the difference in mean pheno-

type between the high/m and low/m genotypes is greater than that

between the high/wt and low/wt genotypes there is evidence of

quantitative failure of the mutation to complement the QTL alleles.

This is detected as a statistical ‘Cross’ (m or wt) by ‘Line’ (high or

low) interaction in a two-way analysis of variance.

A significant interaction indicates that the wt gene is under the

control of a QTL allele on the homologous chromosome. It should

be noted that the test does not implicate any particular QTL, which

could be anywhere on the genome where the high and low strains

differ. The method has been used to identify one gene (Rgs2) [77]

but has yet to be applied in a systematic fashion to the thousands

of QTLs discovered in the mouse.

An alternative that has gained considerable attention is to look

for an association between variation in phenotype and transcript

abundance. A significant association implicates the gene responsi-

ble for the transcript, but it is possible that the phenotype alters

transcript abundance, rather than the other way round, so on its

own the association does prove that the gene is casually related

to the phenotype. Comparing a statistical model in which genetic

variation contributes to transcript variation and that in turn con-

tributes to phenotypic variation, with alternative non-causal mod-

els, is one way to implicate a gene [51]. This approach can be

extended by associating an entire network of transcripts to a phe-

notype [50] thereby moving beyond just finding a gene to identify-

ing a mechanistic pathway. For example variation in a

macrophage-enriched metabolic network of transcripts with corre-

lated expression was found to have a causal relationship with

obesity, diabetes and atherosclerosis-associated traits [50].

Schadt argues that the identification of the macrophage-en-

riched metabolic network highlights several important features

of the network approach to understanding disease: ‘‘first, the net-

work analyses revealed hundreds of disease-causing genes acting

together in coherent networks; second, within a given network

supported as being causal for disease, perturbing individual genes

supported as being causal for disease affected the state of the net-

work; and, third, DNA and other sources of variation in one species

can be used to construct disease networks that are relevant in a

second species and that act as sensors for many sources of varia-

tion” [108]. The emphasis on large-scale networks as functional

units pushes gene identification to one side, moving closer to bio-

logical mechanism. But to do so requires interrogating expression

of the entire genome, presumably in multiple tissues at multiple

time points, with correspondingly huge data sets requiring sophis-

ticated mathematical algorithms for their interpretation.

Apart from the forbidding analytic complexity of this approach

(we lack measures of the sensitivity and specificity of the causal

modeling method) it remains unclear to what extent linkage dis-

equilibrium between QTL and variants that alter expression in

neighbouring genes could account for the results: at least part of

a network of correlated gene expression could arise because of

LD between SNPs in the promoters of genes of unrelated function

that happen to lie next to each other on the chromosome.

15. Genetic architecture of quantitative traits in mice

Genetic mapping has identified thousands of QTLs in mice; gene

identification remains slow, and in very few instances do we know

the nature of the sequence variation that gives rise to quantitative

variation in the mouse. However, we do now know a considerable

amount about the genetic architecture of complex traits. This

information is important, not merely in its own right, but because

it should help design studies that identify genes. In this section, I

summarize briefly what we know. More details are given in [102].

First the effect sizes of QTLs are small. Fig. 8 plots the effect

sizes of about 900 QTLs detected in an HS experiment [62]. The

phenotypes include a range of physiological, anatomical, haemato-

logical, biochemical and immunological traits. With very few

exceptions the majority of QTLs explain less than 3% of the varia-

tion in a phenotype. This is larger than the average effects found

in completely outbred populations, because of the reduced genetic

diversity in the HS mice, but less than in inbred strain crosses

where a similar summary of many phenotypes finds an average

of QTL effect size of about 5% [109].

Fig. 9 compares the heritability of each phenotype (on the

horizontal axis) to the number of QTLs detected [62]. There is a

clear linear relationship: the larger the heritability the more QTLs

detected. This means that mapping a highly heritable phenotype

increases the chances of detecting a QTL because there are more

loci to detect, rather than that large effects are more prevalent.

Second, context dependent effects are very common [110]. The

top panel of Fig. 10 shows the effect of experimenter on a fear-re-

lated measure (entries into the open arms of an elevated plus

Fig. 8. The effect size (expressed as the proportion of variance attributable to the

locus) for 843 QTLs mapped in an HS population of mice. Data are from [62].

J. Flint /Methods 53 (2011) 163–174 171



maze). There is variation between experimenters and overall the

effect is significant but the effect is relatively small, accounting

for about 5% of the variation. However, the effect depends in part

on the genotype of the animal. This is illustrated in the bottom pa-

nel of Fig. 10 where it can be seen that experimenter 10 elicits a

large genetic effect; experimenter 2 none at all. Also the direction

of effect differs: at the hands of experimenter 10 and 5 animals

with the TT genotype become more anxious, but become less anx-

ious the hands of experimenter 4. Overall the interaction effect is

large, at least twice as large as the effect of experimenter alone.

A survey of environmental effects, indexed by variation in the time

when a phenotype was measured, showed that the effect of inter-

action is extremely large: in aggregate the total effect of interac-

tions with the environment is at least as important as that of

immediate heritability [62].

The small size of the effects, together with their context depen-

dency, are indications of the challenge facing attempts to identify

quantitative trait genes in the mouse. It is unlikely that any single

method will be appropriate, no single resource will meet every

investigators needs. However, the shift towards interest in systems

approaches, coupled with the falling costs of whole genome

sequencing, and the development of new complex trait resources,

may allow significant inroads to be made into one of the most dif-

Fig. 10. Context dependent genetic effects. The top panel shows the effect of experimenter (plotted on the x axis) on a fear-related measure in mice, time in the open arms of

an elevated plus maze, plotted on the y axis. The bottom panel shows the effect is dependent on genotype. Results are shown for a single marker with three genotypes (AA, AT

and TT) shown on the x axis. The distribution of the phenotype associated with each genotype is shown separately for each experimenter.

Fig. 9. The relationship between heritability, plotted on the x axis, and the number

of QTLs detected, plotted on the y axis. Data are from 843 QTLs mapped in an HS

population of mice [62].
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ficult problems in mouse genetics: understanding the molecular

basis of common, quantitative variation.
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Introduction 

The objective of genetic mapping is to identify QTL responsible for natural 

phenotypic variation. Two strategies have been widely applied to genetic mapping in 

plants: (1) linkage mapping and (2) association or linkage disequilibrium (LD) 

mapping.  

Linkage mapping, a conventional mapping method, depends upon genetic 

recombination during the construction of mapping populations. Over the past two 

decades, linkage mapping has been commonly used in various plant species, and many 

QTL have been cloned or tagged. However, linkage mapping has the disadvantages of 

relatively low mapping resolution, low allele richness, and low speed. Association 

mapping, as a complement to linkage mapping, takes advantage of historic 

recombination events accumulated over hundreds of generations, thus providing 

higher resolution and greater allele numbers  

Since human diseases were successfully dissected, association mapping has 

been applied to crops. Following its introduction to crops association mapping has 

attracted increased attention in genetic studies. Owing to the dramatic reduction in 

costs of sequence technologies, association mapping has been conducted in plants 

from the model plant Arabidopsis thaliana to many major crops. The key distinction 

between association and linkage mapping lies in whether recombination events occur 

in populations or families. However, both of these methods share a consistent strategy 



for identifying molecular markers that are linked to QTL. As we step into the era of 

complete genome sequencing, the difference between the two methods will disappear .  

For organisms whose genomes are known, one might now try to exclude genes 

in the identified region whose function is known with some certainty not to be 

connected with the trait in question. If the genome is not available, it may be an option 

to sequence the identified region and determine the putative functions of genes by their 

similarity to genes with known function, usually in other genomes. This can be done 

using BLAST, an online tool that allows users to enter a primary sequence and search 

for similar sequences within the BLAST database of genes from various organisms. It 

is often not the actual gene underlying the phenotypic trait, but rather a region of DNA 

that is closely linked with the gene. 

Another interest of statistical geneticists using QTL mapping is to determine the 

complexity of the genetic architecture underlying a phenotypic trait. For example, they 

may be interested in knowing whether a phenotype is shaped by many independent 

loci, or by a few loci, and do those loci interact. This can provide information on how 

the phenotype may be evolving. 

In a recent development, classical QTL analyses were combined with gene 

expression profiling i.e. by DNA microarrays. Such expression QTLs 

(eQTLs) describe cis- and trans-controlling elements for the expression of often 

disease-associated genes. Observed epistatic effects have been found beneficial to 

identify the gene responsible by a cross-validation of genes within the interacting loci 

with metabolic pathway- and scientific literature databases. 

The process of QTL mapping involves the following major steps, such as:  
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a) Development of appropriate mapping population [F2 or Fx derived families, 

backcross (BC), double haploids (DH), recombinant inbred lines (RILs) and near 

isogenic lines (NILs)],  

b) Precise phenotyping for related traits (morphological characters, agronomic traits, 

disease and pest scores, drought resistance, etc.)  

c) Deciding the type of marker(s) and identification of polymorphism,  

d) Genotyping of the mapping populations with polymorphic markers,  

e) Construction of genetic maps using statistical programs and f) QTL mapping using 

both genotypic and phenotypic data 

Analysis of variance 

The simplest method for QTL mapping is analysis of variance (ANOVA, 

sometimes called "marker regression") at the marker loci. In this method, in a 

backcross, one may calculate a t-statistic to compare the averages of the two 

marker genotype groups. For other types of crosses (such as the intercross), where 

there are more than two possible genotypes, one uses a more general form of ANOVA, 

which provides a so-called F-statistic. The ANOVA approach for QTL mapping has 

three important weaknesses. First, we do not receive separate estimates of QTL 

location and QTL effect. QTL location is indicated only by looking at which markers 

give the greatest differences between genotype group averages, and the apparent QTL 

effect at a marker will be smaller than the true QTL effect as a result 

of recombination between the marker and the QTL. Second, we must discard 

individuals whose genotypes are missing at the marker. Third, when the markers are 

widely spaced, the QTL may be quite far from all markers, and so the power for QTL 

detection will decrease. 
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1. Interval mapping 

Lander and Botstein developed interval mapping, which overcomes the three 

disadvantages of analysis of variance at marker loci. Interval mapping is currently the 

most popular approach for QTL mapping in experimental crosses. The method makes 

use of a genetic map of the typed markers, and, like analysis of variance, assumes the 

presence of a single QTL. In interval mapping, each locus is considered one at a time 

and the logarithm of the odds ratio (LOD score) is calculated for the model that the 

given locus is a true QTL. The odds ratio is related to the Pearson correlation 

coefficient between the phenotype and the marker genotype for each individual in the 

experimental cross.  

The term 'interval mapping' is used for estimating the position of a QTL within 

two markers (often indicated as 'marker-bracket'). Interval mapping is originally based 

on the maximum likelihood but there are also very good approximations possible with 

simple regression. 

The principle for QTL mapping is: 1) The Likelihood can be calculated for a 

given set of parameters (particularly QTL effect and QTL position) given the observed 

data on phenotypes and marker genotypes. 2) The estimates for the parameters are 

those where the likelihood are highest. 3) A significance threshold can be established 

by permutation testing.
]
 

Conventional methods for the detection of quantitative trait loci (QTLs) are 

based on a comparison of single QTL models with a model assuming no QTL. For 

instance in the "interval mapping" method the likelihood for a single putative QTL is 

assessed at each location on the genome. However, QTLs located elsewhere on the 

genome can have an interfering effect. As a consequence, the power of detection may 

be compromised, and the estimates of locations and effects of QTLs may be biased 

https://en.wikipedia.org/wiki/Genetic_map
https://en.wikipedia.org/wiki/LOD_score
https://en.wikipedia.org/wiki/Pearson_correlation_coefficient
https://en.wikipedia.org/wiki/Pearson_correlation_coefficient
https://en.wikipedia.org/wiki/Quantitative_trait_locus#cite_note-22


(Lander and Botstein 1989; Knapp 1991). Even nonexisting so-called "ghost" QTLs 

may appear (Haley and Knott 1992; Martinez and Curnow 1992). Therefore, multiple 

QTLs could be mapped more efficiently and more accurately by using multiple QTL 

models. One popular approach to handle QTL mapping where multiple QTL 

contribute to a trait is to iteratively scan the genome and add known QTL to the 

regression model as QTLs are identified. This method, termed composite interval 

mapping determine both the location and effects size of QTL more accurately than 

single-QTL approaches, especially in small mapping populations where the effect of 

correlation between genotypes in the mapping population may be problematic. 

2. Composite interval mapping (CIM) 

In this method, one performs interval mapping using a subset of marker loci as 

covariates. These markers serve as proxies for other QTLs to increase the resolution of 

interval mapping, by accounting for linked QTLs and reducing the residual variation. 

The key problem with CIM concerns the choice of suitable marker loci to serve as 

covariates; once these have been chosen, CIM turns the model selection problem into a 

single-dimensional scan. The choice of marker covariates has not been solved, 

however. Not surprisingly, the appropriate markers are those closest to the true QTLs, 

and so if one could find these, the QTL mapping problem would be complete anyway. 

3. Family-based mapping  

3.1. Biparental populations  

The first and most important step in family-based mapping is constructing 

experimental populations, which may be biparental populations such as F2, 

backcrosses (BC), doubled haploids (DH), recombinant inbred lines (RIL), and near-

isogenic lines (NIL). These commonly used populations with their strengths and 

weaknesses. The general process of biparental mapping includes: (1) collection of 
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parental strains that differ for traits of interest, (2) selection of molecular markers such 

as RFLP, SSR and SNP that distinguish between the two parents, (3) development of a 

mapping population, (4) genotyping and phenotyping of the mapping population; and 

(5) detection of QTL using a suitable statistical method. The power of QTL detection 

is affected by QTL effects, allele frequencies, and the type and size of the mapping 

population. Biparental mapping has proven to be useful in crop breeding. The main 

limitation of a biparental population is that only a few recombination events occur 

during the development of the population, allowing the localization of QTL to 10–20 

cM intervals. Additionally, detection of QTL in biparental populations depends on the 

phenotypic diversity of the two parents, which may account for only a small part of the 

genetic variation in the species.  

3.2. Multiparent mapping populations  

Multiparent mapping populations have been constructed to overcome the 

limitations of biparental populations. The genetic diversity of multiple parents leads to 

a population with large phenotypic diversity, making it suitable for high-resolution 

QTL mapping. Increasing in popularity are two experimental designs of multiparent 

populations that include nested association mapping (NAM) and multiparent advanced 

generation intercrosses (MAGIC). Recently published multiparent mapping studies in 

crops are summarized in Table 2. NAM is an excellent multiparent population design 

for dissecting the genetic architecture of maize flowering time. A NAM population 

was created by crossing 25 diverse inbred maize lines to the B73 inbred, chosen as a 

reference line, resulting in 5000 RILs from 25 families, with 200 RILs per family. As 

a combination of several high-resolution biparental populations in one large 

population, the NAM population affords very high resolution and power for detecting 

QTL. In maize, a NAM population has been used for large-scale genetic mapping for 

several important traits including leaf architecture and disease resistance. Compared 



with other multiparent populations, MAGIC populations involve intermating multiple 

inbred founders for multiple generations prior to the construction of inbred lines, 

considerably improving the precision of QTL detection. Undoubtedly, MAGIC 

populations offer great opportunities for dissecting complex traits and improving 

breeding populations. Statistical approaches for QTL mapping in MAGIC populations 

have become available, some of them based on the general linear model (GLM) used 

in biparental populations . 

4. Natural population-based mapping  

With the advantages of high resolution, high allelic richness, and absence of 

need of the tedious development of a mapping population, natural population-based 

mapping has become a powerful tool for detection of natural variation underlying 

complex traits in more than a dozen crops since 2001. They consist of first, collection 

of a sample population including elite cultivars, landraces, wild relatives, and exotic 

accessions; second, phenotyping traits, estimating broad-sense heritability of traits of 

interest and determining the genotypes of the population entries, either for candidate 

genes or genome-wide; third, quantification of the LD extent of the selected 

population; fourth, identification of the influence of population structure and kinship; 

and fifth, testing the associations between genotypes and phenotypes using appropriate 

statistical approaches. Subsequent experimental validations such as mutagenesis and 

gene expression analysis are required. The statistical power of natural population-

based mapping is strongly dependent upon the extent of LD and population structure, 

as well as the sample size and minor allele frequency (MAF). 

5. Statistical analysis in genetic mapping 

 4.1. Statistical methods for family-based mapping 



  Single-marker analysis is used for initial QTL mapping in biparental 

populations and identifies QTL according to the difference between the average 

phenotypes of different genotype groups without using information about genetic 

distances in the linkage map. To improve the power of mapping, Lander and Botstein 

[38] proposed interval mapping (IM) based on maximum-likelihood parameter 

estimation, which efficiently estimates the effect and position of a QTL within two 

flanking markers. A regression version of IM developed by Haley and Knott  is used 

to simplify computation of IM. IM assumes that only one QTL affects quantitative 

traits of interest and ignores the effects of other QTL. However, it is well known that 

quantitative traits are usually controlled by several loci, and therefore QTL can be 

mapped more accurately by analysis of multiple QTL simultaneously. To overcome 

the limitation of IM, composite interval mapping (CIM), combining regression and 

interval mapping, selects a subset of markers as covariates that can account for the 

effects of linked QTL and reduce residual error. The key question in CIM is how to 

choose appropriate marker covariates, and this question can be addressed by stepwise 

regression or preliminary interval mapping. A modified algorithm called inclusive 

composite interval mapping (ICIM) better controls sampling variance and avoids the 

complicated selection of marker covariates while retaining all the advantages of CIM. 

Multiple interval mapping (MIM), an extension of interval mapping to multiple QTL, 

tends to be more powerful and precise than CIM in identifying QTL and allows the 

simultaneous estimation of multiple QTL with epistasis. A large number of software 

packages implementing the above methods are available for biparental mapping, 

including QTL Cartographer, QTL Network, and R/qtl. Although many dense marker 

maps have been constructed, QTL interval mapping remains useful today because 

complete genomic information and high-density marker maps are not available for all 

crop species. 



AB-QTL analysis 

Advanced Backcross QTL  

Advanced backcross (AB) QTL analysis, integrates QTL analysis with variety 

development, by identifying and transferring the valuable QTL alleles from un adapted 

to cultivated germplasm in a single process. In this approach, QTL and marker 

analyses are performed in advanced generations, like BC2 or BC3.  

The power of detection of different types of QTL differs in selfing populations 

and backcross populations. Backcross populations are less powerful in detecting a 

donor QTL having some degree of recessive gene action. Nevertheless, the power of 

detection in backcross population increases with the degree of dominance. The 

completely dominant or over-dominant QTLs can be detected with efficiency 

equivalent to or greater than that of selfing populations. Backcross population does not 

prove to be efficient in detecting QTLs requiring epistatic interactions. However, they 

are more competent and useful than selfing populations in detecting the recessive and 

epistatic QTLs as these QTLs contribute very slightly to the phenotypic variance of 

background populations.  

Consequently, detection of additive, dominant and overdominant QTLs is 

boosted in backcross generations in comparison to selfing generations where recessive 

or epistatic QTLs are segregating simultaneously in the population. 

 The objective of QTL analysis is to detect the valuable QTL alleles from a 

donor genome and subsequently their transfer into elite breeding lines. In this context, 

one must have the idea concerning number of additional generations of backcrossing 

required and number of individuals needed to be sampled, to attain the lines having 

segment of the donor chromosome with the valuable QTL in the background of 



recurrent parent genome. Those lines are referred as QTL/nearly isogenic lines or 

QTL-NILs.  

Tanksley and Nelson, 1996 propounded two factors that are important in 

determining this, which are (1) maximum size (in centimorgans) of the donor segment 

designating the QTL and (2) the amount of residual donor genome (unlinked to the 

targeted QTL) still present in the genome. In this context, the backcross populations 

get skewed toward recurrent parent alleles which make them superior over selfing 

generations.  

QTL-NILs can be derived from BC1 or BC2 derived populations, but for this 

screening of large number of individuals i.e. around 5,000 or 10,000 is required 

respectively. However, selection can be exerted to eliminate non-targeted donor 

segments by screening a smaller number of individuals over two sequential 

generations (e.g., a backcross followed by a selfing). Thus, in contrast to the BC1 and 

BC2, QTL-NILs can be derived directly from BC3 - BC5 selections from a 

comparatively small number of individuals. In the other words, we can say that the 

more advanced the backcross population, the simpler it will be to derive a desired 

QTL-NILs.  

Based on the above considerations, “Advanced Backcross QTL Analysis” can 

be applied effectively to detect and interogress QTLs simultaneously in which QTL 

mapping is delayed to either BC2 or BC3 generations. Use of statistical tools will 

assist in detection of additive, dominant and over-dominant QTLs in the advanced 

backcross generations.  

Selection can be implemented to recognize and isolate individual plants that are 

sufficiently similar to the recurrent parent for advancing to extract QTL-NILs which 

may serve as a parent in breeding program or directly as improved varieties. They can 



also be used to further confirm and fine map selected QTLs. The potential applications 

and limitations of AB-QTL analysis with respect to crop improvement through plant 

breeding are discussed below.  

Application of AB-QTL analysis in crop improvement  

The utility of the AB-QTL approach has been tested in numerous crops species 

and proved to be a feasible method in crop breeding.  

AB-QTL in self pollinated crops 

 Single elite inbred variety is initially crossed to an unrelated donor line to 

generate BC1 progeny (around 100 plants). Plants with desirable characters are 

selected from the BC1 progeny and this selected BC1 are crossed again with the 

recurrent parent to produce the BC2 progeny of around 200 individuals. Then the BC2 

/BC3 generation plants are evaluated in replicated trials and genotyped for marker trait 

loci and selfed to produce BC2 S1 /BC2 S2 progeny. The genotype and phenotype 

data are subjected to QTL analysis to identify donor genome regions containing 

favourable QTL alleles.BC2 S1 or BC2 S2 families assist in detection of some 

recessive QTL donor alleles in addition to the expected dominant and additive donor 

QTL alleles. Ultimately QTLNILs are extracted from the superior BC2 S1 /BC2 S2 

which is used to confirm the findings from the QTL mapping or to fine map the 

detected QTLs. The outperforming QTL-NILs can be used as parent in future breeding 

program or as new varieties.  

AB-QTL in cross pollinated crops  

Advanced backcross QTL analysis could be applied to cross pollinated crops 

through a slight modification in the strategy presented above. In case of the cross 

pollinated crops the elite inbred parent e.g. inbred A is used as the recurrent parent 



which is being involved in the production of commercial hybrid derived from the 

single cross A x B. Hybridization and backcrossing of donor with the recurrent parent 

is performed to produce the BC2 population. The selected plants from the BC2 /BC3 

are genotyped for marker loci. Instead of selfing the BC2 /BC3 are crossed with the 

inbred B to produce BC2 F1 families and later the phenotyping is performed for this. 

The marker and the phenotypic data are used for the QTL analysis. On the basis of the 

QTL analysis of this data, favourable QTLs from the donor parent are identified, 

eventually the QTL-NILs could be generated.  

Advantages and limitations of AB-QTL Approach  

The potential applications and limitations of AB-QTL analysis with respect to 

plant breeding are discussed below.  

Advantages  

Since the smaller number of genes from donor parent will be present in BC2 or 

BC3, the undesirable effect of wild species on the elite germplasm is reduced and the 

effect of individual QTLs is measured more precisely. As the phenotypic selection is 

delayed for advanced generation, the frequency of deleterious or undesirable alleles 

from the donor is further reduced. Therefore, the problems with deleterious effects 

which are associated experienced with balanced population (F2, BC1, or RILs) are 

minimized in this method. In addition, to have a better prediction of the effect of QTL, 

epistatic effect should be minimized. MAS performed in advanced generation is more 

effective than in F2 or BC1 asaccumulation of the donor alleles is minimised in 

advanced generation due to breaking of assembly of favourable epistatic gene 

combination through recombination. Due to this, AB population is skewed more 

towards the recurrent parent genome and the epistatic interaction between the 

favourable epistatic interactions between the recurrent parent and tester alleles are 



comparatively less distorted. In addition, QTL-NILs (lines which differ from its parent 

in only one genomic location, ideally a single favourable QTL) can be created by one 

or two additional backcrossing with selected QTL. Also, the opportunity for useful 

meiotic recombination occurs as the generation is advanced, the deleterious effect due 

to linkage drag is also minimized in the advanced generations. In ABQTL, the mean 

performance of the advanced backcross families is skewed towards the elite parent that 

provides opportunity to detect the subtle pleiotropic effect of introgressed QTLs.  

Limitations  

Despite of having so many advantages of this method, there are still some cases 

where the effortless application of this method is limited. Advanced backcross QTL 

analysis is not likely to be useful in the crops with relatively longer generation time (> 

2 years). Use of this method in longgeneration perennial crops are limited because 

intricacy in development and exploitation of the necessary population and QTL-NILs. 

As the success of this method in production of any commercial or hybrid varieties 

depends on the availability of the inbreds, this method is strenuous to apply in the 

crops for which inbred lines do not exist. In addition, this method is also difficult to 

apply in highly heterozygous, outcrossing crops like alfalfa or clonally propagated 

crops like potato for which inbred lines are not commonly employed in breeding 

programs. 
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Introduction 

In genetics, association mapping, also known as "linkage 

disequilibrium mapping", is a method of mapping quantitative trait loci (QTLs) 

that takes advantage of historic linkage disequilibrium to 

link phenotypes (observable characteristics) to genotypes (the genetic constitution 

of organisms), uncovering genetic associations. 

Theory 

Association mapping is based on the idea that traits that have entered a 

population only recently will still be linked to the surrounding genetic sequence of 

the original evolutionary ancestor, or in other words, will more often be found 

within a given haplotype, than outside of it. It is most often performed by scanning 

the entire genome for significant associations between a panel of SNPs (which, in 

many cases are spotted onto glass slides to create “SNP chips”) and a particular 

phenotype. These associations must then be independently verified in order to 

show that they either (a) contribute to the trait of interest directly, or (b) are linked 

to/ in linkage disequilibrium with a quantitative trait locus (QTL) that contributes 

to the trait of interest.  

Association mapping seeks to identify specific functional genetic variants 

(loci, alleles) linked to phenotypic differences in a trait to facilitate detection of 

trait causing DNA sequence polymorphisms and selection of genotypes that 
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closely resemble the phenotype. In order to identify these functional variants, it 

requires high throughput markers like single nucleotide polymorphisms (SNPs).  

 

Figure- The scheme of association mapping for tagging a gene of interest 

using germplasm accessions. Note that the outlined scheme may vary based on 

population characteristics and methodology chosen for association study 

LINKAGE DISEQUILIBRIUM (LD) 

 Concept of LD 

Genetic linkage generally refers to coinheritance of different loci within a 

genetic distance on the chromosome. There are two terms used in population 



genetics, linkage equilibrium (LE), and linkage disequilibrium (LD) to describe 

linkage relationships (co-occurrence) of alleles at different loci in a population. LE 

is a random association of alleles at different loci and equals the product of allele 

frequencies within haplotypes, meaning that at random combination of alleles at 

each locus its haplotypes (combination of alleles) frequency has equal value in a 

population. In contrast, LD is a nonrandom association of alleles at different loci, 

describing the condition with nonequal (increased or reduced) frequency of the 

haplotypes in a population at random combination of alleles at different loci. LD is 

not the same as linkage, although tight linkage may generate high levels of LD 

between alleles. Usually, there is significant LD between more distant sites or sites 

located in different chromosomes, caused by some specific genetic factors.  

Genome-wide association (GWAS) 

Genome-wide association (GWAS) is another method that takes advantage 

of a number of historic recombination events that have occurred within natural 

populations, and can overcome the limitations of linkage analysis.  Advent of 

high-throughput genotyping methods, genome-wide association (GWA) is the 

emerging tool for studying the genetics underlying natural phenotypic 

variation. GWA studies have been applied across a wide range of species where 

it enabled fine-scale genetic mapping. 

MAPPING POPULATION DEVELOPMENT, GENOTYPING, AND 

VARIANCE COMPONENTS ESTIMATION APPROACHES FOR GWAS 

Mapping population derived from a cross with clear pedigrees with known 

ancestry. Genome-wide association study (GWAS) and Linkage mapping are the 

suitable methods to identify the QTLs for complex traits. Linkage analysis in 

plants has been typically conducted with experimental population which is derived 



from bi-parentail cross with a clear ancestry, while a collection of cultivars with 

unobserved ancestry are often adopted for association. Genetic recombinations 

among alleles are the genetic basis for linkage mapping and association mapping in 

a plant. Association mapping exploits historical and evolutionary recombinations 

at a natural population level whereas, Linkage mapping exploits the functional 

polymorphisms and adjacent markers within families or pedigrees with known 

ancestry. Although based on the same fundamental principles of genetic 

recombination as a linkage analysis, association mapping examines this shared 

inheritance for a collection of individuals often with unobserved ancestry. By 

exploring deeper population genealogy rather than family pedigree, association 

mapping offers advantages over linkage analysis: Much higher mapping resolution, 

greater allele number and broader reference population and less research time in 

establishing an association. 

Linkage analysis and association mapping, however, are complementary to 

each other in terms of providing prior knowledge, cross validation and statistical 

power. Both linkage analysis and association mapping studies rely on co-

inheritance of neighboring DNA variants with the phenotype. In both analyses, 

recombination is the main force eliminating linkages over generation. The 

difference is that in linkage analysis, there are only few opportunities allowed for 

recombination to occur (one or two generation), resulting in comparatively low 

resolution of the map. In association analysis, which exploit natural variation in the 

population, recombination events over many generation are expected to eliminate 

linkage between a mutated gene and molecular markers, except the markers that 

are located close to gene. Only very close markers are in linkage disequilibrium 

(LD) with the mutated gene and form the basis for association mapping . 



LINKAGE DISEQUILIBRIUM AND GENOME WIDE ASSOCIATION 

ANALYSIS 

Genome wide association mapping refers to the significant association of a 

marker locus with a phenotype trait while LD refers to the non randomassociation 

between two markers or two genes/QTLs. Genetic linkage between two loci (gene 

or molecular markers) on a genome is measured by the fact that they are in 

association and the involved loci are very closely associated and are located very 

close to each other. A complementary approach is to analyze linkage 

Disequilibrium (LD) between the marker and target gene in a natural population. 

LD between two loci in natural population is affected by all the recombination 

events that happened. Thus, LD declines as the number of generation increases, so 

that in old population LD is limited to small distance.  

Both QTL and association mapping approaches are therefore based on LD 

between molecular markers and functional loci. In QTL mapping, LD is generated 

by the mating design while in association mapping, LD is a reflection of the 

germplasm collection under study. In a mapping population, LD is influenced only 

by recombination in the absence of segregation distortion. In AM, LD may also be 

influenced by other forces such as those mentioned above as well as by 

recombination. 

In plants usually another candidate gene association mapping  is also used to 

dissect out the genetic control  of complex traits, with biologically relevant 

candidates selected and ranked based on the available results from genetic, 

biochemical or physiological studies in model and non-model plants species.  

candidate association mapping requires the identification of SNP between lines and 

within specific genes. Identifying candidate gene SNPs relies on resequencing of 

amplicons from several genetically distinct individuals of a larger association 



population. SNPs offer highest resolution for mapping QTL and are potently in LD 

with the causative polymorphism they are the preferential candidate-gene variant 

to genotype in association studies. 

GENOME WIDE ASSOCIATION STUDIESPROCEDURES 

All qualitative and quantitave trait for crop improvement can be assess and 

identified their genetic determinants. Selection of a genotyping platform, sample 

size and collection, statistical analysis plans, statistical power, correction for 

multiple testing and population structure should be considered for study the 

GWAS. Association analysis involves assessment of linkage disequilibrium (LD) 

based association. A generalized scheme of genome wide association mapping for 

tagging gene of interest using germplasm accession.  

Recently genotype data for GWAS are usually produced with microarray 

technology allowing the detection of polymorphisms within a population. 

Correlation of microarray data with phenotypic trait and interpretation will 

describe the thinking idea for crop improvement. 

Several microarrays or “chips” commonly available for plant species.  Some 

chips are designed to test as many SNPs as practically possible–currently up to 

about five million. Some chips are specifically designed to test SNPs in coding 

regions of genes, which make up about 2% of the genome. Other chips may test 

relatively small numbers of SNPs that have been carefully selected to efficiently 

represent worldwide haplotype diversity. Some chips are designed for specific 

ethnic groups or may be enriched with SNPs from genes implicated in particular 

diseases. In selecting a genotyping chip, it is important to consider the goals of the 

current project, compatibility with data from past or planned future studies, and the 

budget available. 



STATISTICAL APPROACHES USES FOR ASSOCIATION MAPPING 

 Recent developments in statistical methodologies make it possible to 

properly interpret the results of association tests. Pritchard et al., (2000) have 

developed an approach that incorporates estimates of population structure directly 

into the association test statistic. The essential idea of this method is to decompose 

a sample drawn from a mixed population into several unstructured subpopulations 

and test the association in the homogeneous subpopulations. The methods have 

been applied to association analyses in humans and crop plants, with modified test 

statistics being used to deal with quantitative traits. 

LD between a single marker and a QTL can be measured by regression 

analysis, where the data on the trait is regressed on the individual marker 

genotypes, so that significant regressions will identify the markers associated with 

the phenotype. 

 Nowadays several software use to assess the association of marker loci with 

traits. The most commonly used statistics include logistic regression with the 

possibility of structured associations implemented in TASSEL General Linear 

Model (Yu and Buckler, 2006, TASSEL: http://www.maizegenetics.net), a 

multiple regression model combined with the estimates for the false discovery rate. 

Advantages 

The advantages of population based association mapping, utilizing a sample 

of individuals from the germplasm collections or a natural population, over 

traditional QTL-mapping in biparental crosses, primarily are due to availability of 

broader genetic variations with wider background for marker and trait correlations. 

The advantage of association mapping is that it can map quantitative traits with 

high resolution in a way that is statistically very powerful. The resolution of the 

https://en.wikipedia.org/wiki/Quantitative_trait_locus


mapping depends on the extent of LD, or non-random association of markers, that 

has occurred across the genome. Association mapping offers the opportunity to 

investigate diverse genetic material and potentially identify multiple alleles and 

mechanisms of underlying traits. It uses recombination events that have occurred 

over an extended period of time. Association mapping allows the possibility of 

exploiting historically measured trait data for association, and lastly has no need 

for the development of expensive and tedious biparental populations that makes 

approach timesaving and cost-effective. 

Limitations 

A major issue with association studies is a tendency to find false positives. 

Populations showing a desired trait also carry a specific gene variant not because 

the variant actually controls the trait, but due to genetic relatedness. In particular, 

indirect associations that are not causal will not be eliminated by increasing the 

sample size or the number of markers. The main sources of such false positives are 

linkage between causal and noncausal sites, more than one causal site and 

epistasis. These indirect associations are not randomly distributed throughout the 

genome and are less common than false positives arising from population 

structure. 

Likewise, population structure has always remained a consistent issue. 

Population structure leads to spurious associations between markers and the trait. 

This generally is not a problem in linkage analysis because researchers know the 

genetic structure of the family they created. But in association mapping, where 

relationships between diverse populations are not necessarily well understood, 

marker–trait associations arising from kinship and evolutionary history can easily 

be mistaken for causal ones. This can be accounted for with mixed models MLM. 

https://en.wikipedia.org/wiki/Linkage_disequilibrium


Also called the Q+K model, it was developed to further reduce the false positive 

rate by controlling for both population structure and cryptic familial relatedness. 

FINE MAPPING OF GENES/QTL 

 Fine-mapping from the variant perspective 

Fine-mapping variants in GWAS loci require an understanding of the 

underlying mechanism by which a variant can contribute to a trait. Overcoming LD 

and identifying the context-specific variants that are causal to a trait is imperative 

for understanding disease mechanisms and confidently identifying which 

downstream genes and pathways are affected. Many functional and computational 

(high-throughput) fine-mapping methods have been developed and applied for this 

purpose. Below several fine-mapping methods according to their increasing ability 

to describe the complex role of variants in GWAS traits and diseases. 

1. Identifying overlap with functional elements 

The most straightforward fine-mapping approach is to overlap GWAS 

variants in high LD with functional elements such as promoters and enhancers. 

Currently, the best resource for functional elements has been compiled by the NIH 

Roadmap Epigenomics Mapping Consortium , which used to measure histone 

marks to determine the location of functional elements in 127 different cell and 

tissue types. 

Fine-mapping of GWAS variants from 21 autoimmune diseases using the NIH 

Roadmap and similar data estimated that approximately 60% of candidate causal 

variants map to immune cell enhancers, and another approximately 8% to 

promoters [12]. This was also reflected in the tissue-specific enrichment of type 1 

diabetes susceptibility variants in lymphoid gene enhancers 
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Introduction 

  Map-based positional cloning has been used to isolate a large number of 

genes that are responsible for Mendelian trait differences. The availability of 

numerous molecular markers, large-insert genomic libraries, and suitable mapping 

populations that segregate for traits of interest has made map-based cloning of 

genes with discrete effects theoretically straightforward, if laborious in practice, 

for a number of organisms. However, map-based cloning has been considered 

problematic for quantitative trait loci, or QTLs .  

In map-based cloning, the marker interval containing the gene is refined by genetic 

mapping to a region small enough to be physically mapped, by scoring the 

phenotypes of individuals that are recombinant between flanking markers. 

Additional markers in this interval are derived from the physical map and used to 

delimit the recombinational breakpoints. Physical contigs or even individual large-

insert clones spanning the smallest marker interval containing the gene are 

identified, and known or predicted candidate genes within the region are tested 

using complementation or other methods. The process is tractable even in 

organisms with relatively large genomes if the requisite resources are available. 

Quantitative trait variation, however, is controlled by an unknown number of loci 

as well as environmental factors, so the phenotypes of individual recombinants do 

not provide reliable genotypic information. Moreover, even if this problem can be 



overcome, there is no guarantee that an identified QTL represents a single gene. 

These complications have led to doubts about the utility of map-based cloning for 

QTLs, and even to suggestions that QTL analysis in general is an inferior tool for 

understanding the basis of genetic variation.  

Currently, QTL mapping is a well-established procedure in quantitative 

genetics. QTL mapping usually begins with the collection of genotypic (based on 

molecular markers) and phenotypic data from a segregating population, followed 

by a statistical analysis to reveal all possible marker loci where the allelic state 

correlates with the phenotype. Since this procedure only allows for an approximate 

mapping of the QTL, it is usually referred to as primary (or coarse) QTL mapping.  

 More recent technical progress in the area of molecular biology and 

genomics have made possible the cloning of QTLs, i.e. the identification of the 

DNA sequences (coding or non-coding) responsible for QTLs. Herein, we present 

a critical review of the results obtained in QTL cloning in plants and discuss its 

perspectives, with emphasis on a number of major limitations and promising novel 

approaches. The comparison of the number of research papers reporting new QTLs 

mapped in plants with the number of reports dealing with QTL cloning in plants 

clearly indicates that QTL cloning is still in its infancy. 

Positional cloning of QTLs  

Among the handful of QTLs isolated so far in plants, the majority have been 

cloned via positional cloning. Positional cloning implies a number of steps (Figure) 

that enable us, by creating a large mapping population and by use of molecular 

markers, to assign a QTL to the shortest possible genetic interval (QTL fine 

genetic mapping) and to identify the corresponding interval on the DNA sequence 

(QTL physical mapping). Candidate genes genetically and physically co-



segregating with the QTL are then identified and/or selected for evaluation. The 

increase in mapping resolution required to accomplish QTL positional cloning is 

substantial, since after primary mapping a QTL is positioned within a chromosome 

interval of ca. 10-30 cM which usually includes several hundred genes. Eventually, 

independent proof is required to validate the role of the identified allelic 

polymorphism on the observed phenotypic effect. 

 

Figure-Flow chart depicting the major experimental steps involved in cloning a 

QTL using a map-based (positional cloning) approach. 

Genetic materials 



A widely-adopted strategy to more accurately estimate the position and 

effect of a oarsely mapped QTL is to create a new experimental population by 

crossing nearly isogenic lines differing only for the allelic constitution at the short 

chromosome segment (usually varying from ca. 10 to 30 cM in length) harbouring 

the QTL (QTL-NILs). The population should provide enough crossover events in 

order to genetically distinguish the gene responsible for the target QTL from other 

nearby genes. Factors like the physical vs. genetic distance ratio and gene density 

have to be duly considered when planning the size of the population. Figure 3 

shows the number of chromosomes to be screened depending on the resolution 

needed in genetic terms. Such estimates should be considered with caution due to 

the variability of the kb/cM ratio on any plant chromosome. 

In a nearly isogenic population, due to the absence of other segregating 

QTLs, the target QTL becomes the only genetic source of variation and, 

accordingly to the heritability of the trait, a major source of the total phenotypic 

variation, thus enabling the phenotypic means of the QTL genotypic classes (+/+, -

/- and, when present and in case of prevailing additive effects, -/+) to be 

statistically differentiated. Appropriate replication and/or progeny testing are 

generally implemented based upon the heritability of the trait considered. Under 

such conditions, the QTL is considered Mendelized (Alonso-Blanco and 

Koornneef 2000) and cM distances between a QTL and the nearby molecular 

markers can be more precisely estimated. 

Starting from the same population where primary mapping was carried out, 

QTL-NILs can be produced by (i) marker-assisted backcross introgression (i.e. 

substitution) of one QTL allele into one or both parental genetic backgrounds or 

(ii) iteratively identifying and selfing individuals which are heterozygous at the 

QTL region. QTL-NILs can also be efficiently identified within introgression 



libraries (ILs), i.e. collections of lines where each line is isogenic to a background 

parental line with the exception of a single short chromosome segment introgressed 

from a donor. Within an IL, the donor genome should be completely represented 

among the different IL lines so that a QTL-NIL will potentially exist for any 

segregating QTL. Remarkably, the same IL of the wild tomato Lycopersicon 

pennellii within the cultivated tomato genetic background provided the source of 

the QTL-NILs utilized for the cloning of three tomato QTLs. 

NILs suitable for positional cloning are also produced by the advanced 

backcross QTL analysis (ABQA) method, which combines backcrossing 

chromosome segments from a wild accession within an elite line with some level 

of phenotypic selection against extreme phenotypes. Critical aspects to be 

considered are the time and effort required for the development of collections of IL 

or ABQA lines as well as the limitation of the genetic variability provided by the 

use of only two parental lines: no matter how carefully the parental lines are 

chosen, the collections will only segregate for a fraction of the many more QTLs 

segregating for the same trait in other populations, which should be recognized. 

This important limitation can be partially overcome through the use of 

multiparental intercrossed populations. These populations are generated by 

crossing a carefully chosen set of parental lines capturing much of the genetic 

variation of the species, and then by performing several cycles of intermating. 

However, while this approach promises to increase the efficiency of QTL mapping 

both in terms of detection (segregation is expected at many loci) and genetic 

resolution (many rounds of meiosis), a recent report from the same authors 

highlighted unexpected analytical complexities. It should be noted that a 

substantial increase in genetic resolution can also been obtained by intercrossing 

standard biparental populations. During the fine mapping step, the resolution of the 



target QTL in two or more linked loci may bring positional cloning projects to an 

end when the proportion of phenotypic variability explained by each QTL is too 

small to be revealed with a realistically manageable number of replications. QTL 

clusters have indeed been observed in plants. On the other hand, cloning was 

accomplished when one of the linked QTLs retained most of the effect.  

Genotyping 

The recruitment of polymorphic markers required for the fine mapping of a 

QTL is rather simple for Arabidopsis and rice, where the whole genome has been 

sequenced, and for species such as maize or tomato for which genomic sequencing 

is under way or information is available in terms of sequenced ESTs. However, in 

species for which detailed sequence information is not available or cannot be 

deduced from syntenic relatives, a large number of molecular markers (e.g. 

AFLPs) need to be screened in genotypes contrasted at the target region (e.g. pair 

of QTL-NILs). As to genotyping techniques, microarray-based platforms appear 

particularly promising for a high-throughput identification of polymorphisms 

(SNPs and insertion-deletions) at thousands of loci.  

Physical mapping and candidate sequences 

When the genetic resolution approaches the cM level, the markers closest to 

the QTL are used for anchoring the genetic map to the physical map, i.e. the 

genomic sequence or a BAC (bacterial artificial chromosome) contig covering the 

QTL region. An early transfer of the information to the physical map allows for the 

efficient generation of new single-copy markers useful for refining the genetic 

mapping and searching candidate genes. Even if only a BAC contig is available, 

sequenced BAC ends can often be transformed in genetic markers and low-pass, 

shot-gun sequencing can provide a glimpse of local gene content. In this phase, 



bioinformatics provides an important contribution in terms of gene prediction and 

annotation, and exploitation of syntenic relationships. 

Validation of a candidate sequence 

The functional testing of a candidate gene/s can be performed by 

overexpressing or down-regulating the target gene through genetic engineering or 

RNAi, by genetic complementation of a known mutant or by rescuing and 

phenotypically and molecularly characterizing mutants at the candidate gene. If 

available within the species under investigation, reverse genetics tools such as T-

DNA or transposon-tagged populations and/or TILLING can also be exploited. 

As compared to transposon tagging, TILLING and RNAi are appealing 

alternatives for their almost universal applicability and for providing subtle 

changes of gene functionality comparable to those observed naturally. Gene 

replacement, still in its infancy but already reported in rice can be considered the 

ultimate tool for validating candidate genes. 

Cloning QTLs by association mapping 

As an alternative to positional cloning, QTLs can be molecularly resolved 

through association mapping, i.e. by identifying, within a set of genotypes (e.g. 

germplasm accessions, cultivated varieties, etc.), a statistical association between 

allelic variants at marker or candidate loci and the mean of the analyzed trait. The 

analysis evaluates the trait mean change caused by the substitution of one allele 

with another. For QTL cloning in plants, the interest lies in (i) the possibility of 

finding chromosome regions important for controlling quantitative traits without 

the costly and time-consuming production of large experimental populations, (ii) 

the potentially high genetic resolution provided by the many meiotic events which 



occurred during past generations and (iii) the possibility of surveying a large 

number of functionally diverse alleles per locus. 

A major factor to be considered in association mapping is the level of 

linkage disequilibrium (LD; level of non-random assortment of alleles at different 

loci) among the tested accessions. In plants, the extensive LD analyses conducted 

in Arabidopsis and maize (Flint-Garcia et al. 2003) have indicated that while LD 

persists over hundreds of kb in Arabidopsis, in maize LD decays after a few kb, 

although it can extend significantly farther in collections of elite germplasm. 

Functional genomics and QTL cloning 

Functional genomics is contributing to many aspects of QTL analysis and 

cloning. Transcriptional profiling between contrasting QTL genotypes can quickly 

provide a list of genes differentially expressed; subsequently, those genes 

functionally related to the target trait and mapping at the QTL region can be 

selected as candidates. Unfortunately, the number of QTLs cloned so far in plants 

is too small to test the validity of this approach. Indeed, when the QTL was shown 

to involve a difference in gene expression level between alleles, those differences 

were either too low (ca. two-fold) or showed too strong of a spatial and/or temporal 

pattern to allow for their identification with a standard microarray-based 

transcriptome analysis. Other profiling platforms, such as SAGE (serial analysis of 

gene expression; and MPSS (massively parallel signature sequencing; are better 

suited to detect subtle differences in gene expression. Transcript profiling can 

reach the sub-tissue level of resolution if carried out in combination with laser-

capture microscopy. 

Development of gene based markers 

(Read in lecture number-4) 
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Introduction 

Progress in plant breeding in terms of development of superior and high 

yielding varieties of agricultural crops is possible by accumulation of beneficial 

alleles from vast plant genetic resources existing worldwide. But still, a significant 

portion of these superior alleles cannot be used, because those alleles are left 

behind during evolution and domestication. This genetic variation existing in wild 

relatives and land races of crop plants and it can be used for development of 

agronomically superior cultivars. Introgressions of novel alleles occur from wild 

crop plants into cultivated varieties. It clearly demonstrated that certain alleles and 

their combinations potentially make dramatic changes in character expression 

when it moved to a suitable genetic background. Hence, the vast germplasm 

resources need to for novel alleles to further enhance the genetic potential of crop 

varieties for various agronomic traits. Enormous progress has been made in the last 

15 years in depositing an amount of sequence information into GenBank. With 

rapid accumulation of sequence and expression data in various genomic databases 

accelerate discovery of new genes. It is easy to development of allelespecific 

markers. Based on gene and genome sequences, Polymerase Chain Reaction (PCR) 

strategies are use to isolate Superior alleles of genes from a wide range of species. 

This key alleles imparting resistance to biotic and abiotic stresses, greater nutrient 

use efficiency enhanced yield and improved quality. Using novel genomic tools, 



similar alleles responsible for a given trait and their variants in other genotypes can 

be identified. This is often referred to as ‘dissection of naturally occurring variation 

at candidate genes/loci’ or simply ‘allele mining’. Identification of allelic variants 

from germplasm collections not only provides new germplasm for delivering novel 

alleles to targeted trait improvement but also categorizes the germplasm entries for 

their conservation.  

Evolution of new alleles 

 It is alternative forms of gene. In other words, genes occur at similar loci of 

homologous chromosomes. evolutionary driving force which causes existing allelic 

diversity in any crop species. For creation of new alleles or causing variations in 

the existing allele and allelic combinations, generally mutations will occur in the 

genic regions of the genome either as Single Nucleotide Polymorphism (SNP) or 

as Insertion and Deletion important. The mutations in coding regions and/or re 

regions may have tremendous effect on the phenotype by changing the encoded 

protein structure and/or function while those that occur in noncoding regions of a 

gene. It has been silent without any effect on the phenotype. Even though most of 

the mutations are deleterious, in genera l0.1% of the mutations are vital leading to 

changes will occur in gene function which may be highly necessary for the survival 

of the plant.  

a) How mutation does these variations occur? 



 

Figure- Insertion and deletion in nucleotide sequence 

Mutation is defined as sudden heritable changes occur in DNA segment of 

individuals. This change will occur in normal sequence of nucleotides in 

individuals. For example, the long growth habit of wild rice is controlled by a 

single gene 

PROG1. The wild type allele is replaced by mutant allele (prog1) in most of the 

Oryza sativa cultivars, which inactivate the PROG1, gene function and grain 

number and higher grain yield in cultivated rice. This phenomenon is observed as 

the wild rice has an allele their expression or its effect inactivate in cultivated rice 

due to mutation. In other words change will occur in nucleotides. 

b) How new alleles are formed? 



Mutations will happen in both genomic region such as coding region as well as 

non-coding regions of gene. That creates heritable change in individuals. 

What is allele mining? 

Mining is extraction of any non resources such as Petroleum, natural gas, 

minerals, or even water etc. It is a finding of superior allele from the natural 

population. In other words introgression of novel or superior allele from wild 

relatives into cultivated one. 

Approaches for allele mining 

There are two major approaches. They are: 

TILLING -based allele mining: It is nothing but a (Targeting Induced Local 

Lesions In Genomes), to determine variation in individual through artificially 

changed mutation 2004). It is a powerful reverse genetics tool for functional 

genomics where knockout methodologies cannot be applied. Tilling allows the 

identification of allelic variation of target gene in a high-throughput manner. The 

use of the Tilling technique to survey natural variation in genes is called Eco-

tilling. Tilling make use of chemical mutagens to introduce random mutation. 

Seeds are mutagenized with EMS, which causes G/C-to-A/T point mutations 

(Nagy, seeds are selfed to produce M2 seeds. M2 progeny from single seed descent 

are used for screening. For screening, DNAs are pooled eightfold to maximize the 

efficiency of mutation detection. PCR is performed using 5’-end specific primers 

to target the desired locus, a are formed by heating and cooling the PCR products. 

CEL I nuclease is used to cleave at base mismatches, and products representing 

induced mutations are visualized with denaturing polyacrylamide gel 

electrophoresis. The detailed procedure has been given by Till, et al. (2003). 



 

Figure-TILLING based allele mining 

Eco-TILLING  

EcoTILLING  is  a  molecular  technique  that  is  similar  to  TILLING,  except  

that  its  objective  is  to  uncover  natural  ge-netic  variation  as  opposed  to  

induced  mutations  Many  species  are  not  amenable  to  chemical  mutagenesis;  

therefore,  EcoTILLING  can  aid  in  the  discovery  of  natural  variants and their 

putative gene function. This approach allows  one  to  rapidly  screen  through  

many  samples  with  a  gene of interest to identify naturally occurring SNPs and / 

or small  INDELS.  The  method  has  proven  to  be  successful  to  detect  DNA  

polymorphisms  including  variations  in  satellite  repeat  number  Furthermore,  in  

highly  heterozygous  outcrossing  species,  EcoTILLING  can  be  used  to  

determine  heterozygosity  levels  within  a  gene  fragment. EcoTIL-LIING 



reduces the time and effort for SNP discovery gener-ally required by weeding out 

identical haplotypes. Therefore, this method does not require one to sequence all 

individuals in  a  population  to  identify  polymorphisms,  which  can  be  a  

burdensome  expense  and  time  consuming.  It  also  has  the  advantage  of  

detecting  multiple  polymorphisms  in  a  single  fragment  because  CEL  I  will  

digest  only  a  small  proportion  of the heteroduplexes at a single position 

Advantages and disadvantages of tilling and Eco-tilling 

TILLING is a non-transgenic, high throughput reverse genetic approach. This 

technique unlike other SNP detection methods, provides the approximate location 

within a few base pairs of the induced mutation, which allows targeted sequencing 

in the area of the induced mutation opposed to sequencing the entire fragment. 

Since chemical mutagensis produces a range of various mutations throughout the 

genome such as nonsense, splice site, and missense, all of which potentially can 

affect the protein structure and the resulting phenotype, it has been used for 

decades to obtain mutants for genetic studies. Therefore, through mutagensis one 

can obtain partial loss or complete loss of function and new novel functions, which 

can provide valuable insight into the true role of a gene in a species of interest. As 

discussed previously, using chemical mutagensis and TILLING to pinpoint these 

mutations has been highly effective in the elucidation of gene function in plants 

and animals without the production of transgenic material. TILLING has been 

demonstrated to be sensitive enough to detect induced mutations and naturally 

occurring SNPs as well as the detection of heterozygotes. EcoTILLING, which has 

been less frequently employed in the current literature, can also be a valuable tool 

for mining for SNPs in germplasm, assessing heterozygosity, uncovering variants 

for disease resistance, or ascertaining the function of a gene or regulatory element 

by detecting natural variants. EcoTILLING can be a good technique to employ 



especially when working with a well established population with thoroughly 

characterized morphological data. 

Use of markers in plant breeding 

When using molecular markers to study the genetics of a particular crop, it 

must be remembered that markers have restrictions. It should first be assessed what 

the genetic variability is within the organism being studied. Analyze how 

identifiable particular genomic sequence, near or in candidate genes. Maps can be 

created to determine distances between genes and differentiation between species. 

Genetic markers can aid in the development of new novel traits that can be 

put into mass production. These novel traits can be identified using molecular 

markers and maps. Particular traits such as color, may be controlled by just a few 

genes. Qualitative traits (requires less than 2 genes) such as color, can be identified 

using MAS (marker assisted selection). Once a desired marker is found, it is able 

to be followed within different filial generations. An identifiable marker may help 

follow particular traits of interest when crossing between different genus or 

species, with the hopes of transferring particular traits to offspring. 

One example of using molecular markers in identifying a particular trait 

within a plant is, Fusarium head blight in wheat. Fusarium head blight can be a 

devastating disease in cereal crops but certain varieties or offspring or varieties 

may be resistant to the disease. This resistance is inferred by a particular gene that 

can be followed using MAS (Marker Assisted Selection) and QTL (Quantitative 

Trait Loci). QTL's identify particular variants within phenotypes or traits and 

typically identify where the GOI (Gene of interest) is located. Once the cross has 

been made, sampling of offspring may be taken and evaluated to determine which 

offspring inherited the traits and which offspring did not. This type of selection is 

becoming more beneficial to breeders and farmers because it is reducing the 



amount of pesticides, fungicides and insecticides.
 
Another way to insert a GOI is 

through mechanical or bacterial transmission. This is more difficult but may save 

time and money. 

Applications of markers in cereal breeding 

1. Assessing variability of genetic differences and characteristics within a 

species. 

2. Identification and fingerprinting of genotypes. 

3. Estimating distances between species and offspring. 

4. Identifying location of QTL's. 

5. Identification of DNA sequence from useful candidate genes 

Application 

It has 5 applications in fisheries and aquaculture: 

1. Species Identification 

2. Genetic variation and population structure study in natural populations 

3. Comparison between wild and hatchery populations 

4. Assessment of demographic bottleneck in natural population 

5. markers assisted breeding 
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Introduction 

Marker assisted selection or marker aided selection (MAS) is an indirect 

selection process where a trait of interest is selected based on 

a marker (morphological, biochemical or DNA/RNA variation) linked to a trait of 

interest (e.g. productivity, disease resistance, abiotic stress tolerance, and quality), 

rather than on the trait itself. This process has been extensively researched and 

proposed for plant and animal breeding, nevertheless, as of 2013 "breeding 

programs based on DNA markers for improving quantitative traits in plants are 

rare". 

For example, using MAS to select individuals with disease resistance 

involves identifying a marker allele that is linked with disease resistance rather 

than the level of disease resistance. The assumption is that the marker associates at 

high frequency with the gene or quantitative trait locus (QTL) of interest, due to 

genetic linkage (close proximity, on the chromosome, of the marker locus and the 

disease resistance-determining locus). MAS can be useful to select for traits that 

are difficult or expensive to measure, exhibit low heritability and/or are expressed 

late in development. At certain points in the breeding process the specimens are 

examined to ensure that they express the desired trait. 

Features of Marker Assisted Selection (MAS): 

The main features of MAS are briefly presented below: 

Marker assisted selection (MAS) is also termed as marker aided selection 

and marker assisted breeding (MAB). It differs from gene assisted selection (GAS) 

which refers to the selection which is based on QTLs (quantitative trait locus or 

loci). 

ii. Pre-Requisites: 

https://en.wikipedia.org/wiki/Trait_(biology)
https://en.wikipedia.org/wiki/Biological_marker
https://en.wikipedia.org/wiki/Morphology_(biology)
https://en.wikipedia.org/wiki/Biochemical
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/Plant_breeding
https://en.wikipedia.org/wiki/Selective_breeding
https://en.wikipedia.org/wiki/Allele
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Quantitative_trait_locus
https://en.wikipedia.org/wiki/Heritability


There are two pre-requisites for marker assisted selection. These are: (i) a 

tight linkage between molecular marker and gene of interest, and (ii) high 

heritability of the gene of interest. 

iii. Application: 

MAS is applicable for genetic improvement of plants as well as animals. In 

plants, it is equally applicable in both self-pollinated and cross pollinated species. 

iv. Markers Used: 

MAS makes use of various types of molecular markers. The most commonly 

used molecular markers include amplified fragment length polymorphisms 

(AFLP), restriction fragment length polymorphisms (RFLP), random amplified 

polymorphic DNA (RAPD), simple sequence repeats (SSR) or micro satellites, 

single nucleotide polymorphisms (SNP), etc. The use of molecular markers differs 

from species to species also. 

v. Efficiency: 

The relative efficiency of MAS is greatest for characters with low 

heritability, if a large fraction of the additive genetic variance is associated with the 

marker loci. In other words, MAS is useful when the heritability of the trait is low. 

Moreover, MAS is more efficient than purely phenotypic selection in quite large 

populations. 

It has been found by some workers that MAS may become less efficient than 

phenotypic selection in the long term. This is because the rate of fixation of 

unfavourable alleles at QTLs with small effects is higher under MAS than under 

phenotypic selection. It may be a consequence of the strong selection applied to 

QTLs with large effects under MAS in early generation. However, such problem 

comes after a long period. 

vi. Accuracy: 

Molecular markers have very high accuracy. They are not affected by 

environmental conditions. MAS is a new breeding tool which is available to make 

more accurate and useful selections in breeding populations. MAS allows heritable 

traits to be linked to the DNA which is responsible for controlling that trait. 



vii. Speed of Progress: 

MAS is a rapid method of crop improvement. For example, in conventional 

breeding when we transfer a recessive character through backcross, one selfing is 

required after every backcross for identification of recessive character. MAS 

permits identification of recessive alleles even in heterozygous condition and thus 

speeds up the progress of crop improvement work. 

viii. Traits Improved: 

MAS can be used for improvement of both oligogenic and polygenic traits. 

In the past, MAS has been mostly used for the genetic improvement of oligogenic 

traits and little progress has been made with polygenic traits. 

ix. Material Developed: 

MAS leads to development of non-transgenic genotypes or cultivars. In 

other words, MAS is used for development of non-transgenic cultivars. The 

transgenic cultivars face public resistance. On the other hand, cultivars developed 

by MAS are acceptable by consumers. 

x. Cost: 

MAS is very costly as compared to phenotypic selection. In MAS, the costly 

items include equipment’s, consumables, infrastructure, labour and DNA 

extraction process. MAS requires sophisticated and well equipped laboratory. 

3. Steps in Marker Assisted Selection (MAS): 

In the marker aided selection, RFLP markers are widely used for genetic 

improvement of crop plants for various economic characters. 

The marker aided selection consists of five important steps, viz: 

(i) Selection of parents, 

(ii) Development of breeding population, 

(iii) Isolation of DNA from each plant, 

(iv) Scoring RFLPs, and 



(v) Correlation with morphological traits. 

These are briefly discussed below: 

i. Selection of Parents: 

Selection of suitable parents is an important step in marker aided selection. The 

parents should be such so that we can get usable level of polymorphism (variation) 

in the RFLP markers. In other words, parents with contrasting characters or 

divergent origin should be chosen. This will help in identification of DNA of both 

the parents and also their segments in F2 generation in various recombination’s. 

For selection of parents, we have to screen germplasm and select parents with 

distinct DNA. The parents that are used for MAS should be pure (homozygous). In 

self- pollinated species, plants are usually homozygous. In cross-pollinated species, 

inbred lines are used as parents. 

ii. Development of Breeding Populations: 

This is the second important step for application of marker aided selection. The 

selected parents are crossed to obtain F1 plants. F1 plants between two pure-lines or 

inbred lines are homogeneous (alike phenotypically) but are heterozygous for all 

the RFLPs of two parents involved in the F1. 

The F2 progeny is required for the study of segregation pattern of RFLPs. 

Generally 50-100 F2 plants are sufficient for the study of segregation of RFLP 

markers. 

iii. Isolation of DNA: 

The third important step is isolation of DNA from breeding population. The main 

advantage of MAS is that DNA can be isolated even from the seedlings and we 

need not to wait for flowering or seed development stage. The DNA is isolated 

from each plant of F2 population. Standard procedures are available for DNA 

isolation. 

The isolated DNA is digested with specific restriction enzyme to obtain fragments 

of DNA. The DNA fragments of different sizes are separated by subjecting the 



digested DNA to agarose gel electrophoresis. The gel is stained with ethidium 

bromide and the variation in DNA fragments can be viewed in the ultraviolet light. 

The DNA of chloroplasts, when digested with specific enzyme, produces about 40 

fragments of different sizes. The nuclear DNA of higher plants, when digested 

with specific restriction enzymes, produces millions of fragments in a continuous 

range of sizes. It is a tedious job to identify individual DNA fragment in such 

cases. 

iv. Scoring RFLPs: 

The polymorphism in RFLPs between the parents and their involvement in the 

recombinants in F2 population is determined by using DNA probes. The labelled 

probes are used to find out the fragments having similarity. 

The probe will hybridize only with those segments which are complementary in 

nature. Generally 
32

P is used for radioactive labelling of DNA probe. Now non-

radioactive probe labelling techniques are also available. In this way RFLPs are 

determined. 

v. Correlation with Morphological Traits: 

The DNA marker (say RFLPs) are correlated with morphological markers and the 

indirect selection through molecular markers is confirmed. Once the correlation of 

molecular markers is established with morphological markers, MAS can be 

effectively used for genetic improvement of various economic traits. 

4. Applications of Marker Assisted Selection (MAS): 

In crop improvement programmes MAS can be used in various ways. In other 

words, MAS has several useful applications in plant breeding. 

Important applications of MAS in plant breeding are briefly presented below: 

i. MAS is very effective, efficient and rapid method of transferring resistance to 

biotic and abiotic stresses in crop plants. 

ii. It is useful in gene pyramiding for disease and insect resistance. 



iii. It is being used for transfer of male sterility and photo period insensitivity into 

cultivated genotypes from different sources. 

iv. MAS is being used for improvement of quality characters in different crops 

such as for protein quality in maize, fatty acid (linolenic acid) content in soybean 

and storage quality in vegetables and fruit crops. 

v. MAS can be successfully used for transferring desirable transgene (such as Bt 

gene) from one cultivar to another. 

vi. MAS is very effective in introgression of desirable genes from wild into 

cultivated genotypes. 

vii. MAS is equally effective in genetic improvement of plants and animals. 

viii. MAS is useful in genetic improvement of tree species where fruiting takes 

very long time (say 20 years) because for application of phenotypic selection we 

have to wait for such a long time. 

ix. MAS has wide application for genetic improvement of oligogenic traits as 

compared to polygenic traits. 

5. Achievements of Marker Assisted Selection (MAS): 

MAS has been used for genetic improvement of different field crops such as 

maize, barley, rice, wheat, sorghum, soybean, chickpea, pea, sunflower, tomato, 

potato and some fruit crops for various economic characters. MAS has been mainly 

used for developing disease resistant cultivars in different crops (Table). 

Some notable examples of the use of MAS are given below: 

i. Rice: 

In rice MAS has been successfully used for developing cultivars resistant to 

bacterial blight and blast. For bacterial blight resistance four genes (Xa4, Xa5, 

Xa13 and Xa21) have been pyramided using STS (sequence tagged site) markers. 

The pyramided lines showed higher level of resistance to bacterial blight pathogen. 

In Indonesia, two bacterial blight resistant varieties of rice viz Angke and Conde 

have been released through MAS. For blast resistance, three genes (Pil, Piz5 and 



Pita) have been pyramided in a susceptible rice variety Co 39 using RFLP and 

PCR based markers. 

ii. Maize: 

In maize, normal lines have been converted into quality protein maize (QPM) lines 

through MAS using opaque 2 recessive allele. This work has been done at 

CIMMYT (international centre for wheat and maize improvement, Mexico). 

Three SSR markers (Umc 1066, Phi 057 and Phi 112) present within opaque 2 

gene have been used for this purpose. The MAS used for conversion of normal 

maize lines into QPM is simple, rapid and accurate. 



 

Table-Characters being used for MAS in different crops 

iii. Soybean: 

In soybean cyst nematodes pose serious problem and most of the varieties are 

susceptible to this parasite. The resistant gene (rhg 1) is available. In soybean, 
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nematode resistant lines have been developed through MAS using SSR marker (Sat 

309). 

MAS has been used for genetic improvement of various characters in different 

crops. Important characters which have been improved through MAS in different 

crops include disease resistance, insect resistance, salinity resistance, shattering 

resistance. 

It has also been used for transfer of various characters such as male sterility, 

photoperiod insensitivity, earliness, and improvement of protein contents in some 

crop plants (Table 34.2). 

In MAS various types of DNA markers have been used in different crop plants. 

Molecular markers which have been widely used in MAS in different crops include 

Restriction fragment length polymorphisms (RFLP), random amplified 

polymorphic DNA (FAPD) and simple sequence repeats (SSR) or microsatellite. 

Other markers which have been used in some crops include amplified fragment 

length polymorphism (AFLP), sequence tagged site (STS), expressed sequence 

tags (EST), and SCAR markers. Single nucleotide polymorphism (SNP) is also 

used. SNPs have been identified for all the major cereal crops. 

MAS is also being used for genetic improvement of forage and fruit crops. Among 

fruit crops MAS has been extensively used in pomegranate, apple and pear. In fruit 

crops MAS is based on RFLP, RAPD, SSR and AFLP markers. In these fruit crops 

MAS is being used for higher fruit production, better keeping quality for storage 

and disease resistance. 

In vegetable crops MAS is being used in tomato and potato based on RFLP, RAPD 

and AFLP markers mainly for disease resistance. MAS has been found useful for 

genetic improvement of tree crops such as coconut and rubber. 

In majority of field crops genes and linked markers for various important traits 

have been identified which are being used for MAS. 

6. Advantages of Marker Assisted Selection (MAS): 

MAS has several advantages over phenotypic selection and other breeding 

techniques. 



Some important advantages of MAS are briefly discussed below: 

i. Accuracy: 

The accuracy of MAS, is very high because molecular markers are not affected by 

environmental conditions. It is very effective even with the characters having low 

heritability. 

ii. Rapid Method: 

MAS is a rapid method of crop improvement. It takes 3-5 years for developing a 

new cultivar against 10-15 years taken by the conventional method of breeding. 

iii. Non-transgenic Product: 

MAS leads to development of non-transgenic cultivars which are acceptable to 

everybody. In other words, it does not involve transgene. Hence there is no 

question of gene silencing. 

iv. Identification of Recessive Alleles: 

MAS permits identification of recessive alleles even in heterozygous condition and 

thus speeds up the progress of crop improvement programmes. In other words, it is 

equally effective for the genetic improvement of recessive characters. 

v. Early Detection of Traits: 

MAS permits early detection of traits that are expressed late in the life of plant. For 

example characters such as grain or fruit quality, flower colour, male sterility, 

photoperiod sensitivity that express late in the life of a plant can be screened in the 

seedling stage. In other words, DNA tested at seedling stage can through light 

about the trait which are expressed later on. 

vi. Screening of Difficult Traits: 

MAS permits screening traits that are extremely difficult expressive and time 

consuming to score phenotypically. For example, screening for traits such as root 

morphology and resistance to biotic (insects and diseases) and abiotic stresses 

(drought, salinity, heat, frost etc.) is very easy through MAS. 

vii. Gene Pyramiding: 



MAS is very effective method in accumulating multiple genes for resistance to 

specific pathogens and pests within the same cultivar. This process is called gene 

pyramiding. Maker assisted backcrossing is routinely applied in breeding 

programmes for gene introgression. MAS can provide an effective and efficient 

breeding tool for detecting, tracking, retaining, combining and pyramiding genes 

for disease resistance. 

viii. Small Sample for Testing: 

MAS requires only a small amount of plant tissue for DNA testing. In other words, 

MAS can be carried out with small breeding populations. Moreover, MAS can be 

applied at any stage of plant growth. 

ix. Permits QTL Mapping: 

MAS permits mapping or tagging of quantitative trait loci (QTL) which is not 

possible by conventional method. 

x. Highly Reproducible: 

The MAS is based on DNA fingerprinting technique and the results of DNA 

fingerprinting pattern are highly reliable and reproducible. 

7. Limitations of Marker Assisted Selection (MAS): 

However, it has some limitations or drawbacks which are briefly below: 

i. MAS is a costly method. It requires well equipped laboratory viz. expensive 

equipment’s, glassware and chemicals. 

ii. MAS requires well trained manpower for handling of sophisticated equipments, 

isolation of DNA molecule and study of DNA markers. 

iii. The detection of various linked DNA markers (AFLP, RFLP, RAPD, SSR, SNP 

etc.) is a difficult, laborious and time consuming task. 

iv. MAS sometimes involves use of radioactive isotopes in labelling of DNA, 

which may lead to serious health hazards. This is a major disadvantage of RFLP 

based markers. The PCR, markers are safe in this regard. 



v. It has been reported that MAS may become less efficient than phenotypic 

selection in the long term. 

vi. The use of MAS is more difficult for QTL because they have minor cumulative 

effects and are greatly influenced by environmental conditions and genetic 

background. 

MARKER-ASSISTED BACKCROSSING (MABC) 

1. MABC procedure and theoretical and practical considerations 

Marker-assisted or marker-based backcrossing (MABC) is regarded as the simplest 

form of marker-assisted selection, and at the present it is the most widely and 

successfully used method in practical molecular breeding. MABC aims to transfer 

one or a few genes/QTLs of interest from one genetic source (serving as the donor 

parent and maybe inferior agronomically or not good enough in comprehensive 

performance in many cases) into a superior cultivar or elite breeding line (serving 

as the recurrent parent) to improve the targeted trait. Unlike traditional 

backcrossing, MABC is based on the alleles of markers associated with or linked 

to gene(s)/QTL(s) of interest instead of phenotypic performance of target trait. The 

general procedure of MABC is as follow, regardless of dominant or recessive 

nature of the target trait in inheritance: 

Select parents and make the cross, one parent is superior in comprehensive 

performance and serves as recurrent parent (RP), and the other one used as donor 

parent (DP) should possess the desired trait and the DNA markers allele(s) 

associated with or linked to the gene for the trait. 

Plant F1 population and detect the presence of the marker allele(s) at early 

stages of growth to eliminate false hybrids, and cross the true F1 plants back to the 

RP. 

Plant BCF1 population, screen individuals for the marker(s) at early growth 

stages, and cross the individuals carrying the desired marker allele(s) (in 

heterozygous status) back to the RP. Repeat this step in subsequent seasons for two 

to four generations, depending upon the practical requirements and operation 

situations as discussed below. 



Plant the final backcrossing population (e.g. BC4F1), and screen individual 

plants with the marker(s) for the target trait and discard the individuals carrying 

homozygous markers alleles from the RP. Have the individuals with required 

marker allele(s) selfed and harvest them. 

Plant the progenies of backcrossing-selfing (e.g. BC4F2), detect the markers and 

harvest individuals carrying homozygous DP marker allele(s) of target trait for 

further evaluation and release. 

Application of MABC 

Success in integrating MABC as a breeding approach lies in identifying 

situations in which markers offer noticeable advantages over conventional 

backcrossing or valuable complements to conventional breeding effort. MABC is 

essential and advantageous when: 

 Phenotyping is difficult and/or expensive or impossible; 

 Heritability of the target trait is low; 

 The trait is expressed in late stages of plant development and growth, such 

as flowers, fruits, seeds, etc.; 

 The traits are controlled by genes that require special conditions to express; 

 The traits are controlled by recessive genes; and 

 Gene pyramiding is needed for one or more traits. 

Among the molecular breeding methods, MABC has been most widely and 

successfully used in plant breeding up to date. It has been applied to different types 

of traits (e.g. disease/pest resistance, drought tolerance and quality) in many 

species, e.g. rice, wheat, maize, barley, pear millet, soybean, tomato, etc. 
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Introduction 

Agricultural production has increased worldwide through the development 

of varieties with improved yield traits or stress-tolerant characteristics. To this end, 

crop breeding programs are devised to accumulate alleles from within the gene 

pool and from cross-compatible wild relatives. Advances in genetic engineering 

through recombinant DNA technology and spatial and temporal targeted 

expression of genes facilitated (i) the transfer of precise gene sequences and (ii) the 

transfer of genes across gene pools. Asexual techniques of gene transfer help to 

engineer new characters that are otherwise very difficult to introduce by 

conventional breeding. Plants that receive genes using recombinant DNA 

technology are called genetically modified (GM) crops. A number of GM varieties 

and hybrids are developed and cultivated globally. Stable crop systems across 

broad agroecosystems under a variety of stresses can be addressed by GM crops in 

conjugation with plant breeding programs. Genetically modified crop varieties can 

benefit large acreage cropping system in the developed world as well as small 

farms in the developing world with the support and implementation of 

complementary national biotechnology policies that safeguard humankind, national 

trade, and the environment. 

Transfer of genes by crossing involves recombination of genetic material, 

while genetic transformation allows the transfer of only the desired and specific 

gene sequences. Development of a new cultivar is a sequential and cyclic process 

of creating new diversity, recombination, selection for superior recombinants, and 



testing followed by commercialization. Through transformation, a new genetic 

variation is created, but it has to be performance-tested like its classically bred 

counterparts before release and commercialization. In transgenic breeding, the 

breeder looks for a defined trait phenotype and then introgresses the transgenic 

event into a broad range of desirable genetic backgrounds. But in the case of 

transgenics, the site of integration of the transgene is usually random, sometimes 

resulting in alteration of the DNA sequence to be inserted and sometimes 

disrupting the recipient genome. 

PRODUCTION AND EVALUATION OF TRANSGENIC EVENTS  

Insertion of alleles through genetic transformation is a long, technically 

specialized, and expensive process. Genetic transformation protocols, in general, 

are dependent on tissue culture (callus induction and regeneration) response of a 

species. Transformation methods based on in planta avoid tissue culture. During 

the course of genetic transformation a foreign gene is introduced through particle 

bombardment or Agrobacterium method into a small plant tissue, which is 

competent to regenerate into a whole plant (Figure). Transgene refers to a set of 

nucleotide sequences that constitute a promoter, coding sequence of the gene, 

enhancer, and terminator. The promoter can be selected based on the selective 

spatial and temporal expression of the transgene. Levels of transgene expression 

are enhanced by inclusion of enhancer sequences. The desired gene is inserted 

randomly into a few cells of the target tissue; these transformed cells are 

selectively cultured to regenerate whole plants over time under controlled 

nourishment and culture. These transgenic plants (T0) are confirmed for the 

integration of the desired gene(s) through techniques like polymerase chain 

reaction (PCR) and Southern blotting. Expression of target character is verified 

through Western blotting, whereas quantification of the levels of trait expression is 



performed through ELISA (enzyme-linked immunosorbent assay) or related 

techniques. Integration of the transgene at a given locus or loci is called a 

transgenic event. 

 

Process of transgenic development 

ADVANCEMENT OF GENERATION IN TRANSGENIC LINES 

Transgenic (T0) plants generated immediately after the process of genetic 

transformation are hemizygous for the gene of interest. Homozygous lines in crop 

species can be established by (i) germination of T1 transgenic progeny seeds on 

selective media, (ii) evaluation for expression of transgenic trait (if diff erential 

expression between homozygotes and heterozygotes exists), (iii) Basta paint tests, 

and (iv) real-time PCR (RT-PCR). To distinguish between heterozygotes and 



homozygotes, RT-PCR can be used, but it is costly and requires specialized skill 

and equipment. Germination of seeds on media containing selection agents like 

antibiotics (hygromycin or kanamycin) or herbicides like Basta (glufosinate 

ammonium) can be used in a few cases to obtain homozygous lines. Instant 

diploidization of heterozygous lines is possible by regenerating plants through 

anther culture. 

LIMITATIONS FOR DIRECT ADOPTION OF TRANSGENIC PLANTS 

Transgenic plants cannot be brought to cultivation immediately after production 

because (i) not all the cultivated or elite lines of a crop species are amenable to 

genetic transformation and (ii) prolonged process of genetic transformation results 

in genetic drag of the initial variety. One of the challenges of crop improvement by 

genetic modification is the presence of unintended effects. Lack of understanding 

on such practical aspects becomes a significant barrier in transgenic breeding. 

FOREGROUND SELECTION  

Foreground selection refers to using markers that are tightly linked to the 

gene of interest in order to select for the target allele or gene. Background selection 

refers to using markers that are not tightly linked to the gene of interest in order to 

select against other DNA from the donor parent (i.e., to select for recurrent parent 

alleles at other loci than the target). 

Strategies for using markers for foreground selection 

The first step for foreground selection is to associate a molecular marker 

with the target trait by some genetic mapping method. In the best case, the marker 

itself would be the functional polymorphism – that is, the DNA change that causes 

the phenotypic difference between alleles. These markers can be called “functional 



markers”. Creating functional markers requires the gene of interest to be cloned. In 

the absence of a cloned gene, markers that are very tightly linked to the target gene 

are necessary to avoid recombination between the marker and the gene during 

backcrossing. A recombination, of course, would result in a situation where the 

breeder is selecting for a marker allele that is now linked to the undesirable trait 

allele. 

Assuming markers are available for the trait, then they can be applied at 

each backcross generation to select those plants carrying the desired allele (or 

gene, in the case of a novel transgene). Markers are used as follows: 

(1) BCxF1 seeds are planted and DNA is extracted from leaf tissue prior to 

flowering. 

(2) The markers are screened on the DNA of each plant, typically requiring a 

separate reaction assay for each marker on each plant. 

(3) Plants that have the desired marker allele – the one known to be 

associated with the desired trait allele – are selected for backcrossing to the 

recurrent parent. 

A clear summary of an example of foreground selection in rice is provided. 

Their objective was to introgress three different bacterial leaf blight resistance 

alleles (each at a different chromosomal location) into elite “new plant type” rice 

breeding lines using marker-assisted selection (MAS). The donor parent was 

IRBB59, which carried all three resistance alleles, Xa21, xa13, and xa5, but was 

not a NPT line. The recurrent parents were IR65598-112, IR65600-42, and 

IR65600-96, all NPT lines. 

BACKGROUND SELECTION 



In background selection is designed to eliminate donor parent alleles other 

than the desired target gene. Of most importance is minimizing the size of the 

introgressed region, ideally limiting it to just the gene of interest. Also important, 

however, is the elimination of donor chromatin in regions of the genome unlinked 

to the target (i.e., non-carrier chromosomes and regions far from the target on the 

carrier chromosome). 

Strategies for using markers for background selection 

To remove unlinked donor genome regions, assaying 2-3 markers evenly 

spaced per 100 cM is the most efficient approach in early generations, but higher 

marker density may be useful in later backcross generations. A program including 

only a selection step on non-carrier chromosomes is more effective in later 

backcross generations (BC3 or BC4) than in early generations. Although this may 

be counter intuitive, it is based on the facts that in early generations, few 

recombinations have occurred to break up introgressed segments from the donor – 

thus, few markers are needed, and that most of the donor material will be removed 

in subsequent backcrosses. In later generations, the donor regions will be smaller, 

and hence more markers will be needed. Selection against donor alleles in the 

region of the target – i.e., reducing the linkage block surrounding the target. The 

goal is to reduce the size of the donor DNA segment surrounding the target gene to 

as small as possible as soon as possible in the backcrossing program. To do this, 

recombinants between the target and closely linked markers need to be identified. 

Actually, individuals with a recombination on both sides of the target need to be 

identified (as shown in the figure below). 

Marker assisted selection is more efficient relative to traditional 

backcrossing for markers close to the target. If recombination is equally likely 



throughout a chromosome (which we know isn’t actually true), then the likelihood 

of a recombination between the target gene and a marker is proportional to the 

distance the marker is from the target. For markers far from the target, 

recombination is likely to occur early in the backcrossing process, and hence, the 

use of markers to select for these regions which are homozygous for the recurrent 

parent is not particularly necessary. However, as the marker gets closer to the 

target, the use of markers helps identify the rare recombinants. The problem is that 

few recombinations occur between the trait and markers close to the target, so that 

large populations need to be screened to find recombinants here. A double 

recombinant is even less frequent, necessitating a huge population size. Therefore, 

one possible approach is to identify a recombinant on one side of the target in one 

generation and on the other side in the next generation. 
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Introduction 

Gene Introgression, also known as introgressive hybridization, in genetics is the movement of 

a gene (gene flow) from one species into the gene pool of another by the repeated backcrossing of 

an interspecific hybrid with one of its parent species. Purposeful introgression is a long-term 

process; it may take many hybrid generations before the backcrossing occurs. 

Introgression differs from simple hybridization. Introgression results in a complex mixture of 

parental genes, while simple hybridization results in a more uniform mixture, which in the first 

generation will be an even mix of two parental species. 

Steps of Gene Introgression 

 Interspecific crossing with wild source containing the desired gene 

 Back cross procedure and removal of disturbing linkage drag 

 Crosses with breeding parent for variety selection 

 Resistant variety with linkage drag 

 

GENE PYRAMIDING 

 

Introduction Watson and Singh (1953) first introduced the concept called gene pyramiding. 

Gene pyramiding is defined as a method aimed at assembling multiple desirable genes from 

multiple parents into a single genotype. The end product of a gene pyramiding program is a 

genotype with all of the target genes. Gene pyramiding is a breeding method aimed at assembling 

multiple genes with known effects on target traits. It is mainly used in improving existing elite 

cultivars for a few unsatisfactory traits, for which genes with large positive effects are identified.  

Traditionally, the identification of the sources of useful gene is very slow and breeder‟s 

capability to trace the presence or absence of the target genes is limited. This limits the number of 

genes to be incorporated into elite cultivars at any times. The development of modern molecular and 
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genomics technology has not only accelerated the discovery of favorable gene but also widened the 

sources of useful genes.  

Objectives of gene pyramiding  

1) Enhancing trait performance by combining two or more complementary genes,  

2) Remedying deficits by introgressing genes from other sources,  

3) Increasing the durability.  

Types of gene pyramiding  

1. Conventional technique: Serial gene pyramiding: Genes are deployed in same plant one after 

other (Figure ).  

* Pedigree breeding  

* Backcross breeding  

* Recurrent selection 



2. Molecular technique Simultaneous gene pyramiding: Genes are deployed at a time in a 

single plant.  

* Marker assisted selection  

* Transgenic method 

 

Figure-Conventional techniques of Plant Breeding 

Disadvantages of conventional methods  

1. Gene pyramiding is mainly used to improve qualitative traits such as disease and insect 

resistance. This is associated with the fact that the presence of target trait genes must be 

confirmed by phenotyping mostly at the individual level and that individual phenotypic 

performance is a good indicator of the genotype only if genes have a major effect on 

phenotypic performance and the error of phenotyping is minimal.  



2. In addition to the reliability of phenotyping at individual level other factors influencing the 

success of gene pyramiding are the inheritance model of the genes for the target traits, linkage 

and/or pleiotropism between the target trait and other traits.  

3. For instance, allelic genes cannot be combined in the same genotype. The effect conferred 

by a recessive gene cannot be evaluated on heterozygous individuals and progeny testing is 

required.  

 

4. If the target gene is tightly linked to genes with large negative effects on other traits, these 

undesirable genes may be transferred together with the target gene into the recipient line and 

result in reduced performance of other traits (linkage drag).  

Therefore, any improvement in the knowledge of the trait genetics (inheritance, genetic 

relationship, etc.) and techniques for inferring for genotypes. 

Marker assisted gene pyramiding  

Marker-assisted selection (MAS) is a method of rapidly incorporating valuable traits 

into new cultivars. Molecular markers, or DNA tags, that have been shown to be linked to 

traits of interest are particularly useful for incorporating genes that are highly affected by the 

environment, genes for resistance to diseases and pests, and to accumulate multiple genes for 

resistance to specific diseases and pests within the same cultivar – a process called gene 

pyramiding. One of the first wheat cultivars to be developed using MAS was the soft winter 

wheat cultivar “Madsen”, released in 1986 by the USDA-Agricultural Research Service (ARS) 

and Washington State University. “Madsen” was developed using the isozyme marker from 

the endopeptidase protein, EpD1b, to incorporate a gene for resistance to eyespot (Tapesia 

yallunde) (Allan et al., 1989). Since 1990, detailed molecular maps of wheat have been 

constructed that include more than 3,000 molecular markers and several important traits have 

been associated with DNA markers. Additional markers can be developed from the 8,000 

expressed sequence tags (ESTs) that have been mapped in wheat [Maps and references are 

available online (USDA-ARS 2005)].  



Advantages gene pyramiding  

1. Widely used for combining multiple disease resistance genes for specific races 

of a pathogen  

2. Pyramiding is extremely difficult to achieve using conventional methods  

3. Consider - phenotyping a single plant for multiple forms of seedling resistance – 

almost impossible 

 4. Important to develop 'durable' disease resistance against different races  

5. Main used to improve existing elite cultivar 6. Eliminates extensive phenotyping 

7. Control linkage drag 

 8. Reduces breeding duration  

Main factors affecting gene pyramiding  

1. Characteristics of the target traits/genes  

2. Reproductive characteristics  

3. A breeder's capability to identify the 'desired' genotypes  

4. Operating capital 

Success stories  

Table 1 below shows the successfully pyramided genes with their traits of some 

important crop plants, rice, wheat, cotton, pea, barley, broccoli, soyabean and 

chickpea. 
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