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ABSTRACT First initiation of breeding started thousands of years ago when human practiced selection based in visually appealing
traits. Further, domestication of wild plants eased adaptation of plant breeding. With increase in population the demand for food also
increased which resulted in development of various breeding methodologies. Conventional breeding is a selective breeding
methodology where crops are selected based on superior performances. Pure-line selections, mass selection, back cross breeding,
recurrent selection, hybridization were most famous traditional breeding methods. It is a longer breeding method and is over-dependent
on phenotype of plants. However, phenotypes of a plant are affected by various externalities. So, selection based on phenotypic
expression is not accurate. As a result, breeder started integrating various branches of biology in plant breeding and developed modern
breeding practices. After Mendelian theory and identification of DNA and RNA, plant breeding diverted to molecular era. People
started breeding based on less environmentally susceptible parameters like genotypes, visual and genetic markers, image analysis and
loci mapping. Some of the most common modern breeding practices include genomic selection, markers assisted breeding, high
throughput phenotyping and CRISPR-Cas9. Despite these, plant breeding has fired up the problems of gene erosion due to loss of local
landraces and wild-type plants.
Keywords Plant breeding, Conventional breeding, Modern breeding, Plant domestication, Genetic erosion

INTRODUCTION
The initiation of modern human civilization dates back
to 10,000 BC when people were still dependent on hunting
and gathering. Then, primordial humans started domestication of sheep and other animals after 2300 years.
Gradually, wheat, maize, potatoes were cultivated in separated plots. It was during 2900 BC when plough and
irrigation system was introduced. After that domestication
of various crops caught a speed (Agronomy and
Agriculture 2021). The first existence of domesticated
crops was found in South-West Asia during Neolithic age,
with Einkorn and Emmer wheat being the first to be
domesticated (Zohary et al. 2021). Just before 20 or 30

centuries ago, Neolithic man domesticated all of staple
cereals and crops consumed today (Borlaug 1983). At
present 2500 species of plants have undergone through the
process of domestication (Dirzo et al. 2003) with 250
species being completely domesticated (Gepts et al. 2012).
Domestication of plants can be categorized into three
stages: “gathering”, “cultivation” and “domestication”.
Initially, people started collecting plants from wild types.
Then, they started cultivating them on their field and finally
practiced visual selection of those plants with advantageous characters. People initiated selection of crops to
obtain vital beneficial characteristics from their wild types
during domestication. Domestication of seed crops were
based on certain traits like larger size of seed, thinner seed
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coats, lack of dormancy, increased yield, determinate
growth pattern, etc. Within a plant only those species with
these desirable traits were selected for domestication
(Meyer and Purugganan 2013). Domestication of plants
did not start in a single area but were spread across multiple
areas (Meyer et al. 2012). As selection is the first step in
plant breeding, it is believed that primitive human practiced
plant breeding sub-consciously since initial stages of crop
domestication.
Plant breeding is simply the integration of crop genetics
in plants to produce plants according to plant ideotype.
Plant breeding is a repetitive process of selection in parents
as well as their progenies for desirable traits. Only after
Mendel’s law of inheritance in 1865, concrete concept of
plant breeding started. As Mendel studied sweet-pea to
formulate his theories, it encouraged people to apply his
th
theory in applied plant genetics. Prior to 19 century plant
improvement was done by large scale farmers who selected
seeds from plants with desirable visual characters and
cultivated them. After restoration of Mendel’s law in
1900s, people started crossing of superior varieties and
creating hybrids of required characters (Hickey et al.
2017). The importance of plant breeding is immense in
present world. During 1965, Norman E. Borlaug pioneered
“Green Revolution” through use of Plant genetics to breed
semi-dwarf, fertilizer responsive and disease resistant
wheat varieties. International Rice Research Institute also
released rice variety resistant to lodging and photo-period
insensitive (Lee et al. 2015). These were arguably the most
important achievements in agriculture, attained with the
aid of plant breeding and genetics. Some developed
countries have minority of people involved in agriculture.
These minority needs to handle tedious responsibility of
feeding majority of people in the country (Breseghello and
Coelho 2013). It is possible because plant breeding has
been successful to improve crop yields even without
increasing cropping area or people involved in it.
World population at present is anticipated to increase by
a billion every fourteen years. By 2040 A.D., it is expected
to reach 10 billion at this rate. However to cope with this
increment in population, food supply needs to be increased
by 70-100% (Jonathan et al. 2011). This goal can be easily
achieved by crop improvement through plant breeding.

Plant breeding uses different strategies like chromosome
alteration, artificial crossing and mutagenesis for creation
of variation (Lee et al. 2015). Creation of variation aids in
selection of desirable characters from a plant. For last 150
years, plant breeding has been successful to cut-short the
life cycle of plant (Ahmar et al. 2020). Shorter lifecycle has
enabled other major crops to be integrated in yearly
cropping calendar.
The primary intent of this paper is to discuss about
various breeding methodologies. The paper also tries to
differentiate between conventional breeding and modern
plant breeding. We hope the paper would act as a perfect
knowledge source for scientists interested in Plant
breeding.

CONVENTIONAL BREEDING
Conventional Breeding is the process of developing new
plant cultivars without the use of futuristic molecular
breeding technologies. Conventional breeding does not
violate the natural law of inheritance. Conventional
breeding is a selective breeding methodology where pants
are selected based on superior performance on selected
characters. The required characters are attained from
closely related individuals and incorporated into new
cultivars using hybridization (Al-Khayri et al. 2016).
Variability in conventional breeding is created through
hybridization. Selection based on phenotype is done to
identify the most important genotype. Then, the selected
cultivars are evaluated and then released as varieties. In
conventional breeding, identical parents do not produce
variation as there would be no segregation of gametes
(Acquaah 2009). Conventional breeding is a longer process
and usually takes more than 10 years to release a new
cultivar (Bharti and Chimata 2019). Conventional breeding
is over-dependent on phenotypic expressions of cultivars
for identifying superior ones. Thus selected cultivars are
not free from errors as phenotypes are highly influenced by
genotype by environment interactions (Lema 2018).
Conventional breeding is applied science and it leans
towards experiences, observations and skills of breeders
for judgment (Allard 1961). For instance, a most
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extensively grown potato in America, Burbank, was
discovered through abrupt observations of growers by
conventional breeding methodologies (Fehr 1987). The
inconsistent result of conventional breeding is mainly due
to over-dependence on subjective analysis. However,
scientific and modern plant breeding is less subjective and
more science. Thus, modern breeding practices is more
effective and efficient (Jiang 2013).

MODERN BREEDING
For last 20 years modern technologies are being
amalgamated with conventional breeding practices. With
time the breeding objectives of plants are moving beyond
the limits to improve crop yield only. More unique traits
like weed resistant, improved nutrition and responsiveness
to soil and microbial community are studied robustly. To
overcome these unusual goals, conventional breeding are
used in combination with other branches of science for
thorough study of genomics (Fu 2015). Newly used

technologies like Genomic selection, enviromics and High
Throughput Phenotyping (HTP) are practiced to improve
genetic gain of cultivars. These new technologies gave rise
to modern breeding. Genomics, Enviromics and Phenomics are considered to be parts of modern plant breeding
triangle (Crossa et al. 2017). Conventional breeding has
been using many genetic and molecular techniques that
have accelerated the speed of crop enhancement. These
modern techniques has been widely used in staple crops
like rice, wheat, sorghum, maize, etc. (Ricroch et al. 2014).
Various supplementary approaches are used to enhance
global food production. Modern plant breeding tries to
explore characters that help a variety to perform superiorly
throughout distant locations (Ewing et al. 2019). These
breeding hypotheses use parents with consistent phenotypes which show less effect through genotype by
environment interactions (Finlay and Wilkinson 1963).
Despite its effectiveness, modern breeding programs are
alleged to cause genetic erosion. However, these allegations are deemed as false (Huang et al. 2007) (Table 1).

Table 1. Differences between conventional and modern plant breeding methods.
Conventional plant breeding
∙ The breeding method is based more on phenotype which
creates unreliability in determining pure line of genes.
∙ It is more time consuming to release a new variety.
∙ Variability in conventional breeding is created through
hybridization.
∙ Generally, dominant genes are only selected. The
selection of recessive alleles needs to undergo a long
procedure.
∙ It is less effective since it depends more on skills, arts
and subjective analysis of breeder. This makes the result
less reliable.
∙ Conventional plant breeding demands less technical
skills and scientific knowledge of genetics
∙ It is less expensive as it can be carried with local
techniques and tools.

Modern plant breeding
∙ It is genotype based method of breeding which is
more accurate in determining the pure gene line.
∙ It is comparatively less time consuming to release a
new variety.
∙ Newly used technologies like Genomic selection,
enviromics and High Throughput Phenotyping (HTP)
are practiced to improve genetic gain of cultivars.
∙ The recessive alleles can be selected through the use
of markers and identification of specific sites of gene
which is quite shorter procedure than of the
conventional.
∙ Modern Plant Breeding is more effective and trusted
since it is based on scientific research and findings.
∙ In the same place, modern plant breeders are required
with more technical skills and genetic science
knowledge.
∙ It is highly expensive as it requires high tech
machineries and methodologies.
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ADVANTAGE OF MODERN PLANT
BREEDING OVER CONVENTIONAL
From Neolithic age, first initiation of domestication of
crop, to twenty-first century, the golden age of plant
breeding, people have applied various strategies for crop
improvement. The extensive use of conventional breeding
in correspondence with other disciplines of science has
certainly made modern plant breeding more reliable and
effective. In comparison with traditional breeding, modern
plant breeding has following advantages:
a. By using some techniques like Marker Assisted
Breeding and Quantitative Trait Loci Mapping,
selections of superior plant can be done even at
seedling stage. The later occurring unwanted genes
can be removed by using different markers.
b. Since conventional selection is dependent on
phenotypic expression, only dominant genes are
expressed on. Thus, case of conventional breeding
only dominant genes can be selected. In order to
select recessive alleles, test cross and selfing are
done which is lengthy procedure. However with
modern breeding several recessive alleles can also
be selected by use of markers and identification of
specific sites of the gene.
c. In traditional breeding, phenotypic selection is
difficult because of presence of masking effects.
Some of the quantitative traits which are governed by
multiple alleles are difficult to select because their
phenotypic expression varies. However, with new
breeding technologies like gene editing and genomic
selection it is easier.
d. Although constant breeding are conducted through
conventional breeding, the results has not been very
fruitful. Genetic gains of quantitative traits have not
been effective as they are largely affected by
genotype by environment (G × E) interaction. But,
modern breeding is based on stable genotypes which
are less affected by G × E interaction. This makes the
breeding program effective and efficient.
e. Conventional breeding is more dependent on skills, art
and subjective analysis of breeder (Anderson 2013).
However, modern breeding is more of a science than

art. It is based on scientific research and findings.
Thus, it is more trustworthy and effective.

CHALLENGES OF MODERN BREEDING
Although modern plant breeding can address major
problems of conventional breeding, it is difficult to execute
these programs due to some setbacks. Modern breeding
requires skilled, expert and effective manpower for
execution. Breeder needs to have knowledge about not
only plant breeding, but also other branches of biology.
Modern breeding methodologies are difficult to handle
because of economic, institutional and technical challenges
(Morris and Bellon 2004). The use of modern breeding
programs like speed breeding is difficult to adopt in
developing countries due to unavailability of trained
individuals and technicians (Wanga et al. 2021). Some of
the major challenges of modern plant breeding are
discussed below:
a. Global weather and climatic patterns are changing due
to global warming. As a result the extent of effect of
abiotic and biotic stress factors are also changing with
uncertainty. Some crops like legumes have started
showing double stress symptoms. It has been quite
challenging for modern breeding programs to develop
varieties resistant to more than one stress. Sometimes
there is presence of negative correlation between
stress resisting genes and quantitative traits which
reduces productivity of crops (Kumar et al. 2011).
b. There have been problems related to genetic erosion
with development of plant breeding. In Canada over
last 100 years, genetic diversity has rapidly declined
because of breeding efforts (Fu and Dong 2015).
Because of low variability, experimental errors might
be high. Thus, it might be the condition that
replications might be increased. It is challenging for
modern breeding programs to establish same level of
variation in offspring.
c. The technical knowhow required for modern breeding
is high. Traditionally, plant breeding could be done
through experiences, skills and little help. However,
modern plant breeding requires scientific knowledge

Conventional and Modern Plant Breeding ∙ 5

of biotechnology, plant breeding and agri-statistics.
Thus, skilled manpower is required for operation of
modern breeding.
d. Modern plant breeding uses modern high-tech machineries and methodologies. These machineries and
methodologies are expensive and difficult to operate.
As of a study conducted by Brennan and Martin
(2006), the total cost estimation of conducting a
Wheat breeding program is approximately equal to
1.1 million USD. It seems these programs are very
difficult to be conducted by local farmers or in
developing nations.

CONVENTIONAL BREEDING METHODS
There are various methods being practiced in conventional breeding for both self and cross pollinated plants.
Some of the methods are described below:

Conventional breeding for self-pollinated crops
Pure-line selection
Selection within a same population is one of the most
primitive methods of plant breeding. In some selfpollinated plants like rice and wheat, pure line selection is
quite common (Breseghello and Coelho 2013). Pure lines
are progenies produced by self-pollination of single
homozygous parent. Since genetic make-up of progenies
are same to their parents, new genotypes are impossible to
be created through pure line selection. Pure line selection
came into practice after Johannsen gave pure-line theory in
1903 (Poehlman 2012). A research conducted on wheat
revealed that heterosis in yield increased by 15-20% than
the higher performing parental line through pure line
selection (Lane 1981). Pure lines have evenness in genetic
structure and are highly used in conditions where
uniformity in product is given much priority in market
(Al-Khayri et al. 2016). Phenotypic variances present in
pure-lines are only due to environmental effects. Therefore, selection in pure-lines are ineffective due to low
heritability (Begna 2021).
In this method, superior homozygous parental genotypes
are selected and they are self-pollinated. Progenies obtain-

ed from each parental genotype are grown and assessed
individually. Plants are evaluated for desirable traits and
uniformity. Second generation progenies with superior
types go through preliminary yield trials. Then, multilocation trials are conducted in presence of check varieties
from selected individuals. After few years of conducting
multi-locational trials superior genotypes are released as a
new variety. The whole procedure of variety release takes
around six or seven years.

Mass selection
Mass selection is practiced for both self and cross
pollinated crops (Allard 1961). Mass selection is practiced
to enhance productivity of base population by increasing
the frequency of desirable traits. Those landraces which has
been transferred from generation to generations since ages
are improved through mass selection. Off- type plants are
excluded from the cultivated population and desired plants
are selected for further breeding and testing programs
(Acquaah 2012). Selections of those plants are based on
phenotypic expression. This type of selection is more
effective if the selected traits are highly heritable (Brown
and Caligari 2011). The presence of variance due to
additive genes makes mass selection highly efficient
(Wolff 1972). It is performed either as single parental (one
type gamete controlled) or bi-parental (both male and
female gamete controlled) mass selection. However, when
both male and female gamete are controlled mass selection
is more effective because both the parents are selected
(Chao-ying et al. 2010).
In this method, a landrace is selected based on
performance of traits like height, disease resistance and
early or late maturing. The selected individual is sown in
the field and harvested at maturity. The harvested seeds are
mixed and used for next generation. In second year, the
crops are grown in a bulk from mixed seeds and compared
with a check variety. Preliminary yield trial is performed.
For next 3 to 4 years, the varieties are tested at multilocations in presence of check variety. On seventh year of
selection, the selected plant is released as variety and
distributed.
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Back cross breeding
Backcross is the process of crossing F1 hybrid with one
of the homozygous parents to produce progenies identical
to the parent (Aleksoski 2018). Backcross breeding is a
method of incorporating a desirable trait from less
established plant into a well-established one without
affecting other traits in latter. It is a method of producing
hybrids which are similar to parents with higher number of
desirable traits. Backcross breeding is recurring selection
methodology (Fujimaki 1978). After successive backcross
for three to four generations, the progenies are alike
recurring parents. A backcrossed progeny has to recover
almost 98% of recurrent parent genome. It is obtained
through repetitive backcross of hybrid progenies with
recurrent parent for five to six generations (Vogel 2009).
Selection of characters other than transferred one is
ineffective in those progenies as the traits nearly matched
with repeatedly backcrossed parent (Briggs 2016). The
most common feature of backcross breeding is uneven
gene contribution in newly formed variety from two
parental lines. More genes are contributed from recurrent
parent and very few from donor parent (Singh 1982).
In this method, donor parents are those plants which
contain desired character and recurrent parents are those
plants which receives the selected genes. A cross is made
between two parents to produce hybrid progeny (F1).
Selection is done among the F1 progenies for desired traits.
The selected F1 progenies are grown and then back crossed
with recurrent parent to produce back cross hybrid (BC1).
Selection is done among the BC1 generations for desired
character and then grown in separate fields. After it, BC1
individuals are again back crossed with recurrent parents.
The process is continued until sixth back cross generation
(BC6) is produced. Thus produced BC6 generation is grown
for seed production. Multiple yield trials are conducted at
different locations in presence of recurrent parent as check
variety. The newly formed variety should be similar to
recurrent parent.
Conventional breeding for cross-pollinated crops
Recurrent selection
Recurrent selection is a term coined by Hull (1945)
which means process of reselecting desirable characters

generations after generation to increase its frequency only
from the crosses between high performing individuals
(Bangarwa 2021). Crossing is done between heterozygous
recurrent parent and inbred individual. It helps in
maintaining variability as well as increasing gene frequency of desired traits. The process has been exclusively
used for breeding of cross-pollinated crops (Khadr 1964).
Recurrent selection was initially and widely practiced in
maize, latter applied in rice, millet, wheat and soybeans
(Ramya et al. 2016). There are three different types of
recurrent selections (Luckett and Halloran 2017), which
are:
a. Simple recurrent selection:
This method is carried out for characters with high
heritability. In this method, selection is done
phenotypically from open pollinated crops. After
selection, the selected individuals are selfed. The
progenies from selfed parents are cultivated in a
crossing block and intercrossed. The progenies of
intercrossed individuals are again selected and grown
in separate crossing block. The process is repeated
until no any further improvement is found between
intercrossed parents and selected progenies.
b. Recurrent selection for combining ability:
In this method a phenotypically superior parents and
tester plants are selected. These tester plants may be
heterozygous or homozygous. Two things are
simultaneously conducted in this method in first year.
First, selfing of superior parents is done and progenies
obtained from these selfings are grown in a crossing
block. In parallel, the selected population is test
crossed with tester plants and progenies obtained are
subjected to replicated yield trials for evaluation.
Progenies with higher mean performance in yield
trials are expected to have good combining ability.
Selfed parent of high performing tester progenies are
selected and cultivated again in a crossing block and
intercrossed. The harvested seeds from these plants
are sown and the cycle of test crossing and selecting is
continued as in first year. The cycle can be continued
until desired character is not obtained. This method is
effective for characters governed by incomplete
dominance or over-dominance.
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c. Reciprocal recurrent selection:
In this method two original open pollinated populations of plants are selected. This original population
of plants acts as tester plant for one another. Selfing is
done for each of those populations and progenies
obtained are grown in a separated crossing block. At
the same time, test cross with one another is conducted and progenies obtained from each test cross
are subjected to replicated yield trial separately.
Parents of test progenies showing higher performance
are selected and again selfing and test crossing are
done. This cycle can be repeated until desired character is not obtained. This method is carried out for
character governed by both additive and non-additive
gene action.

Hybridization
Hybridization is the process of producing hybrids by
mating genetically distant parents. It may be either natural
or artificial and can involve different species, genetically
different individuals or same species. It is the process of
combining characters of different parents to produce
genetically superior progenies. Joseph Koerauter, a
German botanist, was the first to adopt hybridization
technique for crop improvement in 1760 (Begna 2021).
Hybridization does not alter the genetics of plant but
produce recombinant genes which might contain desirable
traits. This process is also used to overcome different
reproductive barriers encountered in traditional sexual
crossings like sexual incompatibility, male or female
sterility, etc. (Mwangangi et al. 2019). The two most
common hybridizations are:
a. Interspecific hybridization:
It includes crossing of individuals from two separate
species which are sexually incompatible in general.
This method is also known as wide crossing. This
method is popular for transferring traits from wild
relatives or mixing of favorable traits from two
different species (Lidder and Sonnino 2012). This
method is often used when a specified set of character
is unavailable. Not all species can be hybridized as
there is presence of pre-fertilization and postfertilization barriers of interspecific hybridization.

Pre-fertilization barriers prevent the formation of
embryos and post- fertilization barriers reduce embryo vigor. Failure of pollen germination and pollen
incompatibility are pre-fertilization barrier and post
fertilization barriers include hybrid sterility, poor
vigor, seed lethality and seed abortion (Murray 2016).
b. Intraspecific hybridization:
It is one of the most successful method of hybridization and widely used in commercial plant breeding.
As mating population are from a same species, there is
no barriers of hybridization. This method is widely
practiced for combining desirable traits from two or
more plants of a same species and creating variations
for selection (Murray 2016). Based on number of
parents used, intraspecific hybridization may be
Simple or Complex Cross. Simple cross involves
crossing of two parents to produce F1 hybrids which
are then either selfed to produce F2 or back crossed.
Complex cross involves crossing of more than two
parents to produce F1 hybrids. Complex cross is used
to concentrate desirable traits from more than two
parents into one hybrid offspring (“Hybridization in
Plants: Types, Procedure and Consequence of Hybridization” 2021).

MODERN BREEDING METHODS
In order to make breeding programs more effective,
efficient and swift, other branches of biology are being
integrated into it. As a result modern specific approaches
are being developed for breeding of various plants. Some of
these modern breeding methods include:

Genomic selection
It is a type of modern breeding program where best
individuals are selected for breeding based on predicted
breeding values. Breeding values are merit of a selected
individual based on average performance of its offspring.
Genomic selection (GS) is more fruitful in comparison to
conventional breeding because it aids in improving grain
yield in less time. It is superior version of Marker assisted
selection because it uses genome wide markers to speculate
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effect of quantitative gene loci thereby calculating estimated breeding value (Wang et al. 2018). A research conducted by International Maize and Wheat Improvement
Center (CIMMYT) showed that breeding interval could be
as less as half of conventional breeding in plants like maize
(Crossa et al. 2017). On contrary to Linkage analysis and
Genome-wide association studies, the main objective of
GS is not to locate Quantitative Trait Loci (QTL) but to
make assumptions on performances of future offspring
based on DNAs collected at present. Breeding Values can
be predicted through methods like penalized regression
method and Bayesian method. However, the quality of
prediction can be gauged by the correlation between
estimated and actual breeding values (Rabier et al. 2016).
These estimated and actual breeding values are calculated
through two types of data sets used in Genomic selections:
training population and validation population. The already
phenotyped and genotyped training population helps to
predict breeding values in validation population (Dwivedi
et al. 2015). Genomic selection has been able to quite
successfully map small-effect genes which have multiple
QTL. These small effect genes are important in plant
breeding because they govern most of economically and
agronomically essential traits (Robertsen et al. 2019). With
increase in price of phenotyping of crops, Genomic selection can act as an effective measure for improvement of
quantitative traits which are difficult or expensive to be
recognized through phenotypic expressions (Sweeney et
al. 2019).

Marker assisted selection
Marker Assisted Selection (MAS) is a method which
uses various DNA markers for determining the genomic
regions responsible for expression of desired traits in plants
(Das et al. 2017). The availability of various DNA markers
has made it easier to apply MAS is breeding programs.
DNA markers are small segment of DNA which helps to
identify variegation in alleles of genes among individuals
of same gene pool (Nogoy et al. 2016). The most regularly
used markers in plant breeding are Simple sequence repeats
(SSRs), otherwise known as microsatellites. SSRs are quite
popular due to easiness and cheap to use them (Collard and
Mackill 2008). The uses of DNA markers are quite popular

because they do not alter the phenotypic expression of plant
and are affected neither by growing environment nor by
inheritance (Ashraf et al. 2012). MAS is useful in selecting
traits like grain yields, flower colors, seed characters, etc.
which are expressed only in late reproductive stage.
Through use of DNA markers such traits can be identified
in a genotype even at early stage of plant development
(Madhusudhana 2019). MAS is more effective approach
while selecting traits that are less heritable, expensive and
tedious. However, the method is only effective in case of
selecting few quantitative traits which controls notable
amount of variation in a population (Shu and Wu 2016).
Some of the most commonly used DNA markers in
Markers Assisted Breeding are (Jiang et al. 2013):
a. Restriction Fragment Length Polymorphism (RFLP):
RFLP is first developed DNA marker and is based on
Southern-Blotting. They are most effective in
comparative mapping. They are locus-specific and
are highly reproducible. They are co-dominant, thus
can differentiate between homozygous and
heterozygous DNA. They exploit differences
observed in restriction sites of DNA. Variation in a
DNA sequence may be brought upon by deletion or
insertion of base pairs in restriction sites. These
variations can be identified by electrophoresis or
DNA probing. However, RFLP can give effective
results only in case of availability of high-quality
DNA. Thus, use of RFLP has been restricted to few in
plant breeding due to its demand of pure DNA and
being laborious.
b. Random Amplified Polymorphic DNA (RAPD):
RAPD is Polymerase Chain Reaction (PCR) based
marker and is made by amplification of a random
primer which binds at various loci of DNA template.
Polymorphism is found at primer binding sites which
are visible through electrophoresis. RAPD is
dominant marker and has high level of polymorphism. They are easier to use and are efficient because
they are devoid of blotting or hybridization. In
comparison to RFLP, they require very small amount
of DNA and the primers are universal.
c. Amplified Fragment Length Polymorphism (AFLP):
APLPs are both restriction and PCR based markers
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and are visualized by selective PCR. It requires
purified DNAs that are free from proteins and contaminations to give effective results. In case of unavailability of pure DNA, restriction does not occur
and gives false result. The first step of AFLP involves
digestion of genomic DNA by using restriction
enzymes. Those fragments cut by use of frequent
cutters like TaqI, MseI, etc. can only be amplified.
AFLPs are very reproductive and are resistant to
changes during PCR.
d. Simple Sequence Repeats (SSR) or microsatellites:
SSRs are PCR based markers and are random tandem
repeats of nucleotide bases. These nucleotide repeats
may be di, tri or tetra. The major source of polymorphism is due to variation in tandem repeats. SSR
markers are highly variable and show co-dominance.
These markers are easily inspected under PCR and
tracked in high resolution electrophoresis. SSR
markers are highly popular because they require very
small sample of DNA and have low initial cost. They
are most widely used in molecular breeding, QTL
mapping, MAS and genomic analysis.
e. Single Nucleotide Polymorphism (SNP):
A SNP marker contains variation in only one nucleotide between two DNA sequences. They are the simplest form of markers as variation is seen in only one
base pair. They are the most common form of markers
present in organisms. They are present at intervals of
every 100-300 base pairs in plants. They are co-dominant markers and their simplicity has made them the
most attractive marker in genetics and breeding. Yet,
its high cost of operation and requirement of high
quality DNA have restricted the use of it in various
fields.

High Throughput Phenotyping (HTP)
Although selection of plant based on phenotype is still
limited by environmental factors, it can be improved
though use of remote sensing, new sensors and software.
Various phenotypic traits like stress tolerance, disease
resistance, yield, etc. can be easily accessed through high
throughput phenotyping. This method involves phenotyping, computation of data, analyzing and selection of

plants based on analysis (Jangra et al. 2021). It is a nondestructive method of analyzing complex plant traits (Irish
Lorraine B. et al. 2019). HTP keeps tabs on crop development and responses to growing environment throughout its
growth cycle and analyze the obtained data. HTP is
effective in keeping track with the relation between genotype and phenotype of plants (Moreira et al. 2020). One of
the major advantages of HTP over traditional phenotyping
by eye is that HTP is capable of keeping records of shift in
phenotypes of hundreds of thousands of crops in response
to alteration of genotypic and environmental factors in a
single day (Rebetzke et al. 2018). Thus, HTP has succeed
in collecting data from larger population with rigor and
accuracy and reducing human diligence using automated
equipment (Mir et al. 2019). HTP is based on various
imaging techniques that captures images of crops over
different time frames (Pasala and Pandey 2020). Some of
the major imaging technique includes:
a. Visible light imaging:
Visible light imaging technique is the most popular
method because of its low cost and ease of operation.
Images are taken with normal cameras from visible
band of light i.e. 400-750nm. Thus obtained raw data
are expressed in intensity values of Red, Green and
Blue bands (Li et al. 2014). This technology is
favored in measuring plant structures, yield characters, biomass, leaf morphology, etc.
b. Fluorescence imaging:
Fluorescence imaging technique is used to obtain
status of metabolic activities within plant. When
plants are illuminated by blue or actinic lights, chlorophyll re-emits some of the absorbed shorter wavelength lights which are called fluorescence. These
re-emitted light acts as a good indicator of photoassimilation in plants. Fluorescence imaging is done
with charge-coupled device (CCD) cameras. The
technique is popular for characterizing plant health,
physiology and disease resistance traits (Zhang and
Zhang 2018).
c. Thermal imaging:
It works under the principle of visualization of
infra-red light and provides idea on surface temperature of object. It is sensitive within spectral range of
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3-14 μm (Li et al. 2014). A low or higher surface
temperature reflects opening or closing of stomata.
Images are taken through thermal cameras which
instantly distinguishes temperature differences in
plant canopy. This method is used in studying abiotic
and biotic stress, water relations in plants and opening
or closing of stomata.
d. Spectral imaging:
This method is used in remote sensing of vegetation. It
records the solar radiation produced from plants and
studies them. A single leaf shows low reflectance and
when the vegetation increases the reflectance
elevates. These reflectances are used in studying the
vegetation indices of plants. Spectral imaging is used
for studying chlorophyll senescence, plant water
status and pathological conditions (Li et al. 2014).

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR-Cas9)
CRISPR is originally a defensive immune system in
bacteria against DNA and plasmids of phages. The system
detects foreign particles in bacteria and with the use of
restriction enzymes these nucleic acids are dissolved (Chen
et al. 2019). Mechanism of CRISPE-Cas9 happens in three
different steps. At first, the invading foreign DNA is
recognized and a spacer sequence from foreign DNA is
integrated into host CRISPR array for immunological
memory. Then, Cas9 protein is formed and the CRISPR
array is transcribed to precursor CRISPR RNA (precrRNA). The non-coding pre-crRNA is hybridized to form
mature CRISPR RNA (crRNA). Finally, with the help of
crRNA and Cas9 protein foreign nucleotides are identified
and cleaved with the help of enzymes (Wang et al. 2019).
Initiation of molecular breeding with CRISPR started in
crops like rice and tobacco in 2013. However, insertion of
CRISPR complex is not easy and can be done through three
methods. (i) Agrobacterium mediated transfer: It is a
biological method in which Agrobacterium transforms the
T-DNA into plant genome. T-DNA ensures the expression
of CRISPR complex in plants. (ii) PEG method: It uses
plant protoplast for Cas9-sgRNA insertion. This method
allows easier introduction of RNPs, proteins and plasmids.
(iii) Particle gun method: This method can introduce wide

range of molecules in plant so, it is widely accepted.
Genome editing of maize, soybeans and wheat has been
done through this method (Sugano et al. 2018). Crop
improvement through CRISPR is done either by addition of
important genes in plants or removal of harmful genes.
Over the year about one-third of crops are improved by
knocking-off of negatively affecting factors (Liu et al.
2021). For instance, in rice grain shape affects quality of
grains. Gene regulators GW2, GW5 and GW6 have
negative effect on grain size. These regulators are disrupted
with the use of CRISPR to improve grain quality (Xu et al.
2016). Also, CRISPR introduces disease resistance in
plants not only by integrating dominant genes but also by
disrupting host susceptibility against biotic stresses. For
example, Bacterial blight in rice is caused by Xanthomonas
oryzae pv. Oryzae. The bacterium initiates the transcription
of SWEET genes that increases disease proneness.
However, through CRISPR technologies scientists have
modified the promoter region of SWEET 11, SWEET 13
and SWEET 14 genes which develops broad-spectrum
disease resistance in rice (Oliva et al. 2019). Besides,
CRISPR is used in creating herbicide resistance, malesterility, manipulating self-incompatibility, haploid introduction, easing hybrid vigor, etc. (Zhu et al. 2020).

CONCLUSION
With improvements in science and technologies, breeding programs are also evolving. Human started plant breeding through direct selection of visual characters. However,
these selections were inaccurate because visual symptoms
are affected by various environmental factors. With
integration of other branches of science conventional
breeding programs are made swift and effective. Since
modern plant breeding methodologies take short time to
complete and are less affected by environmental factors,
they are considered as effective means of breeding plants.
However, executing modern breeding techniques are not
easier either. Some of the developing countries are unable
to establish infrastructures needed for modern breeding
techniques. Therefore, in order to make modern practices
reachable, we need to find a way to reduce price of
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operation. Although breeding has helped us to incorporate
desired traits in plants, it has also raised the risk of losing
local landraces and wild- type plants. As per population
genetic theory, genetic drift and inbreeding diminishes
variation and even favorable alleles and ability to adapt in
changing environment may be lost (Ouborg and Treuren
1994). Local landraces are mainly under threat because
agriculture products are exclusively market oriented.
Crops with high yield are preferred and cultivated in larger
areas in comparison to crops that were once culturally
important (Tripp and van der Heide 1996). Extinction of
local and wild type plants affects future crop improvement
programs as they are natural genetic reservoirs. The
decrease in variations due to selection of limited traits acts
as bottleneck for plant breeding. Selection of limited traits
principally affects variation owing to presence of more
dominant genotypes or alleles in a population (Temesgen
2021). There is steady decrease in number of cultivated
crops every decade. For instance in Asia, modern high
yielding rice varieties were cultivated only in 10% of area
in 1970s, which increased to nearly 70% of area in 1998.
This shows a large portion of landraces are being replaced
by genetically identical modern cultivars (Van De Wouw et
al. 2010). However, genetic erosion can be managed by
various in situ (conserving of landraces in seedbanks,
genebanks etc.) and ex situ conservation strategies.
Besides, genetic diversity can be improved by identifying
its sources. For example, beneficial mutation and recombination are ultimate sources of genetic diversity (Rogers
2004).

2021.
Ahmar S, Gill RA, Jung KH, Faheem A, Qasim MU, Mubeen
M, et al. 2020. Conventional and molecular techniques
from simple breeding to speed breeding in crop plants:
Recent advances and future outlook. Int. J. Mol. Sci.
21(7): 2590.
Aleksoski J. 2018. The effect of backcross method in tobacco
breeding. Journal of Agriculture and Plant Sciences
16(1): 9-19.
Allard R. 1961. Principles of Plant Breeding. Soil Sci. 91(6):
414.
Anderson SB. 2013. Plant Breeding from Laboratories to
Fields. BoD-Books on Demand.
Ashraf M, Akram NA, Mehboob-ur-Rahman, Foolad MR.
2012. Marker-Assisted Selection in Plant Breeding for
Salinity Tolerance. Plant Salt Tolerance 305-333.
Bangarwa S. 2021. Recurrent Selection - Definition and
Types. Biotecharticles.com. Retrieved on 19 October
2021.
Begna T. 2021. Conventional Breeding Methods Widely used
to Improve Self-Pollinated Crops.
Bharti G, Chimata M K. 2019. Review on New Plant
Breeding Techniques. International Journal of Science
and Research, 8(4): 723-730.
Borlaug NE. 1983. Contributions of conventional plant
breeding to food production. Science 219(4585):
689-693.
Brennan JP, Martin PJ. 2006. Developing Cost Functions for
a Wheat Breeding Program.
Breseghello F, Coelho ASG. 2013. Traditional and modern
plant breeding methods with examples in rice (Oryza
sativa L.). J. Agric. Food Chem. 61(35): 8277-8286.
Briggs FN. 2016. The Use of the Backcross in Crop

REFERENCES

Improvement. The American Naturalist. 72(740): 285-292.
Brown J, Caligari P. 2011. An Introduction to Plant Breeding.
John Wiley & Sons. Hoboken. State of New Jersey.

Acquaah G. 2009. Principles of Plant Genetics and Breeding.
John Wiley & Sons. Hoboken. State of New Jersey.
U.S.A.
Acquaah G. 2015. Conventional Plant Breeding Principles
and Techniques. In Advances in plant breeding strategies:
Breeding biotechnology and molecular tools. Springer,
Switzerland. pp. 115-158.

U.S.A.
Chao-ying ZOU, Lu-jiang LI, Ke-cheng Y, Guang-tang PAN,
Ting-zhao R. 2010. Effects of Mass Selection on Maize
Synthetic Populations. ACTA Agronomica Sinica 36(1):
76-84.
Chen K, Wang Y, Zhang R, Zhang H, Gao C. 2019. CRISPR

Agronomy P, Agriculture I. 2021. Important Events in Early

/ Cas Genome Editing and Precision Plant Breeding in
Agriculture. Annu. Rev. Plant Biol. 70(1): 667-697.

History of Agriculture - agriinfo.in. Retrieved 1 October

Collard BCY, Mackill DJ. 2008. Marker-assisted selection :

12 ∙ Plant Breed. Biotech. 2022 (March) 10(1):1~14

an approach for precision plant breeding in the twenty-first

Huang XQ, Wolf M, Ganal MW, Orford S, Koebner RMD,

century. Philosophical Transactions of the Royal Society

Röder MS. 2007. Did modern plant breeding lead to

B: Biological Sciences 363(1494): 557-572.

genetic erosion in European winter wheat varieties? Crop

Crossa J, Fritsche-Neto R, Montesinos-Lopez OA, Costa-Neto

Sci. 47(1): 343-349.

G, Dreisigacker S, Montesinos-Lopez A, et al. 2021. The

Hybridization in Plants: Types, Procedure and Consequence

Modern Plant Breeding Triangle: Optimizing the Use of

of Hybridization. Your Article Library. 2021. Retrieved

Genomics, Phenomics, and Enviromics Data. Front. Plant

21 October 2021.

Sci. 12.
Crossa J, Pérez-Rodríguez P, Cuevas J, Montesinos-López O,
Jarquín D, de los Campos G, et al. 2017. Genomic
Selection in Plant Breeding: Methods, Models, and
Perspectives. Trends Plant Sci. 22(11): 961-975.

Jangra S, Chaudhary V, Yadav RC, Yadav NR. 2021. High
Throughput Phenotyping : A Platform to Accelerate Crop
Improvement. Phenomics 1(2): 31-53.
Jiang GL. 2013. Molecular Markers and Marker-Assisted
Breeding in Plants. Plant Breeding from Laboratories to

Das G, Patra JK, Baek K. 2017. Insight into MAS : A
Molecular Tool for Development of Stress Resistant and

Fields. pp 45-83.
Jiang GL. 2013. Plant Marker-Assisted Breeding and

Quality of Rice through Gene Stacking. Front. Plant Sci.

Conventional Breeding: Challenges and Perspectives.

8: 985.
Dirzo R, Raven PH. 2003. Global state of biodiversity and

Adv. Crop Sci. Technol. 1: e106.
Jonathan A, Kate A, Foley JA, Ramankutty N, Brauman KA,

loss. Annu. Rev. Environ. Resour. 28: 137-167.

Cassidy ES, et al. 2011. Solutions for a cultivated planet.

Dwivedi SL, Britt AB, Tripathi L, Sharma S, Upadhyaya HD,
Ortiz R. 2015. Haploids: Constraints and opportunities in

Nature 478: 337-342.
Khadr FH. 1964. Effectiveness of recurrent selection and

plant breeding. Biotechnology Advances 33(6): 812-829.

recurrent irradiation in oat breeding. lowa State Uni-

Ewing PM, Runck BC, Kono TYJ, Kantar MB. 2019. The

versity.
Kumar J, Choudhary AK, Solanki RK & Pratap A. 2011.

home field advantage of modern plant breeding. PLoS
One,14(12): e0227079.

Towards marker-assisted selection in pulses: A review.

Fehr WR, Fehr EL, Jessen HJ. 1987. Principles of cultivar
development. Crops species. Macmillan, New York.

Plant Breed. 130(3): 297-313.
Lane M. 1981. The achievements of conventional plant

Finlay KW, Wilkinson GN. 1963. The analysis of adaptation

breeding. Philos. Trans. R. Soc. Lond., B. Biol. Sci.

in a plant-breeding programme. Aust. J. Agric. Res.
14(6): 742-754.

292(1062): 441-455.
Lee J, Chin JH, Ahn SN, Koh H. 2015. Brief History and

Fu YB. 2015. Understanding crop genetic diversity under

Prespectives on Plant Breeding. Current Technologies in

modern plant breeding. Theor. Appl. Genet. 128(11):
2131-2142.

Plant Molecular Breeding pp 1-14.
Lema M. 2018. Marker Assisted Selection in Comparison to

Fu YB, Dong YB. 2015. Genetic Erosion Under Modern Plant

Conventional Plant Breeding: Review Article. Agric.

Breeding: Case Studies in Canadian Crop Gene Pools.
Genetic Diversity and Erosion in Plants pp 89-104.

Res. Technol. 14: 555914.
Li L, Zhang Q, Huang D. 2014. A Review of Imaging Techniques

Fujimaki H. 1978. New techniques in backcross breeding for
rice improvement.
Gepts P, Famula TR, Bettinger RL, Brush SB, Damania AB,
McGuire PE, et al. 2012. Biodiversity in Agriculture:
Domestication, Evolution, and Sustainability. Cambridge
University Press. New York. U. S. A.
Hickey JM, Chiurugwi T, Mackay I, Powell W. 2017.
Genomic prediction unifies animal and plant breeding
programs to form platforms for biological discovery. Nat.
Genet. 49(9): 1297-1303.

for Plant Phenotyping. Sensors 14(11): 20078-20111.
Lidder P, Sonnino A. 2012. Biotechnologies for the Management of Genetic Resources for Food and Agriculture.
Adv. Genet. 78: 1-167.
Liu Q, Yang F, Zhang J, Liu H, Rahman S, Islam S. 2021.
Application of CRISPR / Cas9 in Crop Quality
Improvement. Int. J. Mol. Sci. 22(8): 4206.
Luckett D, Halloran G. 2017. Plant Breeding. In. (Ed Jim
Pratley), Principles of Field Crop Production, Graham
Centre for Agricultural Innovation, Charles Sturt Uni-

Conventional and Modern Plant Breeding ∙ 13

versity: Wagga Wagga Australia.
Madhusudhana R. 2019. Marker-Assisted Breeding in Sorghum. Breeding Sorghum For Diverse End Uses. Woodhead Publishing. pp 93-114.

High-throughput technology for accelerating genomics.
J. Biosci. 45(1): 1-6.
Poehlman JM. 2012. Breeding Field Crops. Springer
Netherlands.

Meyer RS, Purugganan MD. 2013. Evolution of crop species:

Rabier CE, Barre P, Asp T, Charmet G, Mangin B. 2016. On

Genetics of domestication and diversification. Nat. Rev.

the accuracy of genomic selection. PLoS One. 11(6):

Genet. 14(12): 840-852.

e0156086.

Meyer R, DuVal A, Jensen H. 2012. Patterns and processes in

Ramya P, Singh GP, Jain N, Singh PK, Pander MK, Sharma

crop domestication: an historical review and quantitative

K, et al. 2016. Effect of Recurrent Selection on Drought

analysis of 203 global food crops. New Phytol. 196(1):

Tolerance and Related Morpho-Physiological Traits in

29-48.

Bread Wheat. PLoS On. 11(6): e0156869.

Mir RR, Reynolds M, Pinto F, Khan MA. 2019. Plant Science

Rebetzke GJ, Jimenez-Berni J, Fischer RA, Deery DM, Smith

High-throughput phenotyping for crop improvement in
the genomics era. Plant Sci. 282: 60-72.

DJ. 2019. Review: High-throughput phenotyping to
enhance the use of crop genetic resources. Plant Sci. 282:

Moreira FF, Oliveira HR, Volenec JJ, Rainey KM, Brito LF.
2020. Integrating High-Throughput Phenotyping and
Statistical Genomic Methods to Genetically Improve
Longitudinal Traits in Crops. Front. Plant Sci. 11: 681.

40-48.
Ricroch A, Chopra S, Fleischer SJ. 2014. Plant biotechnology: Experience and future prospects. Springer,
Switzerland.

Morris ML, Bellon MR. 2004. Participatory plant breeding
research: Opportunities and challenges for the inter-

Robertsen CD, Hjortshøj RL, Janss LL. 2019. Genomic
Selection in Cereal Breeding. Agronomy, 9(2): 95.

national crop improvement system. Euphytica 136(1):

Rogers DL. 2004. Genetic erosion: No Longer Just an

21-35.

Agricultural Issue. Native Plants Journal 5(2): 112-122.
Shu Q, Wu D. 2016. Rice Breeding. Encyclopedia of Food

Murray BG. 2016. Hybridization and Plant Breeding.
Encyclopedia of Applied Plant Sciences 2: 168-173.

Grains 3: 61-68.

Mwangangi IM, Muli KJ, Neondo JO. 2019. Plant
Hybridization as an Alternative Technique in Plant

Singh SP. 1982. Alternative Methods to Backcross Breeding.
Annu. Rep. Bean Improv. Coop. 25: 11-12.

Breeding Improvement. Asian Journal of Research in

Sugano SS, Osakabe K, Osakabe Y. 2018. Crop Breeding

Crop Science.
Nogoy FM, Song J, Ouk S, Rahimi S, Kwon SW, Kang K, et

Using CRISPR/Cas9. Crop Improvement through
Microbial Biotechnology pp. 451-464.

al. 2016. Current Applicable DNA Markers for Marker

Sweeney DW, Sun J, Taagen E, Sorrells ME. 2019. Genomic

Assisted Breeding in Abiotic and Biotic Stress Tolerance
in Rice (Oryza sativa L.). Plant Breed. Biotech., 4(3):

Selection in Wheat. Applications of Genetic and
Genomic Research in Cereals pp. 273-302.

271-284.

Temesgen B. 2021. Role and economic importance of crop

Oliva R, Ji C, Atienza-Grande G, Huguet-Tapia JC,
Perez-Quintero A, Li T, et al. 2019. Broad-spectrum resist-

genetic diversity in food security. Int. J. Agric. Sci. Food
Technol. 7(1): 164-169.

ance to bacterial blight in rice using genome editing. Nat.

Tripp R. and van der Heide W. 1996. The Erosion of Crop

Biotechnol. 37(11): 1344-1350.
Ouborg NJ, Treuren RV. 1994. The Significance of Genetic

Genetic Diversity : Challenges, Strategies and Uncertainities. Overseas Development Institute.

Erosion in the Process of Extinction. IV. Inbreeding Load

Van De Wouw M, Kik C, Hintum TV, Treuren RV, Visser B.

and Heterosis in Relation to Population Size in the Mint
Salvia pratensis. Evolution 48(4): 996.

2010. Genetic erosion in crops: Concept, research results
and challenges, Plant Genet. Res. 8(1): 1-15.

Pabuayon ILB, Sun Y, Guo W, Ritchie GL. 2019. High-

Vogel KE. 2009. Backcross Breeding. Transgenic Maize.

throughput phenotyping in cotton : a review. Journal of
Cotton Research 2(1): 1-9.

Humana Press, Totowa, NJ.
Wang T, Zhang H, Zhu H. 2019. CRISPR technology is

Pasala R, Pandey BB. 2020. Review Plant phenomics :

revolutionizing the improvement of tomato and other

14 ∙ Plant Breed. Biotech. 2022 (March) 10(1):1~14

fruit crops. Horticulture Research 6: 77.
Wang X, Xu Y, Hu Z, Xu C. 2018. Genomic selection
methods for crop improvement: Current status and
prospects. The Crop Journal 6(4): 330-340.
Wanga MA, Shimelis H, Mashilo J, Laing MD. 2021.
Opportunities and challenges of speed breeding: A
review. Plant Breed. 140(2): 185-194.

improvement of grain weight via highly efficient
CRISPR/Cas9-mediated multiplex genome editing in
rice. J. Genet. Genomics 43(8): 529-532.
Zhang Y, Zhang N. 2018. Imaging technologies for plant
high-throughput phenotyping : a review. Front. Agric.
Sci. Eng. 5(4): 406-419.
Zohary D, Hopf M, Weiss E. 2021. Domestication of Plants in

Wolff FD. 1972. Mass selection in maize composites by

the Old World: The origin and spread of domesticated

means of selection indices. Wageningen University and

plants in Southwest Asia, Europe, and the Mediterranean

Research.

Basin. Oxford University Press.

Xu R, Yang Y, Qin R, Li H, Qiu C, Li L, et al. 2016. Rapid

