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Preface

Plant breeding is the targeted manipulation of sexual crosses of desired plant species/
cultivar to combine useful genotypic variations (genes) to express improved or novel
traits beneficial for plants, bestowing them with a certain economic or food value.

Pre-hybridization stages involve selecting a plant genotype with desired trait
phenotype(s) from natural genetic resources or germplasm collections as well as
creating novel variations using traditional chemical or radiation mutagenesis and
modern genetic engineering methods. The post-hybridization process involves
conducting a series of controlled pollination involving selfing or backcross
hybridization methods to fix desired traits of interest, followed by multiple stages
of artificial selection for desired genotypes.

The chapters in Plant Breeding - Current and Future Views provide updated scientific
views from leading international scientists on the latest advances in plant breed-
ing, in particular, new crop development (e.g., high-density planting, breeding for
quality of crop products, plant variety release and protection), breeding for stress-
ful conditions (e.g., climate-resilient agriculture technologies, microbiome use, slat
and temperature resistance, biotic stress tolerance), new tools for plant molecular
breeding (tagging traits using molecular marker technologies and marker-assisted
selection approaches), and crop biotechnology (transgenetic and genome editing
technologies).

I am confident this book will enhance readers’ understanding and knowledge of this
important subject in the era of technological advance and global climate change that
heavily influences global agricultural production.

I thank the editors and publishing managers at IntechOpen as well as all the
contributing authors for their help, support, and patience throughout the process
of creating and publishing this book.

Ibrokhim Y. Abdurakhmonov

Center of Genomics and Bioinformatics,
Academy of Sciences of Uzbekistan,
Tashkent, Uzbekistan
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Chapter1

High Density Planting System
of Cotton in India: Status and
Breeding Strategies

Mahadevan Kumar, Nallathambi Premalatha,
Lakshmanan Mahalingam, Nalliappan Sakthivel,
Kannan Senguttuvan and Pavamanandham Latha

Abstract

Cotton, a crop of choice, occupies the second premier position next to food
crops in providing clothing. Though 53 species of Gossypium are available, only
four species are cultivable and among the four, the major cultivable area falls under
G. hirsutum. Though varieties with medium, superior medium, long and extra
long staple cotton were released earlier, with the advent of machineries, ginning
facilities, mills were literally requiring cotton fiber of any length. With the advent
of Bt technology and the release of hybrids during 2002, cotton productivity had a
momentum. However, considering the duration, cost involved in manual harvesting
etc., farmers were looking for alternate option and High Density Planting System
(HDPS) offered a promise in this direction. Farmers were looking for genotypes
that could yield better under higher planting densities with fewer bolls per plant,
synchronized maturity with uniform bursting. Efforts have been taken all over the
World in this direction and India is not an exception. Handful of varieties fitting to
this situation has been released from many of the Universities. This chapter essen-
tially summarizes the genetic, agronomic, plant protection interventions and the
futuristic requirements for achieving at least 700 kg of lint per hectare.

Keywords: cotton, compact, ideal genotypes, high density planting system,
genetic interventions

1. Introduction

Cotton (Gossypium hivsutum L.) is the major fiber and cash crop, not only in India
but for the entirety. Cotton is the only crop which travels with the human being in each
and every part of his/her life. It is cultivated in tropical as well as sub-tropical regions of
more than seventy countries of the World. Cotton is a crop of global significance play-
ing a significant role in the agricultural and industrial economy. Around 60% of fiber
to Indian textiles is from cotton. The recent statistics released from USDA - Foreign
Agricultural Service (September 2020) indicates that India (13.40 million ha) has more
than one third of the World’s area (32.94 million ha) under cotton with a productivity
of 487 kg/ha, which is far below than the World’s productivity of 775 kg/ha. Many of
the Countries like Brazil, China, Turkey, Australia have the productivity of more than
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1500 kg/ha. China with 3.25 million ha of cultivation (less than one fourth of the area of
India) could result in a production of 27.25 million 480 Ib. bales (as projected by USDA)
compared to the Indian production projected at 30.00 million 480 Ib. bales from 13.40
million ha. This clearly signifies the productivity gap prevailing at India for cotton.

If Indian production is juxtaposed against China during 2019/20 marketing
year, China accounted for just over 22 percent of total world cotton production,
of which 86 percent of that was produced in Xinjiang province (just under 20
percent of the world total). China exports only a small amount of cotton lint,
half-of-one-percent of production. Other than some minor exports to North
Korea, China is the world’s largest importer of cotton. This provides China with
a supply of cotton normally greater than one-third of world use and nearly 40
percent larger than India [1]. This scenario also clearly explains the gap which
is existing in India compared to other Countries which could make the country
to progress further in the yield front of cotton provided newer technologies and
cropping systems are adopted iz toto.

2. Indian cotton scenario

About 59 per cent of the raw material requirement of the Indian textile industry
is met by cotton. It plays a major role in sustaining the livelihood of An estimated 5.8
million cotton farmers’ livelihood is sustained by cultivating cotton. Besides, this crop
engages 40-50 million people in one or the other related activities. As seen, the area
under cotton in India is also tremendous which is around 13.40 million hectares. Among
the 53 species of Gossypium available, Indians cultivate all the four species of cotton
namely Gossypium arboreum and herbaceum (Asiatic cotton), G. barbadense (Egyptian
cotton) and G. hirsutum (American Upland cotton) with G. hirsutum being cultivated
over the entire Country. It is about 88% of the hybrid cotton being cultivated in India
belongs to hirsutum type and almost all the Bt cotton hybrids belong to G.hirsutum type.

Cotton is grown in all the three different agro-ecological zones of India viz.,
Northern, Central and Southern zones. Nearly 70 percent of the crop is cultivated
under rainfed condition in the Central and Southern regions of the country. Among
the cotton producing states, Maharashtra is the largest producer with an area of 38.06
lakh ha followed by Gujarat (24 lakh ha) and Telangana (17.78 lakh ha). In India, the
production of cotton is recorded in bales which are of 170 kg. The production is highest
in Gujarat with 95 lakh bales followed by Maharashtra (89 lakh bales) and Telangana
(59.50 lakh bales). Karnataka stands first in productivity with 769 kg ha™ followed by
Andhra Pradesh (719 kg ha™") and Rajasthan (692 kg ha™) [2].

Majority of the cotton produced in India is derived from nine major cotton
growing states and these States fall under three diverse agro-ecological zones.

Northern Zone-Punjab - Haryana and Rajasthan.
Central Zone-Gujarat - Maharashtra and Madhya Pradesh.
Southern Zone-Telangana - Andhra Pradesh and Karnataka.

In addition, cotton is also grown in the States of Tamil Nadu and Odisha.
Recently, cotton is also being cultivate in small scale in non-traditional States such
as Uttar Pradesh, West Bengal, Tripura, etc. Nevertheless, India is the largest pro-
ducer cum leading consumer of cotton in the World. It’s very clear now that albeit
having higher area under cotton, the productivity of cotton is very low compared
to many of the Countries which warrants attention mainly on developing newer
genotypes that would yield better on higher management condition. Strategies that
could maximize the per unit area yield in cotton would include
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* Developing ideotypes in cotton that would suit mechanized cultivation start-
ing from sowing to lint collection

* Standardized agro-management systems for exploiting more unit area
productivity

* Robust management procedures to ward off pests, diseases and other nutri-
tional disorders and

* Assured price for quality produce

Primarily, the productivity enhancement in any crop depends on the development
of suitable genotype and cotton is not an exception. Many of the wild species avail-
able in the crops are exploited for transferring the segments (QTLs) that harbor pests
and diseases resistance vis-a-vis high yield. Though about 53 species of Gossypium are
available including the four cultivated species, only very few diploid and tetraploid
wild species of Gossypium are crossable with the cultivated species. Among the species
of Gossypium, seven species are with AD genome measuring 2400 Mb genome size,
three species with A genome (1700 Mb), four species with B genome (1350 Mb), three
species in C genome (1980 Mb), 13 species with D genome (885 Mb), seven species
in E genome (1560 Mb), one species belonging to F genome (1300 Mb), three species
under G genome (1785 Mb) and 12 species under K genome (2570 Mb) [3]. Since
cotton is being available in the field for more than 5-6 months before harvest, per day
productivity of the crop also receives much attention.

Another statistical prediction provided by Dr. M. V. Venugopalan of CICR,
Nagpur [4] is that the cotton productivity during 2018-2019 would be the lowest
despite the fact that almost 90% of the farmers have adopted the state of art BG II
hybrids. This had been exclusively due to the increase in cost of cotton cultivation
from Rs. 2233/q of seed cotton in 2002-2003 to Rs.4803/q in 2015-2016, mainly
due to increase in labour wages and increased use of inputs like fertilizers and
pesticides. Considering these facts, primary aim of the plant breeders has to be in
designing a genotype that would fit for the given situation.

Moreover, the present day hybrids put forth biomass enormously and are of speed
and spread growing in nature. Thus, the ratio of bolls to biomass if worked out would
be much lesser. For having a match between the growth, water requirement, dura-
tion, yield, per unit and day productivity etc. a system was arrived at by the Central
Institute of Cotton Research, Nagpur which is High Density Planting System (HDPS)
with early maturing, semi compact genotypes for realizing higher yields with low
production costs under rainfed condition primarily. The main tenets of this proposi-
tion covers tailoring a genotype suiting to high density planting (more than one lakh
plants per hectare), its uniformity in boll development, maturation and bursting, its
adoptability to the given condition and efficiency in the nutrient utilization etc.

In the forth coming discussions, let us see about the genetic, agronomic and
plant protective interventions that would help in developing a suitable genotype
fitting to HDPS.

2.1 Genetic interventions
2.1.1 Genetic enhancement
The term “enhancement” was first used by [5] for defining the transfer of useful

genes from exotic or wild types into agronomically acceptable background, preferably a
cultivar of choice. This term of enhancement was later [6] rechristened as pre-breeding
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or developmental breeding to describe the same activity. Thus, having varied terminol-
ogies basically refer to the transfer or introgression of genes or gene combinations from
unadapted sources, mostly the wild sources into the breeding materials, preferably an
adapted background [7]. Normally, genetic enhancement is complementary to that of
traditional breeding. However, these activities, as name suggests, form the base of any
plant breeding programme where the gene transfer from wild species /related species is
targeted. Thus enhanced germplasm can be more readily used in breeding programmes
for cultivar development. Thus, pre-breeding qualifies as prior step of sustainable plant
breeding which normally starts with identifying a useful character in unadapted or wild
genotypes, capturing its genetic diversity and extracting the genes/QTLs that govern
these variations for exploitation. Thus pre-bred materials may also be an intermediary
with a value addition which could be further exploited.

Normally, wild species are exploited for transferring traits related to the
improvement of yield, quality, pests and diseases resistance. In cotton, for altering
the plant types, the wild species are not that much useful for the reasons that most
of them are perennial with spreading habit. Hence, for breeding an ideal genotype
with less/shy branching, zero monopodia, minimalistic bolls with uniform weight,
luster, shape and bursting etc. which would also suit mechanized cultivation,
exploring the available variability among the germplasm must be the pre-requisite.

Research on HDPS on cotton gained momentum under the leadership of ICAR —
Central Institute for Cotton Research, Nagpur in 2010. Shortly thereafter, in 2012, the
All India Coordinated Cotton Improvement Project (AICCIP, now AICRP on Cotton)
started a separate trial on the evaluation of compact genotypes for HDPS under
rainfed and irrigated situation to facilitate the release of compact genotypes suitable
for HDPS. Variety CSH 3075 was the first cotton variety released for HDPS in India.
[4]. Subsequently, research got momentum and Tamil Nadu Agricultural University
(TNAU) has also released two varietiesi.e., TCH 1705 as CO 15 and TCH 1819 as CO
17 for HDPS. Cotton CO 17 has been performing well under rice fallow conditions of
Cauvery Delta Zone of Tamil Nadu (Figure1).

2.1.2 Varietal evaluation

A high yielding G.hirsutum variety CO 15 developed from Department
of Cotton, Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural

Figure 1.
HDPS cotton (CO 17) being cultivated at farmer’ holding.

6



High Density Planting System of Cotton in India: Status and Breeding Strategies
DOI: http://dx.doi.org/10.5772/intechopen.94905

University, Coimbatore was evaluated in All India Coordinated Cotton
Improvement Project trials on cotton during the year 2012-2013. This culture
registered a significant seed cotton yield (2346 kg/ha) which is 111.2% increase over
the local check Suraj (normal spacing) (1111 kg/ha). In south zonal trials, during
2013-2014, CO 15 (3582 kg/ha) out yielded the zonal check Suraj (3158 kg/ha) by
13.4% and stood at third place and during 2014-2015 registering 5.3% increased
yield (2378 kg/ha) than the zonal check Suraj (2259 kg/ha). The seed cotton yield
was maximum to the tune of 3226 kg/ha as against 2443 kg/ha of LH 2298 under.

60 x 10 cm. This culture is found to be fertilizer responsive in all the location.
Increasing the spacing results yield loss in almost all the centres indicating its suit-
ability for high density planting. It registered moderate resistance to Bacterial blight
and Gray mildew. The overall performance (2012-2015) revealed its superiority in
mean seed cotton yield (2807 kg/ha) as against the local check Suraj (normal spac-
ing) (2146 kg/ha). The increase in kapas yield was 30.8% over local check. Besides
high seed cotton yield, it possessed higher ginning out turn of 36.6% than zonal
check Suraj (34.1%). This culture comes under the medium long staple category
with 2.5% span length of 27.1 mm, fiber strength of 21.5 g/tex and micronaire value
of 4.3. It can spin up to 30-40’s counts.

Cotton variety CO 17 is a short duration compact plant type with synchronized
boll maturity suitable for high density planting system (HDPS) released by the
University during 2020. This culture was developed at Department of Cotton,
TNAU, Coimbatore from the parental hybridization involving Khandwa 2 and LH
2220 followed by pedigree breeding. It matures in 125-135 days and possesses zero
monopodia with short sympodial length and is highly suited for high density plant-
ing system. It recorded an average seed cotton yield of 2361 kg/ha which is 18.9%
increase over the check variety Suraj (National check entry identified for HDPS).
Culture TCH 1819 recorded seed cotton yield of 3427 kg/ha which was 21.7%
increase over Suraj and 29.0% increase over MCU 7 under rice fallow condition.

It recorded a seed cotton yield of 2051 kg/ha which was 13.8% increase over Suraj
under summer irrigated conditions and also recorded 1604 kg/ha of seed cotton
yield under winter rainfed which was 20.1% increase over the check Suraj.

It was also evaluated in All India Coordinated Cotton Improvement Project trials
for two years during 2016-2017 and 2017-2018 across ten locations. It registered
seed cotton yield of 1850 kg/ha which was 37.9% increase over Suraj. Adaptive
Research Trials (ARTs) were conducted under three different cotton growing sea-
sons viz., rice fallow, winter rainfed and summer irrigated conditions during 2016,
2017 and 2018. It recorded the highest mean seed cotton yield of 4530 kg/ha which
was 17.2% increase over the check Suraj under rice fallow condition. It recorded
Upper Half Mean Length (UHML) of 27 mm with bundle strength of 26.9 g/tex. It
can spin upto 40’s counts.

Considering the descriptors of these two varieties, few features can be noticed
in common and they are short intermodal length with lesser distance of boll from
main stem, bolls of 4-5 g in weight and lesser plant surface coverage of not exceed-
ing 0.25 m’ ground area and synchronized maturity. Research work undertaken at
the Department of Cotton, TNAU during one decade has resulted in identifying
these genotypes which could exclusively fit in HDPS. Moreover, research being
undertaken in the entire country had resulted in the release of varieties which are
meant for HDPS which are detailed (Table1).

2.1.3 Genetics of the traits governing HDPS

Majority of the traits that define a genotype fitting for HDPS include shy branch-
ing, 10-15 bolls per plant, boll setting nearer to the main stem, boll of 4-5 g in
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Name Year Center/State variety Institution
Release
F 2383 2016 State PAU, Faridkot
CSH 3075 2017 Central CICR, Sirsa
Cotton CO 15 (TCH 1705) 2018 Central TNAU, Coimbatore
F 2381 2016 Central PAU, Faridkot
ARBC 19 2016 Central UAS, Dharwad
CO17 2020 State TNAU, Coimbatore
RS 2818 2020 Central SKRAU, Sriganganagar
ARBC 1601 2020 Central UAS, Dharwad
ARBC 1651 2020 Central UAS, Dharwad
ARBC 1651 2020 Central UAS, Dharwad
DSC 1651 2020 Central UAS, Dharwad
Table 1.

Details of cotton varieties released for HDPS (courtesy: Central Institute of Cotton research, Regional Station,
Coimbatore).

weight, uniform in size and shape, completion of bursting of all bolls in 3-4 days
time, medium to superior medium fiber length with appreciable strength, 120 to

125 days of crop duration for fitting into various cropping programmes. These traits
have been extensively studied using the available germplasm and prominent crosses
have been effected to identify the genotypes that would fit in HDPS. Studies taken

at the Department of Cotton by effecting crosses with genotypes fitting with HDPS
and heavy yielders have indicated that crosses CO 17 x CO 14 and TCH 1926 x RB

602 showed high per se performance and positive significant sca effect for single plant
yield. The hybrids C -10-8 x GISV 310 and CO 17 x GISV 310 which involves compact
lines showed high per se performance, positive significant sca affect and positive
standard heterosis for single plant yield. The hybrid CO 17 x TCH 1926 had high per se
performance and positive significant sca effect for number of sympodial branches per
plant and single plant yield and per se performance for number of bolls per plant.

Another study was taken up at the Department of Cotton during 2018-2019
to assess the spectrum of variability realized from differently yielding compact
hybrids. Among the 900 observed plants in F2 population, surface covers of 689
plants were recorded as lower than the check (CO 15). The crosses viz., 343-1-1 x
CO 14, 343-1-1 x RB 602, TCH 1926 x RAH 1070 and CO 17 x RB 602 were identi-
fied as elite combinations as they had more number of individuals whose plant
surface was considerably lower than the check (CO 15).

Effect of Okra Leaf Shape in HDPS:

Considering the bigger leaf lamina which is available with CO 17, more pro-
nounced leaf hoppers problem had been observed and breeding research to develop
plants with HDPS traits along with okra leaf type had been the tailored programme
which was started to function from 2015 to 2016. The okra leaf shape character, on
an average in varieties over locations, caused a significant reduction in the incidence
of boll rot in comparison with normal leaf cotton [8]. Altering, rather reducing the
leaf lamina was significantly associated with an increase in yield, earliness, lint per-
centage and micronaire value, and a substantial increase in fruiting rate. However,
it was also observed that the okra leaf shape had no effect on boll weight and fiber
related attributes viz., fiber length, fiber length uniformity, or fiber strength, but
with a reduction in fiber elongation and total leaf area.
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At present in the Department of Cotton, work initiated on the development
of compact plant type with okra leaf shape suitable for HDPS resulted in two F2
populations viz., TCH 1819 x PBH 115 and TCH 1819 x F 2382. Okra-leaf types of
the upland cotton have the potential to be competitive to the normal-leaf types
in yield and fiber quality, in addition to its potential resistance to insect pests and
drought. In cotton, okra leaf type plants confer resistance/non-preference against
insect pests. Form these two F2 populations, a total of 85 single plants were selected
for compactness with okra leaf. Reciprocal crosses of above two cross combinations
were also made. Forwarding these progenies would help in identifying compact
plant types with the okra leaf type.

Prominent feature being considered for HDPS is that the genotype must have
occupy an area of <0.25 m” on the ground and invariably possesses the traits like
optimum plant height plant (around 100 cm) with shorter sympodia, shorter inter-
modal length with lesser distance of boll from main stem. Albeit the fact that HDPS
was worked out for rainfed eco system, it fits well in the irrigated scenario also.

2.2 Agronomic management and interventions

In India, though the area under cultivation of cotton is higher, the seed cotton
yield per unit area is very low compared to many other cotton growing countries
in the world. The primary factors that attribute for this low realized yield besides
the non-availability of choices of genotypes is the low plant population density.
Various techniques like maintaining suitable plant density, use of optimum dose of
fertilizers, growth regulators etc., are being suggested to overcome these constraints
in cotton production. The optimum level of cotton productivity would, however,
depends on the plant type being grown. The present day cotton genotypes are of
long duration (180-200 days), late maturing, tall growing with spreading nature
leading to bushy appearance besides with lesser number of bolls compared to the
crop canopy. They also require wide spacing for the expression of the crop resulting
in the production of netted canopy resulting in various problems in taking up plant
protection measures, machine picking, and inefficiency in trapping of solar energy,
physiological efficiency and harvest index.

Because of longer duration, these varieties require more number of pickings, as a
result, cost of cotton cultivation upsurge especially owing to manual picking which
warrants increased labour and fluctuating prices resulting in lesser realistic income.
The availability of labour for clean picking is also a serious constraint. At present,
in India, entire cotton is picked manually which is labour intensive and is becom-
ing expensive day by day. About 30 per cent of world cotton being produced in
Australia, Israel and USA and other developed countries are picked using machines
which were sown as per the requirements of the machine. Such picking through
machines would result in “Machine maximum, Man minimum” in cultivating
cotton which will not only minimize cost of cultivation, but also reduce the depen-
dency on labour. Machine picking esseentially depends on cultivation of cotton
genotypes having short stature, earliness, compactness, sympodial growth habit
and synchronous boll opening. Under these circumstances, compact cotton geno-
types are ideally suited. They offer great scope for reducing not only row width, but
also spacing between the plants in a row.

2.2.1 Ultra narrow row (UNR) planting of cotton
Over the last few decades, many cotton growing countries like China, USA,

Australia, Brazil, Uzbekistan and Greece were able to enhance cotton yields by
increasing the planting density. The planting geometry, in general adopted varies
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from 8 to 10 cm distance between plants in a row with the row spacing ranging from
18 to 106 cm, ideal being worked out to 100 cm at our conditions. This planting
system is referred as narrow row (NR) if the row-to-row spacing is less than 75 cm
and ultra-narrow-row (UNR) if the spacing is less than 45 cm. Currently in India,
depending on the local conditions, hybrid cotton is planted at row spacing ranging
from 90 to 120 cm and plant spacing ranging from 30 to 90 cm resulting in 15,000
to0 25,000 plants/ha. In HDPS, short duration, semi-compact cotton varieties are
planted at populations ranging from 1.1 lakh to 2.45 lakh plants/ha by planting at a
distance of 45-90 cm between rows depending upon the soil type and growing con-
ditions and 10 cm between plants in a row. It aims to establish around 7-8 plants/m
row length. The objective is to limit the boll number to around 10/plant, maximize
the number of bolls/unit area and realize high yield in the shortest possible time. If
the number of bolls/plant is few, the fruiting window (or flowering period) is short
(4-5 weeks) and the plant matures early, producing fibers with good quality.

Ultra narrow row (UNR) cotton production is considered as a potential strategy
for reducing production costs by shortening the growing season [9]. By cultivating
the genotypes that would fit for UNR, it provides the scope for increasing per unit
area of plants vis-a-vis the productivity. Being shorter and earlier to mature, these
genotypes under UNR provides scope for double cropping and mechanical harvest-
ing. Since the number of bolls are less with uniformity in maturation and bursting,
these compact types require few pickings only. This results in savings of labour cost
as well as seed cost as it provides farmers an opportunity to reuse the varietal seeds
for few sowing seasons.

Adoption of HDPS amicable compact and early maturing cotton varieties offer
an alternate to sustainable production at decreased production cost under Indian
condition. However, availability of more determinate cultivars, more efficient
options of weed control and insect pest management (including transgenics),
growth regulations to modify morpho frame, planting and harvesting equipments
etc., has made high density cotton planting system popular in several countries.
The concept on high density cotton planting, more popularly called Ultra Narrow
Row (UNR) cotton was initiated by [10] and this concept has been one of the most
researched topics during the last 15 years. Availability of early maturing, compact
sympodial plant types with more fruiting bodies closer to the main stem is a pre-
requisite for successful HDPS.

2.2.2 Planting density

Theoretically, higher planting density ensures earlier crop canopy cover,
higher sunlight interception leading to higher and earlier yields at reduced cost.
The obvious advantage of this system is earliness [11] since UNR needs less bolls/
plant to achieve the same yield as conventional cotton and the crop does not have
to maintain the late formed bolls till maturity. In general, it was observed that
lower plant densities produced higher values of growth and yield attributes per
plant, but yield per u--nit area was also higher with higher plant densities [12-14].
Fertilizer and pest management are important consideration for increased yields
under high density planting system. Changes in plant density modifies the
microclimate and this may alter the incidence of pests and diseases as well [15].
Studies taken up using the genotypes AKH 081,Suraj and NH 615 under HDPS
revealed that these entries could yield better at 60 x10 cm spacing under medium
depth soils with a planting density of 1.66 lakh plants per hectare on broad bed
furrow (BBF) with 125 per cent of recommended fertilizers (75:37.5:37.5 NPK + 2.5
Zn kg/ha) along with a foliar spray of 1% urea and 1% magnesium sulphate at boll
development stage [16].
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2.2.3 Growth manipulation

The very purpose of evolving genotypes suitable for HDPS would be achieved
only by manipulation of row spacing, plant density and the spatial arrangements of
cotton plants for obtaining higher yields. The most commonly tested plant densi-
ties range from 5 to 15 plants per sq. m [17] resulting in a population of 50,000 to
150,000 plants per ha. The UNR cotton plants produce less number of bolls per
plant than conventional cotton but retain a higher percentage of the total number of
good opened bolls per unit area in the first sympodial position and a lower percent-
age in the second position [18]. The other advantages include better light intercep-
tion, efficient leaf area development and early canopy closure which shades out the
weeds and reduce their competitiveness [19]. The early maturity in soils that do not
support excessive vegetative growth [20] can make this system ideal for shallow to
medium soils under rainfed condition where conventional late maturity hybrids
experience terminal drought.

Cotton growth must be regulated and eventually terminated by chemical means,
due to the plants’ intrinsic indeterminate growth habit. Plant growth retardants
are natural or synthetic organic compounds that control or modify one or more
physiological events in plants. These synthetic compounds are widely used in cotton
for reducing plant height. The plant growth retardants affect many physiological
functions in plants. The crop growth regulator Mepiquat Chloride (MC) is com-
monly used in cotton production in China and elsewhere to maximize cotton yield
and fiber quality [21, 22]. The application of MC increases leaf thickness, reduces
leaf area [23], shortens internodes [24] and decreases plant height [25], and thus
results in a more compact plant architecture [26] which had been witnessed in the
CO 17 culture as well (Figure 2).

Figure 2.
Application of Mepiquat chloride in cotton variety CO 1.
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Modification of cotton structure increases the light interception in the middle
part of the canopy [27]. In addition, Light Use Efficiency (LUE) of cotton is
increased by MC application [28]. Furthermore, cotton canopy structure is affected
by population density [29] and practices such as wheat—cotton intercropping [30]
which influence the crop light interception and fruit formation, thereby biomass
growth and yield.

High population densities increase leaf area index (LAI) but reduces the individ-
ual leaf area [29]. Like most species, cotton plant height increases with population
density [31]. Field experiments raised with CO 17 wherein cotton plant structure was
obviously affected by MC and plant density. As MC could bring in changes in the
architecture of the applied plant resulting structural changes, it leads to a challenge
in maintaining the cotton plant’s architecture suiting to the mechanized cultivation.
Application of MC is essentially responsible for controlling cell elongation and shoot
and stem growth [32]. When plant growth retardants are applied to plants, inter-
nodes become shorter and leaves become thicker and greener which leads to altered
plant morphology and altered assimilate partitioning resulting in reduced plant
growth. The response of plants to PGR applications can differ with plant growth
stage, rates of application, and environmental conditions during the applications
[33]. Cotton producers and researchers have, therefore, used plant growth retardants
as a means to manage the balance between vegetative and reproductive growth for
efficient cotton production. But research on application of growth retardants in
conjunction high density planting will pave way for synchronized maturity of the
crop with uniform plant height that may help in harvesting of seed cotton mechani-
cally at large scale level. This research is at its nascent level in India.

Mepiquat Chloride (1,1-dimethyl-piperidinium Chloride), a plant growth
regulator is widely used to manage cotton structure, regulate plant development
and hasten maturity under high plating densities [34]. Although plant growth
regulators have been thoroughly widely tested in cotton in India, specific recom-
mendations regarding their dose and timing for modifying the architecture at
high planting densities are yet to be arrived for adoption on a holistic perspective.
Reduction in plant height, decrease in height/node ratio, an increase in boll weight
and a delay in maturity with the application of growth regulators were observed
with non-significant effect on yield. Application of Mepiquat Chloride reduced the
leaf area and increased the number of bolls per unit area at high plant density. It also
helped in retention of bolls on lower sympodia and increased the synchrony of boll
maturation [29].

However, the effect of Mepiquat Chloride on cotton is affected by environmental
conditions, particularly temperature [35]. Studies taken up at the Department of
Cotton indicated the differential response of cultures and its performance across
centres. At Coimbatore, there was a variety dependent response to Mepiquat
Chloride application @ 75 g ai/ha in three splits on 45, 60 and 75 DAS in winter
irrigated cotton planted at 45 x 15 cm spacing and the effect was more pronounced
in CO 17 (Figure 3).

There was a reduction in plant height, sympodial length and LAl and an
enhanced the number of burst boll/sq. m leading to an increase in yield at
Coimbatore. Across the cultivars, application of Mepiquat Chloride increased seed
cotton yield from 1330 kg/ha to 1530 kg/ha. Interaction effect of cultivars and
application of Mepiquat Chloride was significant. Taller cultivars namely TCH 1608
and TCH 1705 (CO 15) benefitted more from the application of Mepiquat Chloride
compared to the other cultivars having a compact growth habit. Cultivars with a
more indeterminate growth habit responded more positively to Mepiquat Chloride
application [36]. There is a need for detailed investigations on this aspect before any
recommendations are given.
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Figure 3.

Effect of Mepiquat chloride on cotton varieties.

2.2.4 Effect of Mepiquat chloride application on seed cotton yield in different
genotypes

2.2.4.1 Defoliation

Arresting the growth of the cotton plant followed by the defoliation of leaves at
the physiological maturity stage of the plant would facilitate in harvesting the fully
opened bolls through mechanical instruments. As we know that killing and fixation
of specimen are required for having cytological observations by employing a mix
of acid and alcohol, the two events namely growth arrest and defoliation have to
occur for effecting the harvest of bolls in cotton. Thus, cotton defoliation requires
the application of certain chemicals to help prepare a cotton crop for harvest.
Benefits of proper cotton defoliation include: reduction of the main sources of stain
and trash (leaves), increased harvest efficiency, quicker drying of dew, potential
for increased boll opening and a reduction of boll rots. As a cotton plant matures,

a physiological process takes place which separates the living tissue near the leaf
petiole called the abscission zone. A regulated enzyme activity under the influence
of plant hormones making the leaf to fall through the creation of abscission zone is
the need.

Two types of defoliants, by and large are available. A herbicidal defoliant can be
used to cause injury to the leaf, upset the hormone balance resulting in the abscis-
sion process and finally the leaf drop. The other one is the application of a hormonal
defoliant which increases ethylene synthesis in a plant causing the leaves to fall off.
Correct application rates are important, especially with herbicidal defoliants, as
over application can cause the leaf to die before the abscission process, resulting
in “stuck” leaves. Conversely, when too little defoliant is applied, the abscission
process may not begin, resulting in no leaf defoliation.

2.2.4.2 Factors affecting defoliation

When applying a defoliant or desiccant or boll opener, many factors must be
taken into consideration for successful application. Best results from an application
occur when the factors like the type of cotton being grown, its duration, weather/
climatic conditions, soil conditions, availability of inorganic fertilizers to the plant,
bursting of bolls, water availability to the plants, spacing between the rows and
plants, etc. are taken into consideration.
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Figure 4.
Application of Mepiquat chlovide and defoliant in CO 17.

Studies taken up at TNAU utilizing the application of MC and Defoliant indi-
cated that the combination of application of MC 50 g ai/ha at 45 and 65 DAS and
Dropp ultra (Thidiazuron and Diuron) @ 200 ml/ha at maturity resulted in 90 per
cent defoliation in CO 17 and prepared the crop for harvest by 135 days. This is in
the preliminary stage of testing and would be tested in the years to come to arrive at
a comprehensive package (Figure 4).

2.3 Pests management
2.3.1 International level

Because of various types of insects that attack the cotton crop, especially from
the young seedlings (leaf miner, gall formers etc.) till the crop attains maturity
(various borers, weevils etc.), cotton crop receives excessive rounds of pesticides
spray. This results in excessive consumption of plant protection products. Many
research are being taken up towards developing holistic packages including chemi-
cal, physical, biological and IPM techniques to contain these pests. Cotton is under
cultivation in 69 countries and the production had exceeded 20 million tones of lint
in the recent years where the cultivable area spread on 30-35 million hectares. In
spite of improvement attained through chemical control strategies, harvest losses
remain very high which dwindles around 30% [37, 38]. Occurrence of varied insects
in the cotton system during varied crop growth stages makes it as an experimental
model crop for devising plant protection strategies to be practiced under various
agronomic conditions.

Albeit very many newer molecules are synthesized and tested to contain the
pests, harvest losses remained high. All the pest management strategies aims to
keep the pest population below the Economic Threshold Level (ETL) which is nor-
mally attained by having a judicious mix of appropriate methodologies. Total pest
management is achievable only when the pest prefers a single crop, say cotton and
there are no significant alternate hosts available in the vicinity of the crop system.
However, the application of IPM principles greatly depends on the concept of an
intervention threshold and the limitations of many of the specific non-chemical
techniques proposed but the application of IPM modules/principles have the advan-
tage of taking into consideration the full pest complex in a cropping system [37].

Biological control by introducing beneficial arthropods has not been notably
successful in all the crop based systems, which is true for cotton also. This is
because of the difficulty in identifying and acclimatizing the predators/parasites,
developing a bunch of beneficial organisms capable of responding effectively, the
nature of the crop grown and the disrupting effects of chemical control measures
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directed against the remaining pests [39]. More benefit is to be obtained from the
active conservation of the indigenous fauna of beneficial organisms. In spite of an
increased general environmental awareness, the practice of using insecticides could
not be resisted as pests evolve resistance to pesticides and a combinatory approach
to contain the pest is the need of the hour.

Suggested strategies were adopted throughout the growing season in Australia.
Primary target of reducing the pesticides consumption in cotton ecosystem was
brought out by the introduction of Bt gene engineered cotton hybrids which allows
the co-existence of natural enemies. However, the least affected species by the Bt
toxins, the sucking pests took a prominent place in cotton based production system
displacing the vegetative and fruit feeding caterpillars as key pests of Bt cotton
[40]. The spatio-temporal dimension of natural population regulatory factors
has led to changes in agricultural practices and production systems. In cotton, for
example, production systems maintaining a permanent ground cover, are having
increasing success. Many a times, farmers leave the crop in the field after harvest
of bolls alone, especially for getting a second flush with the onset of rains resulting
in enhanced outbreak. Intercropping and trap cropping have been favorable to the
maintenance of beneficial arthropod complexes and unfavorable to the growth of
pest populations. Thus for having an effective control over the pests, a changed
strategy towards a total systems approach, characterized by a movement from a
paradigm of pest control field-by-field, through farm-by-farm and agroecosystem-
by-agroecosystem, to a landscape by landscape approach is required as reported
by [38].

The rich and diverse insect fauna found in cotton harbors more than one thou-
sand species. However, very few are designated as significant potential pests. These
pests damage the flowers and fruiting bodies or consumes the leaves or mine the
leaves and sucks the juice of the leaves of young plants. Some of them are monopha-
gous species, restricted to the genus Gossypium (Anthonomus, Diaparopsis) while
oligophagous feeding on plants in the family of Malvaceae and closely related fami-
lies (Pectinophora, Dysdercus, Earias) or polyphagous feeding behavior (Helicoverpa,
Heliothis, Cryptophlebia, Spodoptera, Helopeltis) were also reported. The heliothine
lepidopteran species complex (Heliothis virescens, Helicoverpa armigera, Helicoverpa
zea) is considered as the most dangerous, found attacking numerous other culti-
vated plants which are often associated with cotton in a range of cropping systems
[41]. However, as indicated earlier, the leaf hoppers and white fly are becoming a
menace nowadays.

2.3.2 National level

Cultivating cotton by adopting closer spacing with the available cultivars and
with those having short branches was conceived and implemented in India since
sixties of the 20th century. Visits, exposures, dialogs and discussions could impro-
vise the learning and the team’s visit to Brazil had sown the idea of researching on
High Density Planting System (HDPS) and the churned idea was implemented by
reorienting research through All India Coordinated Cotton Improvement Project
(AICCIP) and through other schemes like Technology Mission of Cotton (TMC)
or National Food Security Mission (NFSM) in India [42]. It is reiterated that the
success of HDPS at varied locations solely depends on the availability of genotypes,
appropriate spacing and nutrition for adopting more plants per hectare to achieve
more productivity per unit area and sound pest management criteria. This neces-
sitates the evaluation of available genotypes in varied spacing and nutrition level to
the incidence of insect pests. As farmers tend to grow more Bt which are normally
of spreading in nature, evaluation of both Bt and not Bt compact genotypes for
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their suitability to HDPS is the need of the hour. The adoption of HDPS along with
better genotype and fertilizer management is a viable approach to break the current
stagnation of yield.

More the synthetic fertilizer application, especially nitrogen (N) fertilizer, more
the serious insect herbivores occurrence and crop damage from these insects by
reducing plant resistance, the concept which has been conceived clearly [43, 44].
Reducing fertilizer applications can reduce the production costs for cotton grow-
ers, as well as nitrogen (N) leaching into the soil and contamination of surface and
ground water, but altered N fertilization may also affect pests and their natural
enemies [45]. Occurrence of insects and their abundance are heavily dependent on
the micro climate available in the system which is primarily based on the biomass
production by the plants and their nearness (spacing). Hence, it is utmost impor-
tant to study the pest dynamics under closer spacings as well as increased levels of
nitrogen applications.

A study taken up using GSHV-01/1338 and GBHV-164 genotypes among others
revealed their ability as promising genotypes of the region suited to high density
planting system due to its compact nature [42]. At two levels of closer spacings
(60x15 and 45x15 cm) against the normal spacing of 120x45 cm along with two
increased level of nitrogen application (i.e. 125 and 150% of RDN), these two geno-
types performed better. The studies were carried out in factorial randomized block
design Kharif 2013-2014. Closer spacings (45x15 and 60x15 cm) attracted more
thrips as compared to the recommended spacing (120x45 cm). The mean popula-
tion of thrips was found significantly high on GBHV-164 than GSHV-01/1338.
Higher dose of nitrogen application on crop (125 and 150% RDN) attracted more
thrips as compared to 100 per cent recommended dose of nitrogen (RDN).

[46] by quoting a field experiment that was conducted to study the mean inci-
dence of major cotton insect pests during two consecutive seasons i.e. during kharif,
2010-2011 and 2011-2012 at CICR, Nagpur under high density planting system
(HDPS) using different genotypes of G. hirsutum with different spacings indicated
that pest incidence was not altered by closer spacing. The main objectives of the
work was to identify lines of G. hirsutum which have less infestation of major insect
pests under HDPS system and to investigate whether the incidence is influenced
by plant density. In 2010-2011, the minimum mean population of leafhopper was
observed in NISC-50 (1.82 nymphs / 3 leaves /plant) which was grown at a spacing
of 45x13.5 cm followed by PKV-0811 (1.91 nymphs /3 leaves/plant) grown at a spac-
ing of 45x13.5 cm and these genotypes are significantly superior over the others.
The injury grade was I in both NISC-50 and PKV-081 genotypes. The mean per cent
square damage was low in CNH-120 MB (2.76%) followed by PKV-081 (3.82%),
both being statistically on par with each other and significantly superior over
other genotypes. The mean pink bollworm population was low on PKV-081 (2.53
larvae/25 green bolls). The lowest per cent locule damage due to pink boll worm was
noticed on PKV-081 (8.48%). However, the performance of genotypes and geom-
etry against all the insect pests in 2011-2012 was not significantly different leading
to a conclusion that pest incidence was not altered by closer spacing.

[47] reported in a study undertaken during 2015-2016 on High density planting
demonstrations (50) which were taken up in farmers’ fields at varied close spacings
(75%10 and 90x10cm) with available compact genotypes (Suraj and G.Cot.16) com-
pared to normal spacing (120x45 cm) under Insecticide Resistance Management
(IRM) umbrella in rainfed regions of Bharuch district. Aphids, thrips and leafthop-
per were found above ETL whereas whitefly and mealybug were found below ETL.
The mean larval population of pink bollworm was 4.41 and 3.14 larvae/20 green
bolls in Suraj and G.Cot.16 spaced at closed spacings respectively. The pink boll-
worm population was 2.51 and 2.68 larvae/20 green bolls in Bt-IRM and non IRM
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plots respectively. Suraj variety spaced at 75x10 and 90x10 cm required 4.21 and 3.33
sprays and G.Cot.16 spaced at 75x10 and 90x10 cm required 4.40 and 3.60 sprays
against sucking pests and 2.37 and 2.38 and 3.20 and 2.40 sprays against bollworms
respectively as against 5.00 and 5.60 sprays against sucking pests and 2.00 and 3.80
sprays against bollworms in Bt-IRM and Bt-Non IRM cotton respectively. These
results suggest the need for excessive sprays in ultra closer spacing than the normal
closer spacing for both the cultivars. The net return was found higher in G.Cot.16
HDPS at both the spacing (Rs. 22,966 and 17,456/acre) than the Suraj HDPS (Rs.
16,461 and 8235/acre). The net return for Bt-IRM farmers was higher (Rs.21527/
acre) than non IRM-Bt farmers (Rs. 17,919/acre). Thus, it has been concluded that
HDPS offer viable option to increase productivity especially under rainfed region.

The cotton crop is attacked by 1326 species of insect pests throughout the world,
of which about 130 different species of insects and mites found to devour cotton
at different stages of crop growth in India. Among the bollworms, pink bollworm
assumed major pest status in recent past [48]. The pink bollworm, Pectinophora
gossypiella (Saunders), a pest which received more attention in almost all the cotton
growing states of India (except Tamil Nadu as of now), is identified as the most
destructive pest of cotton and causes 2.8 to 61.9 per cent loss in seed cotton yield, 2.1
to 47.1 per cent loss in oil content and 10.7 to 59.2 per cent loss in normal opening of
bolls [49]. Locule damage was noted to an extent of 55 per cent and 35-90 per cent
reduction in seed cotton yield has been reported by [50, 51] estimated the yield loss
to an extent of 6525 MT annually.

Losses caused by pests vary by 10-30% depending on the intrinsic genetic
factors and its rigidity in expressing the inherent resistance. Pests are supposed to
evolve in a short and strategic cycle to circumvent the problems being arisen and
judicious use of insecticides along with physical, biological control methods is the
need of the hour. Ignoring pests can lead to complete crop failure. In the overall
crop protection program under the National Agricultural Policy, The Government’s
IPM is a time-tested, eco-friendly approach, socially acceptable and economically
viable that is widely accepted across the country. Appropriate control measures
should be taken when insect populations cross the ETL [52].

2.4 Diseases management

High density planting which entails closer planting may have every chance of
microclimate getting altered due to which the propensity of infectious diseases in
cotton may also vary. The high density planting in cotton is a recent phenomena
which opened avenues for research in various domains including plant pathology.
The plant pathologists have been trying to understand the nexus between the
incidence of various cotton diseases and the change in microclimate of the plant
coupled with external atmosphere [53, 54].

The life cycle of pathogens is amenable for changes in line with the changes in plant
canopy and the microclimate mediated through weather parameters. Space between
plants and rows is bound to have a say in the mode of dispersal, the intensity of infec-
tion and the production of secondary inoculum of plant pathogens. Cotton, being a
commercial crop, is no exception to this phenomena of infection and the high density
planting in cotton need to be carefully contemplated taking into account the changed
plant geometry and the corresponding incidence of cotton diseases. Despite the
research on influence of high density planting in cotton on the incidence of diseases is
in the nascent stage, an attempt has been made to take stock of striking developments
in the management of important cotton diseases in the succeeding pages.

The major diseases of cotton which are prevalent in most part of the cotton
growing countries in the world were reported to inflict a damage ranging from 10
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to 30% and it may be more when favorable conditions prevail for the spread of the
pathogens which culminates in cotton farmers spending huge cost to keep the biotic
stress under control [55].

Fungal diseases are predominant in cotton followed by very few bacterial and
viral diseases. The prominent bacterial disease which inflict major damage in cotton
crop is bacterial blight, caused by Xanthomonas citri pv. malvacearum [56]. Abundant
literature is available on major fungal diseases of cotton namely Fusarium wilt caused
by Fusarium oxysporum f. sp. vasinfectum, Verticillium wilt caused by Verticillium
dahliae, anthracnose caused by Colletotrichum gossypii, Ramularia gray mildew caused
by Mycosphaerella areola, root rots caused by Rhizoctonia solani and R. bataticola, leaf
blight caused by Alternaria macrospora and leaf spot caused by Cercospora gossypina
[57-62]. The cotton leaf curl disease is the only virus disease documented in cotton
which belongs to the genus Begomovirus and transmitted by insect vectors [63].

Plethora of studies were conducted for the management of cotton diseases which
reported solitary or combination of management practices to control them. Besides
chemical control, significant research work has been carried out on the biological
control of cotton diseases [64—67]. Similarly, there were prominent studies on use
of plant extracts [68-70] and essential oil [71, 72] for the management of cotton
diseases. Cultural methods [73] and organic amendments [74] also form part of the
strategy to control cotton diseases.

In the recent past, several research studies have documented the efficacy of
Endophytic bacteria [75] in suppressing the incidence of cotton diseases. Molecular
level studies namely transcriptomic, proteomic and metabolomic studies [76-78]
and studies on gene editing [79] were on the rise for the past two decades. As there
are several methods and molecules have been designed for effecting the control of
diseases, their role in containing the diseases that occur under HDPS is in infant
stage as the genotypes which have been evaluated at Coimbatore were not found to
have adequate disease expressions under HDPS.

2.4.1 Soil borne diseases

Soil borne fungal diseases of cotton namely damping off, root rot and wilt
have been reported to cause extensive damage in cotton crop. Juxtaposing chemi-
cal control with biological method, the latter was found to be effective which is
evidenced from the finding of [80-82] who reported that the combined application
of T. harzianum and P. lilacinus showed the best result by inhibiting the growth of
pathogen than alone. A recent study of [83] reported that Trichodel®, based on
Trichoderma spp., reduced the incidence and severity of wilt caused by F. oxysporum
f. sp. vasinfectum. Besides, a score of agronomic practices namely fine tilth of the
soil, adjusting sowing season, crop rotation, soil solarization, amending soil for
altering pH of the soil and use of resistant varieties have been reported to reduce
the incidence of soil borne diseases. Biological control of V. dahliae in cotton with
a mixture of lignin and Trichoderma viride [84] has been reported. Thus, biological
control of soil borne diseases is the viable option which had been arrived by various
authors in the normal cotton growing situations. However, the same might hold
good under HDPS also.

2.4.2 Foliar diseases
Among the foliar diseases, Alternaria leaf spot, gray mildew, boll rot, rust,
anthracnose and bacterial leaf blight were reported in cotton and they were

reported to inflict damage significantly. The chemical fungicides mancozeb
(0.3%), propiconazole (0.1%), propineb (0.3%) were found more effective against
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Alternaria macrospora, propiconazole (0.1%) and copper oxychloride (0.25%)
against Myrothecium roridum [85, 86]. Moreover, a decadal analysis of Alternaria
occurrence among the various genotypes at Coimbatore indicated that Bunny Bt
cotton, NCEHBT, Dhannu BGII and 1037 BGII genotypes were found to be more
susceptible and the disease incidence ranged from 0.5 to 10.53 PDI compared to the
types which are resistant/field tolerant. In addition, the sowing taken up during
29th-30th Standard Meteorological Week (SMW) resulted in lesser incidence of the
disease irrespective of the cultures evaluated [87].

Among the biocontrol agents studied, Pseudomonas fluorescens strains and
Bacillus subtilis and the botanicals derived from Azadirachata indica, Lantana
camera, Calotropis procera, Ocimum sanctum, Allium cepa and Allium sativum have
been reported to significantly reduce the mycelial growth of the pathogenic fungus
[88]. The methanol extracts of Polyalthia longifolia and Terminalia chebula and
chloroform extract of Zingiber officinale, Datura alba, Moringa olifera, Azadirachta
indica and Syzgyium cumini have showed significant biological control of cotton
bacterial blight in greenhouses and in fields [89, 90]. This indicates that principles
available in various plants are having sizable influence in containing the growth of
disease causing micro organisms.

2.4.3 Viral diseases

Among the viral diseases infecting cotton, cotton leaf curl virus and tobacco
streak virus are important. The TSV disease was reported to be spread through
mechanical means, infected seeds and through thrips species. Parthenium, a widely
distributed and symptom less carrier of TSV, plays a major role in perpetuation and
spread of the disease [91-95].

A study carried out by [96] uncovered the application of Bacillus species which
possess diverse anti microbial peptide (AMP) genes which are responsible for the
biosynthesis of antibiotics like iturin, bacilysin, bacillomycin, fengycin, surfactin,
mersacidin, ericin, subtilin, subtilosin, and mycosubtilin in curtailing the infec-
tion of TSV. Genetic Engineering studies to evolve transgenic cotton using an
antisense RNA approach [97] could be a potential option for managing the disease.
Interestingly, transgenic cotton plants that over express miR166 also show potential
in reducing Bemisia tabaci populations and, more importantly, the spread of whitely
transmitted plant viruses [98, 99]. Gene editing technology i.e., CRISPR/Cas9 sys-
tem has recently been used to confer molecular immunity against several eukaryotic
viruses, including cotton DNA geminiviruses [100].

3. Conclusion and futuristic approaches

Though evolving a suitable ideotype remains the basics of successful adop-
tion of any HDPS, the evolved genotype’ suitability to the various management
practices results in its adoptability. Nowadays, many of the farmers are going for
Bt cotton and that too under rainfed situations. Considering this as a backdrop,
the genotypes under development either through conventional method employing
crossing between the selected genotypes and progeny selection or mutation breed-
ing or selection of desirable genotypes from the pre-bred materials or by any of the
molecular methods must fit for one or more situations as described below.

* Considering the occurrence of weeds in both irrigated and rainfed systems, the

HDPS genotype must possess inherent herbicide tolerant/resistant behavior
either through inheritance or through infusion using biotechnological tools.
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* Transplanting of cotton have been identified as one of the viable option for

maintaining the sufficient plant population. Preliminary studies taken up

at the Department of Cotton also indicated the survival of 15-20 days old
seedlings of CO 17 variety upto 25 per cent. However, the growth observed in
the transplanted plants was stunted. Studies taken up by [101] indicated that
date of sowing, age of seedling for transplanting bears a relationship on the
seed cotton yield. Moreover, Bt cotton sown directly or through tray nursery
or through polythene nursery of varied duration had varied impact on seed
cotton yield. Polythene nursery with 3 weeks old seedlings upon transplanting
could result in a yield of 4727 kg/ha. Thus, clear cut studies on the evolved
genotype for its suitability to transplanting through any one of the methods are
required.

It has been observed that cotton plants raised under dense paired sowing
produced the highest seed cotton yield and water use efficiency [102]. Hence,
the evolved genotypes need to be tested for its water use efficiency under
fertigation studies which is the need of the hour. Preliminary experiments
conducted with CO 17 in this regard with varied level of population and varied
nutrient levels under drip fertigation revealed that spacing 75 cm x 10 cm
spacing coupled with STCR based drip fertigation recorded net return of Rs.
131,302/ha.

Another interesting observation made by [103] was weed density and weed
dry matter production were lesser at closer spacing of 30 x 30 and 45 x 30 cm
as compared to widely spaced cotton. Though this is to be taken care of, more
closer spacing would attract pest and diseases and hence an ideal spacing has to
be arrived for evolved genotypes.

The evolved genotype (preferably as a variety) must have an yield advantage
and increased per day productivity compared to the Bt hybrids which are
normally bred and released by the private companies.

It has to be ascertained, that by all means, the evolved genotype should contain
the deregulated gene/QTLs conferring resistance to bollworms or genes that
are of native origin which are freely available. This is because that the non

Bt cotton variety F 2383 released by Punjab Agricultural University during
2015 for cultivation under HDPS had the susceptibility to boll worms besides
smaller boll size [104].

In USA, it took 30 years to achieve 100 per cent mechanization, while it was
45 years in Brazil. Turkey reached 75 per cent mechanization in 15 years and
China took 20 years to reach 15 per cent mechanization. However, in India,

as seen, harvesting is completely labour oriented and all the activities need to
be mechanized [105]. It has been also indicated that the mechanical picking
with single row picker under HDPS provided 25-40 per cent yield increase
compared to the farmer’s practice. Preliminary studies done in this aspect in
the Department of Cotton with CO 17 variety indicated that mechanizing the
sowing, spraying, weeding operations alone had resulted in a savings of Rs.
51,000(698 US $).

This gives a clear message that mechanizing cotton cultivation is of
essential one and the evolved genotype must fit for mechanized cultivation
in India.
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Varietal Release, Notification and
Denotification System in India
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Abstract

Agriculture is the backbone of India and improved agricultural practices
principally depend on the use of newly evolved improved variety. In the Indian
scenario, a statutory varietal release system is working where notification and
denotification process are playing a crucial role in quality regulation of seed.
Crop research institutes of ICAR (Indian Council of Agricultural Research),
SAUs (State Agricultural Universities) and private seed companies are the main
pillars to develop improved varieties in India. The thumb rule is, the improved
variety must have a higher yield compared to the existing one (national and state
check varieties) and this is ensured via several multilocational evaluations at a
different level. This article covers the Indian regulatory system of variety release,
evaluation process at a different level, and the importance of notification and
denotification. This information will help the scientific community in regards to
suggesting improved variety for general cultivation by farmers.

Keywords: agriculture, variety release, notification, improved variety, denotification

1. Introduction

India is a fast-growing economy and agrarian country. Almost 70 percent of the
Indian population depends on agriculture and its allied sectors to obtain employ-
ment and sustain livelihood. The seed is considered as a basic and key input in
agriculture. High-quality seed production was the major concern in the Indian
subcontinent till the 1960s. Before that India was mostly dependent on the USA for
food grain (PL480) to mitigate its hunger [1] and feed large human population.

In order to reduce the dependence of food on foreign countries and to meet the

food and nutritional demand of burgeoning population and to become self-reliant
in food grain production, Indian Government established All India Coordinated
Crop Research Projects (AICCRPs) and other institutes in a systemic manner to
produce a large number of varieties with assured seed quality in all major crops.

The production of high-quality seeds was one of the pillars to change the position of
Indian agriculture into the new world order. The ultimate intention was to introduce
the newly evolved high yielding cultivars to the resource-poor farmers for broad-
spectrum cultivation in the area of their adoption.

By seeing this scenario, the Government of India acknowledged seed an essential
commodity under the Essential Commodities Act, 1955. On October 1964 Varietal
Release System (VRS) came into existence with the formation of the Central
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Variety Release Committee (CVRC) at the national level, and State Variety Release
Committees (SVRCs) at each state level. A Central Seed Committee (CSC) was
established under the Ministry of Agriculture, Cooperation and Farmers Welfare
provided in the Seeds Act, 1966. The functions of the CVRC were taken over by the
CSC in 1969 to ensure the quality of seeds on sale and notification of the kinds/vari-
eties. To perform the function at central level to release/notification, provisional
notification and de-notification of cultivars, CSC constituted a Central Sub-
Committee on Crop Standards, Notification & Release of Varieties for Agricultural
Crops and Horticultural Crops, while to perform similar functions at state level,
State Seed Sub-Committee (SSSC) was constituted [2].

2. Development of plant genetic material (in house breeding)

Entries (pure lines/open pollinated varieties/composites/synthetics/hybrids
etc.) are developed by the concerned plant breeders/agencies through scientific
temperament and extensive breeding programs for the benefit (food and nutritional
security) of humankind. Different conventional (Introduction, selection, hybridiza-
tion followed by selection etc.) and advanced (tissue culture-based techniques like
somaclonal variation, anther and pollen culture; mutation, marker assisted breed-
ing, transgenic or genome editing techniques) breeding methods are being used by
the different agencies (ICAR or non-ICAR national institutes, SAUs, private national
or multinational companies etc.) to generate elite material for high yield potential,
nutritional quality and other associated traits. Developed elite materials are being
tested by the concerned plant breeder/s at their research station for three to four
years in replications for stability and selected superior cultivars enter into the All
India coordinated crop improvement projects (AICCIPs) trials for further testing in
multi-environments across the country.

3. All India coordinated crop improvement projects system of varietal
testing

First AICCIP was started in way back of 1957 by ICAR on maize crop for systemic
testing of entries and for release of high yielding new maize varieties. In general, the
three-tier system of multi-location evaluation is used for three years except perennial
fodder crops (requires four years-one for crop establishment and three for evalua-
tion) in India. Multilocational trials are conducted by the Project Coordinator (PC)/
Project Director (PD) of AICCIPs [3] with the help of concerned principle investiga-
tors. The AICCIPs have been developed for all the major crops including forage crops.
The AICCIPs come under the umbrella of ICAR, has great role in the development of
improved crop varieties and generation of production and protection technologies that
directly benefit farmers for their economic amelioration. All AICCIP trials are well
organized, systemic and conducted through a uniform testing procedure across the
centers as per crop standard. It is a powerful system to screen large number of entries and
recommend well-tested, superior, and adapted new cultivars to the end users. The flow
chart of varietal release and notification in India is illustrated in Figure 1.

Newly entered material/entries into the three-tier system must have the follow-
ing requirements.

* Station trial or preliminary yield trial-Concerned plant breeder must perform
station or regional trial and proposed entry must have undergone censorious
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Figure 1.
Flow chart of plant varietal velease and notification system in India.

evaluation process or screening (insect pests and diseases). Crop based quality
parameters and tolerance to key abiotic stresses are also to be screened as per
the requirement. Pre-coordinated trial data on yield, trait stability and other
related agronomic traits must be available to the PC/PD in support of the
relevance of his/her entry [4].

* The entry must have a high degree of genotypic stability, phenotypic unifor-
mity, germination percentage and physical purity (as per the minimum seed
certification standards).

* The entry must have few distinct diagnostic traits which make it different to
all remaining varieties. These distinct traits help to identification of variety
during legal infringement (DUS testing) [5].

* All the information related to the development of entry i.e. parentage or
pedigree should be available to the PC/PD by the concerned plant breeder/
agency. If the performance of entries are same in the coordinated trials, then
preference will be given to the variety which has been developed by the using
of diverse parents in breeding program.

* Private companies can enter their material into the coordinated trial system as

similar to other agencies but have to pay the prescribed fee for their entries as
per guideline of the Government of India.
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* All the material (product of selection, hybridization followed by selection,
synthetics, composites, and hybrids, etc.) shall be subjected to the same
system.

4. Three tier system

The AICCIP centers for various crops are located at ICAR institutes or State
Agricultural Universities (SAUs) or other volunteer centers recommended by
AICCIP workshop based on covered crop area, adaptability, and agro-climatic
condition etc. It involves various steps [6].

4.1 Initial varietal trial (IVT)

The time duration of the initial varietal trial (IVT) is one year. All the entries,
which were superior to their respective station trials, would be introduced into
the IVT. These entries would be used for multi-location trials along with checks.
In general, three checks (national, zonal and local checks) are being used for
efficient evaluation of entries across the centers. The national check (a crop vari-
ety which had been released previously for whole country) would be used for a
long period but zonal (a crop variety which had been released previously for spe-
cific zone) and local checks (high yielding local variety) can be replaced based
on the requirement. These checks cannot be replaced after the IVT. Maintenance
of genetic purity, germination and physical purity of new material are the prime
objectives of the concern plant breeder/agency. The IVT trials are conducted in
such a manner that minimum difference of yield (5-10%) and other ancillary
traits can be measured. Experimental layout (experimental design, number of
replications and treatments) is the prime responsibility of the PC/PD through
concerned principle investigator. The cultural practicesi.e. seed rate, date of
sowing, row to row and plant to plant spacing; weed, fertilizer and water man-
agement etc. shall be strictly followed by the IVT centers as per guideline of PC/
PD. The plot size of IVT is smaller than advanced trials. An IVT includes the
maximum number of locations across the country to evaluate varietal adaptation
and performance. The number of testing locations varies with crop across the
zones. A team of scientists (plant breeder, agronomist, pathologist, entomolo-
gists etc.) will monitor all the trials as per the recommendation of the PC. Project
coordinator constitutes monitoring teams (includes scientists from various disci-
plines such as plant breeding, agronomy and plant protection) for evaluation of
trials. Each member of monitoring team submits their report to the PC based on
their observation during trial monitoring. Each crop has different objective and
requires different technical requirement for their evaluation. For example, The
IVT centers will generate information related to days to flowering, physiological
maturity, plant height, lodging, threshability, disease, and pest tolerance, green
fodder yield, dry matter yield, and nutritional quality traits for forage crops.
Technical program is formulated during workshop or national group meet and
PC will specify characters on which data shall be recorded. Entries which are
superior over the best check in terms of yield and other related traits will be
promoted into the advance varietal trial-I. The superiority is primarily decided
based on yield potential and other related important traits such as quality traits.
In some agricultural crops, where a large number of entries enters into the
IVT system then; IVT is preceded by testing of these entries for one year in the
National Screening Nursery.
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4.2 Advance varietal trial-1 (AVT-I)

Based on superiority (5-10%) over the best performing check, superior
entries will enter into the AVT-I from IVT. The number of tested entries in the
AVT-I will be less than IVT. The plot size is large in AVT-I as compared to IVT,
therefore data generated on yield and other ancillary traits will be more realistic,
accurate and minimal chances of error. The number of testing locations should
be more as compare to IVT in a given zone for more realistic data on yield and
other economically important traits, varietal adaptation, biotic and abiotic toler-
ance, quality parameters, etc. National, zonal and local checks (which were used
in IVT) shall be used for critical analysis along with the entries. During AVT-I,
additional data on disease and or insect pest tolerance under artificial epiphy-
totic condition must be generated by the experts. Same as IVT, monitoring team
would be deputed by the PC/PD at different growth stages of crop and observed
data shall be submitted to the concerned PC/PD. Based on the performance of
entry over the best performing check-in the respective zone, the superior entries
would enter into the AVT-II.

4.3 Advance varietal trial-II (AVT-II)

All the requirements shall be fulfilled as similar to AVT-1. However, few addi-
tional data will be generated at AVT-II stage i.e. response of entries to different
dates of sowing, seed rate, spacing between plant to plant and row to row (popula-
tion density), behavior in different level of fertilizer and irrigation by sponsored
agronomists; response of diseases and pests by the plant pathologists, crop quality
parameters by the biochemists. The seed technology center will develop descrip-
tors which help in the seed certification process. All the processed and analyzed
data on yield and other related traits, across the locations/centers (cooperating and
volunteer) shall be submitted to the PC. On the basis of these data, annual reports
are being made in each crop. All the data of superior entries are comprehensively
discussed in the annual workshop/national group meetings by the PC/project direc-
tor. After completion of the AVT-II, the concerned breeders are informed to submit
varietal proposal based on the performance of their entries during three years of
evaluation.

5. Procedure for varietal identification

Based on three year performance, best performing test entries shall be identified
in the annual crop workshop or national group meet at the pre-defined institute/
university. The Zonal Coordinators and Principal Investigators attend the national
group meet to provide wider aspects of information on the varieties. After the
approval from Deputy Director General (Crop Science) of Indian Council of
Agricultural Research (ICAR), a “Varietal Identification committee (VIC)” con-
stituted in advance of annual workshop or national group meet. All the committee
members (Table 1) shall be informed well in advance by the PC or PD [3]. Principal
investigators (PIs) of different disciplines can assist in the process of discussion but
they do not have the right to vote. Only committee members have the right to cast
vote. The VIC provides detailed information on recommended entries to the Central
Sub-Committee on Crop Standards, Notification, and Release. This committee has
sole right to release and notify the best-performing entry into national wise or zonal
wise based on the recommendations of the VIC.
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S.N. Representative Organizational
position

1 DDG (Crop Science)/ his or her nominee Chairman

2 Project Coordinator/Project Director of AICCIP Member Secretary

3 Director of Research of institute/SAUs of that region where the Member

meeting is held

4 Agricultural Commissioner (Department of Agriculture) Member

5 One nominee of Seed organization (NSC, SSC) Member

6 One representative of private seed agencies Member

7 One representative of crop-based industries Member

8 Project coordinator (seed technology) Member

9 Two eminent scientists of that institute Member

Source: [3] Tandon et al., 2015.

Table 1.
Organizational setup of varietal identification committee (VIC). The committee comprises one chairman and
nine members.

6. Eligibility criteria for identification of the variety

* The candidate variety must have a minimum of three years of yield and other
ancillary trait data from multi-location coordinated trials.

* Atleast two-year data on disease and pest reaction at a hot spot or artificial
epiphytotic condition.

* The candidate variety must have at least one-year data on agronomic perfor-
mance like seed rate, dates of sowing, planting density, irrigation, and fertil-
ization. In forage crops, three year rigorous evaluation must be done for annual
crops (seed yield data for third year only) and four year for perennial crops
(one year for crop establishment and other three years for evaluation).

* The concerned breeder must have at least a minimum requirement of nucleus
seed so that breeder seed can be generated easily.

* The concerned plant breeder should have pure seed for planting of 5 ha area.
If he or she did not match the requirement, then identification can only be
postponed for one year.

All these issues shall be discussed by the project coordinator in the annual work-
shop itself. The candidate variety must be phenotypically uniform (plant height,
maturity, etc.) and stable in performance throughout the years.

7. Central sub-committee on crop standards, notification, and release

Central Sub-Committee on Crop Standards, Notification, and Release of Varieties
appointed by Central Seed Committee under Section 3 of the seed act, 1966 during
1994. The committee comprised one chairman and 17 members (Table 2).

Central Sub-Committee releases varieties as per the benefit of the stake-
holders and need of regional, zonal or national importance, and the State Seed
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Sub-Committee releases varieties beneficial for particular state. Notification of
variety is compulsory on regulating the seed quality under the provision of Seed
Act, 1966. Notification usually authorizes certified seed production throughout the
country, by private or public seed multiplication organizations. Once the Central
Sub-Committee accepts the proposal, the varieties/hybrids will be released for the
concerned agro-climatic zone/s (may cover one or more number of states or nation-
ally). Simultaneously, it must be notified for seed certification purpose in the coun-
try. During the release, the concerned breeder must have a minimum amount of
seed which can be sown at least ten-hectare area [3]. Later on, seed multiplication is
the responsibility of various seed agencies (NSC, SSC, private seed companies and
progressive farmers, etc.). The significant differences between released and notified
varieties are illustrated in Table 3.

S.N. Representative Organizational
position

1 Deputy Director General (Crop Sciences), ICAR Chairman

2 Deputy Commissioner (QC) DAC & FW, GOI Member Secretary

3 Directors of State Seed Certification Agencies, or their representatives Member

4 Project Directors of Departments of Agriculture of all states, or their Member
representatives

5 Project Coordinators/Directors of AICCIPs Member

6 Agricultural Commissioner, GOI Member

7 Representatives of the seed industry, NSC, State Seed Corporations, Member
private seed companies

8 Representatives of ICAR, ICAR institutes, NGOs Member

9 Progressive farmers Member

Source: [7] SeedNet India Portal; QC-Quality Control, DAC &F W-Department of Agriculture, Cooperation and
Farmers Welfare, GOI-Government of India.

Table 2.
Organizational setup of central sub-committee on seed standards, velease, and notification of variety
(agricultural crops). The committee comprised one chairman and 17 members.

S.N. Released variety Notified variety
1 It is not a statutory function under the Seed Statutory function and variety will be
Act, 1966 registered under Section 5 of seed act 1966.
2 It cannot be used for seed certification Only notified varieties to come under seed
certification
3 No guarantee on seed quality for farmers Assured seed quality
4 Seed law enforcement agencies (seed inspector They have the right to draw and test seed
etc.) cannot draw and test seed samples samples
5 These are not assets of Govt. of India Notified varieties are assets of Govt. of India
6 Its main purpose is to make available the The main purpose is seed quality regulation
information of cultivar to the public and its area
of adoption
7 Difficult to trace out the genesis The notification of the varieties will help to

trace out its genesis.

Table 3.
Critical diffevences between released and notified varieties.
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8. Central seed committee (CSC)

It is a legal body constituted by the Department of Agriculture, Cooperation
and Farmers’ Welfare (DAC&FW), Ministry of Agriculture and Farmers’ Welfare
(MoA&FW), Government of India to advise central and state government on mat-
ters related to the implementation of seed act, 1966 and other related functions. The
core committee includes one chairman and eight members to be nominated by the
central government and one person to be nominated by the Governments of each
State (Table 4). State Seed Committee (SSC) has a similar role at the state level. The
CSC and SSC are empowered to release varieties but only CSC can notify those [8].

S.N. Representative Organizational
position

1 Secretary, DAC&FW, MoA& FW, GOI Chairman

2 Additional Secretary (In charge Seeds), MoA& FW, GOI Member

3 Agricultural Commissioner, MoA& FW, GOI Member

4 Deputy Director General (Crop Sciences), [CAR Member

5 Joint Secretary (In charge Seeds), MoA& FW, GOI Member

6 Progressive farmers/ seed growers (4) nominated by the Central Member

Government
7 One representative from each State Govt. Member
8 Director of National Seeds Project, MoA& FW, GOI Member Secretary

Source: [9] SeedNet India Portal; MoA ¢ FW- Ministry of Agriculture and Farmers Welfare.

Table 4.
Organizational setup of central seed committee (CSC). The committee comprises one chairman and nine other
members by the central government.

9. Empowerment of central seed committee

* The CSC has authority to release varieties (pure lines/hybrids/composites/syn-
thetics) developed by central research institutes (ICAR/non-ICAR), AICCIPs,
private or corporate sector, and other organization as per the scientific data
authenticity for zonal basis (which may include more than one state) or at
national level.

* The CSC has authority to approve proposals received from the State Variety
Release Committees/State Seed Sub-Committees for varieties developed by the
State Research Institutes but is considered suitable for areas outside the state
(based on their performance).

* The CSC can delimit the regions or tracts for the cultivation of varieties
approved for release.

* The CSC can advise the ICAR regarding the manner in which the National
Register of Approved Varieties may be maintained, and to suggest the standard

description of crop varieties.

* The CSC can notify kinds/varieties for the purpose of the Seeds Act and the
areas of their notification.
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* The CSC specifies minimum limits of germination percentage and purity for the
notified kinds/varieties of seeds as per minimum seed certification standards.

¢ The CSC specifies the “mark” or “label” in respect of notified kinds/varieties.

The State Seed Sub-Committees are constituted by Central Seed Committee and
are authorized to set up a State Seed Laboratory, State Seed Certification Agency
(SSCA) and an Appeals Authority, and to appoint seed inspectors and seed analysts.
The differences between Central Sub-Committee and State Sub-Committee are
given in Table 5.

S.N. Central sub-committee State sub-committee

1 Authorized by Central Seed Committee Authorized by State Seed Committee

2 Releases varieties for regional/zonal/national level Only for concerned state/regions within
the state

3 Statutory body for varietal notification It cannot notify varieties

4 Notification followed by seed certification Certified seed cannot be produced without
notification

5 Members in the committee are appointed by the Members in the committee are appointed

Central Govt. by the State Govt.
Table 5.

Critical differences between central sub-committee and state sub-committee.

10. Empowerment of state seed sub committee

There are some rights which have been provided by the Central Seed
Committee for proper functioning of seed chain in respective state in India. These
empowerments are-

* The State Seed Sub Committee will advise the state government on all matters
related to the execution of the Seeds Act, 1966.

* Reviewing the implementation of the Seeds Act in the state and send periodic
reports to the state government and the Central Seed Committee.

* Inspect, analyze and report on the State Seed Testing Laboratory.

* Advise on educational and promotional measures for proper enforcement and
understanding of the Seed Act.

* Planning for different crop varieties to be grown in different regions of the
state, and to review the assessment of seed requirements.

* Considering the release of new varieties for the state and recommend their
notification to the Central Seed Committee.

* Monitoring the performance of newly released varieties in the state.
Being agriculture as a state subject in India, centrally released varieties are not

directly accepted by all the states for which they have been released. Each state has its
own regulatory system which they have to follow for varietal release in the state. They
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have to pass through all the steps of the concerned state release procedure before they
approve for cultivation in the state viz., state wise multi-location trials for three years
and adaptive trials based on the requirement. The notification requires that the variety
must have been tested at least for one year in the AICCIP trials and recommended for
release in the state by the AICCIP Varietal Identification Committee.

11. Necessity of notification

Since only notified varieties will be under the purview of Seed Law Enforcement,
hence it is necessary to bring the seed of a particular crop variety under notification
system. The seed inspector can only draw a sample from notified variety for analysis
and ensure the seed quality [10, 11]. A released variety cannot come under seed
chain without notification by the Gazette of India. Therefore, these issues will make
the notification as necessary requirement for other things to act on it. The notifica-
tion is made by the Central Government on the recommendation of the Central Seed
Committee. Thus, notification is prerequisite for production of certified seed which
ensures high quality of seeds to the farmers. After notification, variety becomes asset
of government of India. The breeder seed can only be produced after the notifica-
tion of variety and notified varieties enter into seed chain. Notification also helps in
the genesis of original variety based on its pedigree and also regulates any kind of
infringement in the later stages of varietal promotion.

12. Denotification of varieties

Released varieties can be denotified if they are not performing well in the area of
their adoption or have been in cultivation for more than 15 years or are not much in
demand. Denotification can be done based on the recommendation of central seed
committee by the government of India.

13. Conclusion

There are several ways and means to increase the crop production and productiv-
ity, however using genetically pure and high-quality seed is first and prime objec-
tive in agriculture. Therefore the variety which will be used by farmers must have
undergone several evaluations in order to ensure its stable yield potential, tolerance
to biotic and abiotic stresses and these criteria are being fulfilled by a legal varietal
release system. The main objective of the varietal release system in India is to intro-
duce newly developed, high yielding varieties to the farmers for broad-spectrum
cultivation in the area of their adoption and only those varieties will be notified
which are superior to existing one. It provides choice to the farmers to cultivate a
specific variety, based on their need for crop diversification. In India, the systemic
framework has helped farmers to get high quality of seed from market and produc-
tion has increased many folds since the inception of AICCPs. Notification is manda-
tory to release a variety, though the release process itself does not have legal cover.
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Chapter 3

Breeding for Grain Quality
Improvement in Rice

Priyanka Ariyapalayam Rajendran,
Jeevanandam Niranjana Devi and Senthil Vel Prabhakaran

Abstract

Oryza sativa holds a unique position among domesticated crop species as it is one
of the most important staple foods globally. Without rice, the day will not be fulfilled
in most of the Asian countries. Requirement of rice for consumption is anticipated
from 450 million tons in 2011 to about 490 million tons in 2020 and to around 650
million tons by 2050 globally. To meet the food demands, it has been estimated that 40
per cent more rice is needed to be produced by 2050 for the ever increasing popula-
tion. Increasing incidences of both biotic and abiotic stresses under changing climate
are the major constraints in rice production to meet the rapidly escalating population.
Crop improvement in rice will not be completed lacking of grain quality analysis. Rice
grain quality embraces storage, milling, market quality, cooking and eating quality
and nutritive quality of grain. Demand for high quality rice has increased globally
in recent years and continues to trend upward due to the taste preferences. Since,
consumer demand in Asia and all over the world are diverse due to varied demograph-
ics and culture, defining uniform attributes to grain quality becomes more challeng-
ing. The Middle Eastern consumers highly prefer long grain, well milled rice with
strong aroma while European consumers prefer long grain non aromatic rices. In Asia,
Chinese consumers prefer semi-aromatic rice to pure aromatic rice. Cooked kernel
elongation is the most important quality traits, which differentiate the highly valued
basmati rice from other rice types. Kernel elongation after cooking is an important
character of fine rice and the most rice consumers prefer lengthwise elongation.

Keywords: quality, rice, aroma, kernel elongation, basmati

1. Introduction

Rice (Oryza sativa L.) is ranked as first in human food crop for more than half
of the world’s population [1] and economically imperative food crop with nutri-
tional diversification that helps in poverty alleviation. With the intensifications
of diverse food demands and living standards of global populations, rice grain
appearance and grain quality have become a primary concern for rice breeders [2].
Rice grain quality characters has been grouped into two classes: (i) grain appear-
ance and (ii) cooking and eating qualities. The grain appearance includes kernel
length, kernel breadth, kernel length-breadth ratio, endosperm translucency
and cooking and eating qualities includes cooked kernel elongation, amylose
content, gelatinization temperature (measured as alkali spreading value), aroma
and volume expansion. In addition processing qualities, hulling percentage,
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milling percentage and head rice recovery are important for market value. Most of
the quality traits are complex trait governed by quantitative inheritance.

Generally, Japanese people prefer short and sticky rice, while Indians prefer
aromatic basmati rice which elongates when cooked. Indian basmati rice and Thai
jasmine rice are highly priced due to their distinctive aroma when cooked and
some European countries have led consumers to prefer better quality rice. Due to
consumer’s demand for better rice quality, rice breeders are striving to develop rice
varieties with improved qualities that meet local demand. Basmati varieties has
superior quality traits viz.

Superfine slender grains, fine cooking quality, pleasant aroma, and lengthwise
elongation during cooking and fetched with premium price in the local and global
market [3]. The physicochemical and cooking characteristics are the good indicators
of grain quality [4, 5]. Most of the consumers prefer rice with soft to medium gel
consistency, intermediate amylose content and gelatinization temperature.

Kernel elongation after cooking is an important character of fine rice and most
of the rice consumers prefer length-wise elongation. Rice kernels absorb water
during cooking and increase in length through swelling of kernels. Breadth-wise
increase is not desirable, whereas length-wise increase without increase in girth or
a crack on the kernel is a desirable characteristic of high quality rice. In northeast
India, cultivated varieties having high kernel elongation might also have originated
from this region. The elongation genes might have moved towards both eastern and
western parts from the periphery of the centre of origin. Some varieties showed
marked elongation in eastern countries such as Burma and Thailand. However
varieties in western region with Punjab showed good kernel elongation.

2. Measurement of kernel elongation ratio

Cooked kernel elongation can be measured by three ways viz., grain elongation
ratio, proportionate change, grain elongation index. Grain elongation ratio is
defined as the ratio of the length of cooked rice (L) to the length of milled rice (L;).
Kernel elongation ratio indicates the proportionate change of rice grain after cook-
ing. Sood and Siddiq [6] followed following formula to measure kernel elongation

L,/B,—L,/B,

L, - B, @

Proportionate change =

Where, Lg — kernel length after cooking, Bg — kernel breadth after cooking, Lo -
kernel length before cooking, By — kernel breadth before cooking. Grain elongation
ratio is a better index of cooking quality than grain elongation index (A) or propor-
tionate change [7].

LI @)
L /W,
Where, L, — cooked kernel length, W, — cooked kernel breadth, L, - milled rice
length, W, - milled rice breadth.
Grain elongation index is a more reliable estimate of kernel elongation during
cooking [8].

Elongation index = @ 3)
GS
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Grain elongation index values were less precise and less sensitive than elongation
ratio. It needs the additional measurement of grain width, use of kernel L/B ratio
instead of length offered no advantage of sensitivity since, grain expanded both
length and width wise during cooking [9, 10].

Cooked rice elongation = After cooking length — Before cooking length <100 (4)

Before cooking length

3. Assay of cooked rice elongation

Ten selected grains were soaked in distilled water for 30 min which were then
placed between two pieces of wet filter paper in a petri dish filled with an appropri-
ate amount of water. The dish was then placed in a covered container and the grains
were cooked by steaming over boiling water for 10 min and simmering for 10 min
(with power off). The cooked rice grain was transferred onto a piece of dry filter
paper at the bottom of a fresh petri dish, which was placed in a desiccator with a
constant temperature (19°C). Then the CRL was measured [11].

Ten randomly chosen intact polished grains were boiled in a water bath for 7 min
after soaking in 7.5 ml of distilled water for 20 min. The cooked rice grains were
then placed on absorbent paper for 15 min, and the boiled grain length (BGL, mm)
and width (BGW, mm) were measured using the same scanner. The treatments
were repeated twice, and the average grain length and width before and after cook-
ing were calculated for estimation of elongation index.

The length of 10 whole rice kernels after cooking was measured by using the
micro-scale, and the average kernel length determined. Kernel elongation ratio was
calculated by dividing the average length of cooked kernel by the average length of
the raw (uncooked) rice.

An inter-laboratory collaborative test was conducted for measurement of grain
elongation of milled rice during cooking in 19 laboratories in 16 countries. Details
of individual laboratory methods for measurement of grain elongation given

below [9].

Collaborator Methods

2 10-20 grains soaked for 30 min in 20 ml water in 25 x 100 mm test tubes and tubes placed
directly in 100°C bath for 15 min

4 Aggregate length and width of 20 raw and cooked grains measured in graduated grooved
board. Rice (2 g) placed in boiling water bath without pre-soaking and cooled until centre
becomes translucent, determined by sampling every minute from 10 min onwards

6 Fifty grains (not presoaked) boiled for 15 min and sampled at 2 min intervals until 90% of
the grains had translucent centers, after which 10grains are measured

7 Rice grains (2 g) boiled for 22 min without presoaking.

8 Milled rice (7 g) is washed, soaked for 30 min and a duplicate 7 g sample soaked for 60 min

in12:6 g (1-8 volumes) water in aluminum pudding cup and cooked in a rice cooker with
water (200 ml) for 32 min (at least 20 min at >99°C). Cooked rice is allowed to stand
15 min before measuring 10grains in the middle layer with caliper gauge

11 No presoaking. Grains measured directly with microscope fitted with an eyepiece graticule
14 15 min cooking time in boiling water

15 Aggregate length and width of 10 random raw and cooked grains measured

16 28 min heating of rice (10 g) in water (50 ml) in 250 ml beaker using hot plate
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4. Mechanism of kernel elongation

Although the mechanism of kernel elongation of rice is not clear. Water uptake
might be the only trait showed positive and significant influence on kernel elonga-
tion. The anatomical study of the endosperm of elongating and non elongating
varieties showed variation in the shape and arrangement of cells. Elongation
pattern might be influenced by either size and arrangement of cells in endosperm
or structural arrangement of starch molecules within cells and in non elongating
rice, long belt of radially arranged cells might restrict linear expansion of cells while
cells in the intermittent region may tend to expand towards the periphery leads to
breadthwise elongation [12]. Aging also influences the kernel elongation [13].

Both genetic and environment factors influence the kernel elongation. The
ambient temperature of about 25°C during day time and 21°C during night at the
time of ripening is a favourable condition for maximum elongation [14]. Pre-
soaking before cooking also play major role in kernel elongation [15].

Grain width and length, endosperm cell size and starch granule structure and
arrangement are influenced the cooked kernel elongation. No specific mechanism
to determine kernel elongation, but it might be due to physical and chemical
phenomenon occurred after cooking [16].

Soaking of grains upto 30 min increases kernel elongation during cooking and
leads to grain cracking. Elongating and non-elongating rices showed no difference
in the composition of endosperm cell walls.

In basmati rice, equidistant pentagonal or hexagonal cells arranged in honey-
comb fashion in the elongating variety and in breadth wise swelling types, long,
rectangular and arranged radially in columns extending from the centre to the
periphery. Microscopic examination of endosperm sections of the experimental
materials revealed differences between elongating and non elongating groups of rice
in respect of shape and arrangement of cells as represented by Sood et al. in Figure 1

1

Figure 1.
Anatomical study of elongating and non elongating rice kernels. (1, 2) Transverse sections of elongating and
non elongating types (3, 4) Longitudinal sections of elongating and non elongating types. Source: Sood et al.
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Internal kernel cracks were higher in aged rice kernels than the non-aged
rice kernels in three popular Malaysian rice cultivars (Mahsuri, Mahsuri Mutant
and Puteri). The number of cracks in kernel during cooking increased at higher
temperature (110°C) compared to lower temperature (90°C). Kernel aging and
temperature positively associated with internal physical structure of the rice kernel.
From the above study, it is concluded that ageing and internal kernel cracks might
influence the cooked kernel elongation [17].

5. Genetics of kernel elongation

Kernel lengthwise increase without increase in girth is a desirable characteristic
in high quality premium rice. Bao et al., [18] reported that in indica rice variety,
cooked kernel elongation was governed mainly by major gene with environmental
interactions. Genetic improvement of any characters depends on efficiency of
selection among the progenies which has different genetic value. Gene actions are
reported to be associated with breeding value. To estimate the breeding value of
progeny by studying the additive and dominance effects and their interactions
which would benefit breeders to select the most appropriate breeding approaches to
develop the superior variety.

Inheritance pattern of cooked kernel elongation ratio is controlled by single gene
and influenced by some modifiers [13]. Kernel elongation governed by additive [19]
or non-additive [20-28] or both additive and non additive gene action [29]. Hence
genetics of kernel elongation has not been elucidated due to its complex nature and
inconsistent pattern [30].

Elongation ratio and elongation index are highly heritable [31, 32]. This trait
under polygenic control, involving epistasis, additivity, and genotype x environ-
ment interactions [33]. Three crosses were made among Mahsuri mutant, Mahsuri
and 9192 to study the segregation pattern of cooked kernel elongation. The fre-
quency distribution of kernel elongation ration of the population showed bimodal
curve. However, in crosses of Mahsuri mutant and mahsuri (and its reciprocal
crosses) the bimodal was skewed towards lower kernel elongation. Hence this
character might be influenced by one or two loci [13].

The parental lines did not showed significant differences in kernel elongation
ratio, however the progeny exhibited much larger range of variation due to trans-
gressive segregation. It is difficult to conclude about inheritance pattern of kernel
elongation in rice since the segregation pattern is not stable in different crosses and
very little information is available on about inheritance pattern of kernel elongation
of rice [34].

Genetic models used to analyse the cooked rice elongation traits of indica rice
in two environments and identified that rice grain quality was mainly controlled
by genotype, major gene effects and environment interactions. Milled and cooked
rice length exhibited higher narrow sense heritability’s than cooked rice elongation
which indicate that early selection would be possible for milled and cooked rice
length but not for cooked rice elongation [33].

6. Association of kernel elongation with other quality traits
Waxy gene allele involved in determination of cooked rice elongation. The
closely linked marker of waxy locus will facilitate the replacement of poor qual-

ity parent alleles [11] and waxy gene region control the cooked rice grain quality
traits viz., elongation, length, width, width expansion ad water absorption [35].
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Elongation index showed positive significant association with most of the grain
quality traits which might be due to starch deformation caused by soaking or
boiling.

Water absorption showed positive association with cooked rice elongation
[36]. Aroma showed positive correlation with kernel elongation and both are
highly influenced by environment. Elongation of rice can be influenced by
both the I/b ratio and the amylose contents [37]. Kernel elongation is a physical
phenomenon and influenced by gelatinization temperature [38]. Grain elonga-
tion has been associated with intermediate amylose and low gelatinization
temperature.

Gene or quantitative trait loci for aroma and cooked kernel elongation were
linked and present on chromosome 8.

7. QTL associated with cooked kernel elongation ratio

A QTL was identified on chromosome 8 for kernel elongation [39]. Rani [40]
found that a functional marker targeting an SNP in the GS3 is associated with
kernel elongation. Tian et al. [36] detected 3, 2, and 2 QTLs for water absorption,
volume expansion and cooked rice elongation, respectively in a DH population.

Amarawathi et al. [41] identified a QTL (elr11-1) for linear elongation ratio in
chromosome 11 in the marker interval of RM1812 — RM209. Mallikarjuna et al. [42]
reported that 1 QTL on chromosome 3 in Oryza nivara x Swarna derived backcross
populations in the marker interval RM55-RM520. Two QTLs were identified for
KLAC and both were derived from O. nivara, and these were located on chromo-
somes 5 and 12. Dewei et al. [43] identified 12 QTLs for rice elongation traits were
detected on chromosomes 3, 4, 6, 8, 9, 10, and 11, among which two QTLs for MRL
were located on chromosome 3, one QTL for MRL on chromosome 8, four QTLs for
CRL on chromosome 3, 6, 8, and 9, and five QTLs for CRE on chromosome 4, 6, 9,
10, and 11.

Acgaet al. [44] identified two QTLs for grain elongation on chromosome 2,
designated ¢GE-2-1 and ¢GE-2-2. The ¢GE-2-1 mapped to the interval
RMS53-RM174, while gGE-2-2 was mapped to the marker interval RM525-RM6,
One QTL for grain elongation was previously reported on chromosome 2 in the
marker interval R2510 - RM211 in the study conducted by Ge et al. [35]. Chen
[45] reported that RM44 is associated with kernel elongation. Sathyasheela [46]
reported that RM 209 was associated with LER. Liu et al. [47] detected three CRE
QTLs on chromosome 4, 5, and 12, respectively, and the gCRE-4 on chromosome 4
near qER-4 was detected in this study. Li et al. [48] mapped a CRE QTL on chro-
mosome 3, with the favorable allele obtained from the African rice O. glaberrima.
Using a RIL population, Wang et al. [10] identified four CRE QTLs on chromo-
some 3, 6, 7, and 8, respectively.

8. Applications of CRISPR/Cas9 for rice grain quality improvement

Rice grain quality improvement through targeted genome editing is a fast, sus-
tainable and cost effective approach. Conventional plant breeding methods depends
on naturally existing germplasm variations. The introgression through backcrossing
requires much time and screening of large population by marker assisted selection
requires more energy. The reverse genetic approaches enhance the speed of plant
breeding through targeted genome modifications [49] (Figure 2).
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Figure 2.
An illustration of rice grain quality improvement through the CRISPR/Cas9 system.

9. Conclusions and future perspectives

Premium quality rice grain is the demand of a growing population with bet-
ter living standards. Presently, the CRISPR/Cas9 system has all genome editing
capabilities, e.g., knock-in, knockout, knockdown, and expression activation. This
system has tremendous untapped potential, has formed an ever-expanding genetic
toolbox for plant biologists to investigate functional genomics, and is a helping hand
for breeders to integrate important genes into the genomes of important crops. The
successful application of CRISPR/Cas9 for tissue engineering and human stem cell
modification has led to further developments in the field of precise genome editing.
The ability to target multiple genes via multiplexed genome editing strategies can
facilitate pathway-level research to engineer complex multigenic rice grain quality
attributes. Previously, few studies have been conducted that are related to targeted
mutagenesis for rice grain quality improvement. The pathways of rice grain quality
are not well understood, and they can be investigated for the genetic mechanisms
controlling quality attributes. The development of novel regulatory components
from naturally existing peripherals (genes, promoters, cis-regulatory elements,
small RNAs, and epigenetic modifications) can facilitate the engineering of regula-
tory pathways for different elements of rice grain quality. The rapid shift of research
toward the utilization of CRISPR/Cas9 systems for targeted mutagenesis could be a
promising approach for overcome barriers to breeding improved quality rice.
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Abstract

Plant-derived omega (w)-3 polyunsaturated fatty acid is an essential fatty acid
in human and animal diets and is a precursor of eicosapentaenoic acid and doco-
sahexaenoic acid, which exists as a-linolenic acid (ALA, ®-3) in plant oil. Several
epidemiological studies have revealed the health benefits of regular consumption of
-3 fatty acid-containing diets. Soybean [Glycine max (L.) Merr.] is one of the major
oil crops in the world and has around 8% ALA (®-3) in seed oil. Soybean-derived
©-3 can be potential alternative sources of w-3 fatty acids for populations living in
countries with high risks of inadequate ®-3 intake. Therefore, increasing -3 concen-
tration became an important goal in soybean breeding. Conversely, higher content of
-3 fatty acids makes seed oil rancid, necessitating chemical hydrogenation, which
generates trans fats. Since trans fats have been associated with the heart and other
diseases, demand for soybeans with reduced ALA content is growing. In this book
chapter, we described the importance of w-3 fatty acid and consumption of diets
with balanced »-6/w-3 ratio and discussed breeding and biotechnological means
(and integrated approaches) for altering the -3 fatty acid content to avoid the need
for chemical hydrogenation as well as to improve the ®-6/w-3 ratio.

Keywords: soybean, fatty acid, omega-3, omega-6, breeding

1. Introduction

Soybean [Glycine max (L.) Merr.], an important oil crop, accounted for 28% of
the total vegetable oil consumption in the world in 2019 [1]. The last 7 years have
seen 22.5% increases in soybean oil consumption worldwide (Figure 1) and soybean
oil production is expected to rise in the future. Commodity soybean seed contains
20% oil, 40% protein, and 12% soluble carbohydrates on a dry weight basis [2].
Fatty acid compositions of food and oil have received considerable attention in
the past few decades for human nutrition and health concerns. Hence, improving
the FA composition of the soybean oil is crucial to reduce the risks of associated
coronary heart and other diseases.
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Figure 1.
Soybean oil consumption worldwide from 2013/14 to 2019/20 (in million metric tons). Retrieved from https://
www.statista.com/statistics.

1.1 Fatty acid composition of important oil crops

Oil and fatty acids are essential elements for the development and growth of all
the creatures. These elements are the structural components of the cellular mem-
brane, as well as play a pivotal role in storing energy and involved in the cellular
signaling processes. Known natural resources of oil and fatty acids are plants,
animals, and oleaginous microorganisms. Oil and fatty acids played a crucial role in
human life in several ways as food and fuel resource, mostly as a nutritional ele-
ment of the diet. Edible oilseed crops (palm, olive, rapeseed, canola, sunflower, and
soybean) primarily contain five fatty acids: palmitic acid (16:0), stearic acid (18:0),
oleic acid (18:1), linoleic acid (w-6, 18:2), and a-linolenic acid (ALA, »-3, 18:3) in
their seed oil. The fatty acid composition varies with the oilseed plant species as
given in Table 1. Fatty acids accumulated in plants as a form of triacylglyceride,
which consists of three fatty acids linked to glycerol as a backbone through ester
bond [4, 5]. The triacylglyceride is a key source of renewable energy in the form of
reduced carbon used as food, feedstock, and fuel.

In the plant fatty acids, basic biosynthetic pathways are well established but
FA/lipid operating between the plastid and the endoplasmic reticulum remains
to be determined [6, 7]. The fatty acid biosynthesis takes place in the chloroplast
stroma of leaves and proplastids of seeds by de novo and further incorporation of
triacylglyceride occurs in the endoplasmic reticulum [8]. Besides, polyunsaturated
fatty acids (PUFA) synthesis in higher plants takes place by both prokaryotic and
eukaryotic enzymatic pathways [7, 9]. These pathways are regulated through diverse
sets of genes.

1.2 Polyunsaturated fatty acids in soybean

Soybean seed primarily contains two saturated fatty acids, which are palmitic
acid, and stearic acid, and three unsaturated fatty acids, which are oleic acid,
linoleic acid, and ALA. The relative ratio of these fatty acids commonly found in
cultivated soybean are, 11% of palmitic acid, 4% of stearic acid, 23% of oleic acid,
55% of linoleic acid, and 8% of ALA [10]. However, wide variation for fatty acids
content has been reported in several studies [11-13]. Commonly, the proportion
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Crops Saturated fatty acids (Palmitic Unsaturated fatty acids (%)
and stearic acid) (%) Oleicacid Linoleic acid a-linolenic acid

Canola 74 61.8 18.6 91
Coconut 82.5 6.0 — —
Corn 129 273 58.0 1.0
Cottonseed 259 19.0 54.0 1.0
Flaxseed 8.0 19.0 17.0 53
Olive 138 713 9.8 0.7
Palm 493 40.0 9.1 0.2
Peanut 203 46.5 314 —
Safflower 75 75.2 12.8 —
Sesame — 36.2 442 03
Sunflower — 254 59.9 0.1
Soybean 156 226 51.0 7.0

Data retrieved from Kim [3].

Table 1.
Fatty acid composition of major oilseed crops.

ratio of fatty acids in soybean is influenced by the genotypes as well as the environ-
mental factors which are very crucial to determine the entire quality of the oil.

Linoleic acid and ALA are the PUFA, also termed essential fatty acids (EFA),
present in the soybeans. Due to the presence of two or more double bonds between
the carbons of fatty acid chains, PUFA are distinguished from saturated and
monounsaturated fatty acids. The EFA is primarily classified into two forms, ®-6
and w-3, which are metabolically interlinked but functionally diverse. ©-6 and -3
comprise long chains of carbon atoms with a carboxyl group at one end of the chain
and a methyl group at the other end.

o-3 fatty acids have a carbon-carbon double bond located between the third
and fourth carbon atoms from the methyl end of the chain. -3 fatty acids exhibit
cis-trans isomerism with its extension to E-Z configuration [14]. ALA, eicosapentae-
noic acid (EPA), and docosahexaenoic acid (DHA) are the three important ©-3 fatty
acids. The carbon backbone of these contains 18 carbon atoms, 20, and 22 for ALA,
EPA, and DHA, respectively. Their structures are shown in Figure 2. ALA is the
precursor of DHA and EPA, which are essential for the growth and development of
the brain and retina in humans [15].

1.3 Sources of ®-3 fatty acids

Seafood products such as fish are the main sources of -3 fatty acids (ALA, EPA,
and DHA). However, they are not a routine part of the traditional diet in many
countries. The ®-3 fatty acid is abundantly available in nature and found in most
of the oilseed crops. The ALA is also synthesized in the plants found in green leafy
vegetables, and in the seeds of flax, as rapeseeds (Brassica campestris), chia (Salvia
hispanica), perilla (Perilla frutescens), walnut (Juglans sinensis), and soybean. The
o-3 is dietary EFA for humans; however, because of the absence of delta-12 and
delta-15 desaturase enzymes, humans and other animals are unable to synthesize
©-6 and -3 fatty acids. Therefore, these EFAs need to acquire through diet or
dietary supplements [16].
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Major three ®-3 polyunsaturated fatty acid structure: Three unsaturated fatty acids are shown with the cis
configuration of the double bonds with a methyl end and a carboxyl (acidic) end represented with commonly
followed nomenclature numerical scheme.

1.4 Importance of -3 fatty acid and ®-6/w-3 ratio

Several studies reported the nutritional and health benefits of ®-3 in humans
[17]. Besides, w-3 fatty acids are known for therapeutic uses and to offer protection
against numerous diseases [15]. Thus, the nutritional value of -3 fatty acids is now
widely accepted. Earlier diets comprised meat, plants, eggs, fish, nuts, and berries,
which contained substantial amounts of ®-3 fatty acid [17, 18]. With the changes in
dietary habits, consumption of -6 fatty acid was enhanced, which consequently
reduced the level of -3 fatty acids in human. Thus, the contemporary diets are now
comprised of a high intake of saturated and ®-6 fatty acids, decreased -3 fatty
acid intake, and an overuse of salt and refined sugar [19]. These dietary changes
led to diets with an undesirable w-6/w-3 ratio up to 20:1 [20]. Ultimately, an altered
ratio of ®-6/w-3 is considered unhealthy and reported to be the prevalent cause of
prothrombotic and proinflammatory diseases, such as atherosclerosis, obesity, and
diabetes [16, 21-23]. Several studies have reported a positive correlation between
lower w-6/w-3 ratio and reduced risks of cardiovascular disease (CVD), cancer,
including breast, colon, prostate, liver, and pancreatic cancers, inflammation, favor
apoptosis and exert antiproliferative effects cancers [24].

The balanced w-6/w-3 ratio is an important determinant in decreasing the risk
for CVD [17]. Increased intake of linoleic acid is known to interfere with the incor-
poration of EPA and DHA (which have the most potent inflammatory effects) in
cell membrane lipids, and causes platelet aggregation and oxidation of low-density
lipoprotein. Intake of -3 fatty acids may help in preventing the development of
CVD as well as other associated diseases. Therefore, it is highly essential to increase
the intake of -3 fatty acids and to reduce the consumption of w-6 fatty acids. It
has been estimated that the present Western diets have a w-6/0-3 ratio of 15-20:1,
which is highly imbalanced. Several studies in animals, such as Caenorhabdtis
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elegans, rats, mice, and pigs have shown the importance of balanced w-6/w-3 ratio
[25-27]. Experimental studies suggested the changes in mucosal inflammation and
reduced the patient suffering from an increased ratio of w-6/w-3. The combination
of rheumatoid arthritis drug treatment and an adequate w-6/®-3 ratio has been
suggested to cause significant changes in inflammatory markers [24]. Such studies
have provided evidence for the need to have a balanced ratio of w-6/w-3 (1:1 to 2:1)
[20, 24]. Besides, 0-6 and w-3 fatty acids are involved differentially in the cellular
process. It was reported that -6 fatty acids increase triacylglyceride content in
the cell through altering membrane permeability; whereas, ®-3 fatty acids lower
fat deposition in adipose tissues by suppressing lipogenic enzymes and increasing
B-oxidation [28].

2. Breeding goals for improvements in the ®-3 fatty acid content of
soybean seeds

ALA (®-3) in soybean oil is unstable and has undesirable flavors. Due to the pres-
ence of a double bond at the 12th carbon in the fatty acid hydrocarbon chain, the ALA
is oxidized easily, which causes unwanted odor and off-flavors [29-31]. Ultimately,
this reduces the functional quality of fry food or soy food items [31, 32]. Hence, ALA
content is negatively associated with the stability and shelf life of soybean oil. To
improve the shelf life, stability, desirable flavor, and palatability, soybean oil is chemi-
cally hydrogenated, which leads to the formation of trans fats. The trans fatty acids are
linked to coronary heart diseases, and hence it is desirable to reduce the consumption
of foods containing trans fats. Nearly 13 million Americans are reported to suffer from
coronary heart disease, and over 500,000 die annually from causes related to coronary
heart disease. For these reasons, the addition of trans fat labels to food nutrition labels
directly under the line for saturated fat was started in 2006. This resulted in a change in
the narrative of food industries to promote and explore substitutions for hydrogenated
soybean oils. In the past few decades, soybean geneticists and breeders have shown that
oil with reduced trans-fat content can be obtained by decreasing the content of ®-3,
and -6 fatty acids through conventional and modern breeding approaches. Soybean
oils derived from cultivars with reduced w-3 fatty acid content are shown
to increase stability, lower hydrogenation, and comprise reduced trans-fat levels
[29, 33, 34]. This shifted the breeder’s focus to develop soybeans with reduced w-3 fatty
acid content [35, 36]. In this section, the genetic basis of ALA (®-3) content and breed-
ing approaches fro altering ALA content are discussed.

2.1 Genetic basis of PUFA in soybean

The biosynthesis of PUFAs in soybean involves a variety of pathways, which are
catalyzed by a complex series of desaturation and elongation steps [37]. Fatty acid
desaturases introduce double bonds into the hydrocarbon chains of fatty acids to
produce unsaturated fatty acids [38]. The delta-12 fatty acid desaturase-2 enzyme
(FAD2) catalyzes the conversion of oleic acid to linoleic (w-6) in the developing
soybean seeds [39]. The microsomal w-3 fatty acid desaturases (FAD3) catalyze the
transformation of linoleic into ALA [36]. Thus, the genes coding for these fatty acid
desaturases may act together to control the ALA content in soybean.

Two identical copies of FAD2 enzymes (FAD2-1, and FAD2-2) have been
identified in the soybean. Five FAD2 gene family members (two FAD2-1 members:
FAD2-1A and FAD2-1B, and three FAD2-2 members: FAD2-2A, FAD2-2B, and
FAD2-2C) are present in the soybean genome [39, 40]. Through syntenic, phyloge-
netic, and in silico analysis, Lakhssassi et al. [41] revealed two additional members
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of the FAD2 gene family: FAD2-2D and FAD2-2E, positioned on chromosomes 9
and 15, respectively. Of these FAD-2 genes, FAD2-1A is highly expressed in devel-
oping soybean seeds [41]. The chromosomal locations and gene model names of
these genes are given in Table 2. Mutations in one or more of these genes have been
utilized to alter the fatty acid content of the soybean seeds.
The genetic basis w-3 fatty acid trait in soybean has been identified based on
the experimental study of gene information from the model plant Arabidopsis
thaliana (L.) Heynh. and screening of lower -3 fatty acid mutant soybean lines.
Arabidopsis contains a single gene encoding a microsomal w-3 fatty acid desaturase
and two chloroplast targeted enzymes (FAD7 and FADS8). At least three indepen-
dent loci (fan, fan2, and fan3), influencing the ALA content have been identified
[42]. Genes underlying all the three loci have been identified as homologous genes
of FAD3 [43]. In soybeans, the level of ALA is controlled by three FAD3 genes:
FAD3A (Glyma.14g194300 for Wm82.a2v1 assembly), FAD3B (Glyma.02¢g227200),
and FAD3C (Glyma.18¢062000). Of these, FAD3A has been reported to show
consistent high expression in developing seed, and hence have the greatest effect
in controlling the accumulation of ALA contents [42, 44]. These three loci have a
greater effect on ALA concentration, as combining mutant alleles of these genes

resulted in soybean oil having ~1% ALA [45-48].

The full-length genomic DNA sequences for FAD3A, FAD3B, FAD3C, and
FAD3D genes were found to share 78 to 95% similarity, and have similar structure,
and contain eight exons [49]. These eight exons of FAD3 genes are highly con-
served in soybean and correspond to the sizes of exons in Arabidopsis. However,
significant variation is found among the introns of FAD3 genes. Based on the

structure and similarity, the four FAD3 genes could be separated into two groups:
FAD3A/FAD3B, and FAD3C/FAD3D.

2.2 Reducing w-3 fatty acid content to avoid the need for chemical

hydrogenation

Initial breeding efforts were made by the USDA-ARS in 1952 to identify soybean
germplasm with lower ®-3 content to replace chemical hydrogenation of soybean
oil [50]. During that period, the cultivars with lower -3 levels were identified but

Gene Gene/ Gene model Gene model Chromosome
family paralogs (Wm82.alv1) (Wm82.a2v1) (Linkage group)
FAD2 FAD2-1A Glymal0g42470 Glyma.10g278000 10 (O)
FAD2-1B Glyma20g24530 Glyma.20g111000 20 (1)
FAD2-2A Glyma19g32930 Glyma.19g147300 19 (L)
FAD2-2B Glyma19g32940 Glyma.19g147400 19 (L)
FAD2-2C Glyma03g30070 Glyma.03g144500 3(N)
FAD2-2D Glyma09g17170 Glyma.09g111900 9 (K)
FAD2-2E Glyma15g23200 Glyma.15¢195200 15 (E)
FAD3 FAD3A Glymal4g37350 Glyma 14194300 14 (B2)
FAD3B Glyma02¢39230 Glyma.02g227200 2 (D1b)
FAD3C Glymal8g06950 Glyma.18g062000 18 (G)
FAD3D Glymal1g27190 Glyma.11g174100 11 (B1)
Table 2.

Chromosomal location and gene model information of FAD2 and FAD3 genes in the soybean genome.
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no cultivar having <4% -3 were found. In 1981, USDA-ARS and North Carolina
State University collaborated and developed the line N79-2245 having a reduced

©-3 content of 4.2% by recurrent selection approach [32]. The major cultivars/lines
with low ©-3 content developed using conventional breeding, germplasm screening,
mutation breeding, and recurrent selection [44, 51-53] are given in Table 3.

The natural accessions reported with the low w-3 level in the USDA germplasm is
known as PI1 123440 and PI 361088B with allelic variant at fan locus. This mutation
was reported as allelic or identical to the initial single recessive allele derived from
the C1640 genotype [57, 61-63]. Burton et al. [71] used the PI1 123440 as a parent
source to develop a low w- trait known as Soyola and Satelite.

Through the EMS and X-ray mutagenesis approach, several mutants were
previously reported for the lower ©-3 fatty acid content ranging from <2.5% to
5.6% that are linked with the Fan loci such as C1640 (fan), A5 (fan), A23 (fan2),
KL-8 (fanx), M-5 (fan), M-24 (fanxa) and RG10 (fan-b) [54, 58, 60, 64, 66, 67,
72]. Besides, mutants A16, A17, A29, MOLL, and LOLL with reduced »-3 acid
content showed allelic variation at fan loci [58, 64, 66, 67]. The RG10 line was
developed from the mutagenesis of 4% -3 line C1640 [55, 60]. Several studies

Lines/ Selection Type o-linolenic acid Reference
Cultivars (%)
M5 Mutant <4.6 [54]
N79-2245 Recurrent selection 42 [32]
C1640 Mutant 34 [55, 56]
A5 Mutant 4 [57]
A23 Mutant 5.6 [58]
IL-8 Mutant 4.5 [54]
M-24 Mutant 45 [59]
RG10 Mutant <25 [60]
PI1123440 Germplasm <4.0 [61-63]
PI361088B Germplasm 4 [61-63]
Al6 Mutant <25 [58]
A17 Mutant <25 [58]
MOLL Recurrent selection <3.0 [64, 65]
LOLL Recurrent selection <3.0 [65, 66]
A29 Mutant 3.0 [67, 68]
CX1512-44 Mutant 3.0 [46]
J18 Mutant 3.0 [43]
PE1690 Mutant 37 [51, 58]
Mutant 4.0 [69]
RCAT 0716L Mutant 3.0 [45]
MS382 Mutant <4.0 [65]
19,457 Mutant 39 [70]
18,777 Mutant 4.0 [70]
21,249 Mutant 45 [70]
Table 3.

List of soybean mutants and germplasm lines with low levels of a-linolenic acid in the seed oil.
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used the RG10 line to develop the novel lines (GmFAD3aabbcc) with low w-3

fatty acid content and also used for mapping and validating the quantitative trait
loci (QTLs) and FAD3 genes [45, 49, 73]. The EMS mutant line PE1690 with the
reduced o-3 fatty acid was reported to have a single base mutation in the FAD3A
gene, resulting in the desaturase enzyme being nonfunctional [51]. Recently,

Held et al. [69] identified a novel mutant allele of the FAD3C gene in a screen of a
N-nitroso-N-methylurea (NMU)-mutagenized population. This allele resulted in 2
to 3% reduction in ©-3 FA levels.

2.3 Increasing ®-3 fatty acid content for improving ®-6/®-3 ratio in soybean

Soybean production focuses on providing high protein meals for livestock and
the manufacture of vegetable oils in both Western and Asian countries, while
soybean has traditionally been used as a staple food in many Asian countries [2, 74].
The consumption of soy foods has been increasing in North America, following the
recognition of the health benefits of soy foods.

Since the shortage of resources in cultivated soybean with elevated ALA content
[75], researchers tried to find suitable genetic resources to develop new cultivars
with high ALA concentrations in soybean breeding programs. Wild soybean can be
a possible resource to achieve the goal to increase ALA concentration because those
soybeans have an average of 15% ALA concentration, which is almost twice the
ALA concentration present in the cultivated soybean [76]. Cultivated soybeans have
an ©-6/ ®-3 ratio of 6-7:1, whereas wild soybeans have an »-6/ -3 ratio of 3-4:1,
which has better health benefits [76-78]. Thus, wild soybean can be exploited as a
genetic resource to develop soybean lines with high ALA concentrations, although
exploiting wild soybeans in breeding programs is challenging due to their poor
agronomic traits. Several studies reported soybean lines with elevated ALA from
wild soybean using conventional breeding methods. Asekova et al. [77] reported
that three recombinant inbred lines with elevated ALA concentrations from an
interspecific cross between G. max and G. soja were stable for the accumulation of
ALA across the environments. Also, since G. soja as donor plant was backcrossed
with three different cultivars, new genotypes with elevated ALA concentration
and agronomically similar to the cultivated soybeans have been developed [78].
These soybean lines developed by classical breeding could be exploited as genetic
resources for the development of novel soybean cultivars with high levels of ALA
concentration, which could be sources of ®-3 fatty acids.

To date, there have been few genetic mapping studies with high ALA con-
centration in soybean. Shibata et al. [79] identified four QTLs controlling ALA
concentration in the wild soybean accession Hidaka 4. Also, Ha et al. [80] identified
nine putative QTLs controlling ALA concentration in a wild soybean accession PI
483463. According to these studies, high ALA concentrations in wild soybean were
controlled by multiple QTLs. Besides, Pantalone et al. [81] suggested that high ALA
concentration in wild soybean was controlled by a different set of desaturase alleles
from cultivated soybean. Recently, the application of gamma-ray irradiation has
generated new mutant soybeans with a high level of ALA concentration [82]. They
concluded that the phenotype of high ALA concentration in these mutant lines was
related to FAD3 gene expression levels, although they observed no direct relation-
ship between elevated gene expression level and gene sequence variations. Taken
together, we assume that increased expression levels of FAD3 genes during seed
development may be associated with the gene expression regulators.

Since FAD?2 genes play an important role in regulating o-6/w-3 ratio in soybean,
FAD2 mutant alleles were found to increase in oleic acid and decrease in linoleic
acid contents [40, 83, 84]. Populations segregating for FAD2-1A and FAD2-1B
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Schematic representation of the genetic improvements in the steps that result in significant reductions
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linoleic acid content, whereas, various alleles of FAD3 cause increases in the a-linolenic acid contents. These
improvements significantly alter the w-6/w-3 ratio in soybean seed oil.

mutant alleles have been investigated for increases in oleic acid content [40]. By
combining either of a mutant allele in M23 (the deletion of the FAD2-1A gene) or
17D (FAD2-1A S117N) with either of a missense mutant allele in FAD2-1B from PI
283327 (FAD2-1B P137R) or PI 567189A (FAD2-1B I143T), soybean genotypes with
77.3-82.2% oleic acid content were developed [84]. The »-6/®-3 ratio in these lines
ranged from 0.6 to 1.3. Similarly, progenies containing FAD2-1A allele from the 17D
lines, and FAD2-1B allele from S08-14788 were found to show an w-6/ w-3 ratio in
the range of 0.62-0.97 [85]. These soybean genotypes had high oleic acid content
(~80%) and lower w-6/0-3 ratio, but the overall w-3 acid content (~5%) was also very
low [86]. Kulkarni et al. [87] suggested the genetic improvement of the system to
increase ALA concentration with a balanced w-6/w-3 ratio. Soybean containing either
of the FAD2-1 mutant alleles with ALA-related alleles from wild soybean reduced the
seed 0-6/w-3 ratio as well as increased -3 fatty acid concentration. Among FAD2
genes, soybean genotypes with a mutant allele of the FAD2-1A gene had higher oleic
acid and ALA content in soybean oil than one with FAD2-1B mutant allele. Further
genetic improvements in the FA biosynthetic pathways were made by combining
mutant alleles of either of FAD2-1A or FAD2-1B genes with alleles governing ALA in
wild soybeans to develop soybean genotype with lower ©-6 and higher w-3, resulting
inlow -6/ 0-3 ratio (Figure 3; [87]). Similar genetic improvements involving new
sources of ALA-controlling alleles from the wild soybeans can guide development of
soybeans with a balanced w-6/w-3 ratio in their seed oils.

3. Biotechnological approaches for improving the fatty acid composition
3.1 Transgenic soybeans with improved fatty acid profile

Soybean is widely recognized as a dual-use crop because of its high protein and
oil content [29], and several loci controlling both the traits have been identified.
The negative correlation between these two traits [88] pose a challenge in genetic
improvement programs. Introducing a transgene that can specifically modulate
one pathway without disrupting the other can be useful to overcome the linkage
between oil and protein. Several transgenic approaches have been tried to improve
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seed oil content in oilseed crops, In Arabidopsis, transcription factor gene, WRII,
and metabolic enzyme, acetyl-CoA carboxylase have been targeted [89, 90]. In
soybean, Lardizabal et al. [91] first reported the development of a transgenic soy
crop with increased oil that shows no major impact on protein content or yield.
They achieved an increase in oil by 1.5% (by weight) in the mature seed by express-
ing a codon-optimized version of a diacylglycerol acyltransferase (DGAT)-2A from
the soil fungus Umbelopsis ramanniana in soybean seed during development. Later,
increased oil content of soybean seeds by an average of 3% was also reported with
the use of an improved variant of soybean type 1 DGAT [92].

In recent years, RNA interference (RNAi) has gained significant attention due
to its success for efficient metabolic engineering across the plant species. RNAi uses
small interfering RNAs (siRNAs) to mediate the degradation of mRNA to regulate
the expression of a desired plant gene. Using this approach, Flores et al. [93] showed
that silencing of GmFAD3 by siRNA caused a reduction in the ALA contents in

fad3-mutant. A similar approach was used by Wagner et al. [94] for simultane-
ous suppression of soybean FAD2 and fatty acyl-ACP thioesterase (FATB) genes to
produce soybean seed with low-saturated, low-polyunsaturated oil phenotype.

Many studies in the recent past have demonstrated the role of GmFAD2 family
members in metabolically engineered oilseed plants. Using antisense RNA mediated
posttranscriptional gene silencing approach, Zhang et al. [95] were successful in
inhibiting the expression of Gmfad2-1b to develop transgenic soybean lines with
increased oleic acid contents up to 51.7%. To simultaneously elevate stearic acid
and reduce PUFA content in soybean, Park et al. [96] introduced the mangosteen
(Garcinia mangostana) stearoyl-ACP thioesterase into soybean and subsequently
stacked it with a soybean event that is down-regulated in both palmitoyl-ACP
thioesterase activity and A12 fatty acid desaturase activity in a seed-specific
fashion. This approach generated soybeans with a seed lipid phenotype of approxi-
mately 11-19% stearic acid and approximately 70% oleic acid. Recently, the intro-
duction of the PfFAD3-1 gene from Lesquerella (Physaria fendleri) into soybean
resulted in an increase in the ALA content up to 42% in the seeds of T, homozygous
plants [97].

It is important to note that the transgenes expressing RNAi constructs are sub-
ject to variation in transgene expression, and hence a large number of events need
to be screened to select the candidate providing stable expression. They also need
to go through the regulation process, which is not only expensive but also time-
consuming. Nevertheless, these approaches are expected to guide further improve-
ment in the fatty acid composition without largely affecting the other traits, mainly
the protein content and yield.

3.2 Targeted mutagenesis to improve ®-3 fatty acid contents

Targeted genome engineering (also known as genome editing) using designed
nucleases has emerged as an alternative to conventional plant breeding and
transgenic means to improve crop plants [98]. The discovery of sequence-specific
nucleases (SSNs) such as TAL effector nucleases (TALENs) and CRISPR (clustered
regularly interspaced short palindromic repeats)/Cas 9, made it possible to intro-
duce targeted knockout mutations within gene/s of interest [99, 100]. These SSNs
make DNA double-stranded breaks at defined genomic loci, which are subsequently
repaired by two main DNA repair pathways, which result in frameshift mutations
that often create genetic knockouts. Such knockout lines have been generated across
the plant species, making genome editing an emerging tool for trait improvement.

Using genome editing approach, Haun et al. [101] engineered TALENS to recog-
nize and cleave conserved DNA sequences in FAD2-1A and FAD2-1B genes. In the
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plants that carried homozygous mutations in both FAD2-1A and FAD2-1B genes,
oleic acid was increased from 20% to 80% and linoleic acid was reduced from 50%
to 4%. Further reduction in the linoleic acid (up to 2.5%) was achieved by stacking
mutations within FAD2-1A and FAD2-1B with mutations in FAD3A [44]. Such

an approach of TALENs-mediated targeted mutagenesis of FAD2 was found to be
effective in the development of the high oleic peanut (Arachis hypogaea L.) varieties
[102]. The low to average mutagenic frequency by TALENS has been observed in
the genome editing studies done so far in peanut and soybeans. The efficiency of
genome editing can further be enhanced by using the CRISPR/Cas system.

In recent years, the CRISPR/Cas9 system has revolutionized functional genom-
ics due to its simplicity, efficiency, cost-effectiveness, and versatility [103]. The
CRISPR system has two components: a nuclear-localized CRISPR-associated (Cas)
9 protein and a guide RNA (gRNA). Cas9 is a large protein containing two nuclease
domains, whereas the gRNA is a synthetic 100 nucleotide RNA molecule, of which
the first ~20 nucleotides are the targeting site, and the 3’ end forms a hairpin struc-
ture that interacts with the Cas9 protein [104]. The Cas9 and the gRNA interact to
identify DNA sequences complementary to the gRNA and generate a DNA double-
strand break, which, after a repair result in genomic insertion or deletion (indel)
mutations.

In plants, the CRISPR-Cas9 system has been effectively used in many species
such as Arabidopsis thaliana, Nicotiana benthamiana, rice, tobacco, sorghum,
wheat, and maize [105]. In soybean, CRISPR/Cas9-mediated genome editing has
been successful in targeting DNA mutations in genes for soybean hairy roots and
flowering [106-109], plant architecture and yield [110], plant height [111], and
seed storage protein genes [112]. However, researchers have started using this
system to improve fatty acid composition. Do et al. [113], designed two gRNAs
to guide Cas9 to simultaneously cleave two sites, spaced 1Kb apart, within the
second exons of GmFAD2-1A and GmFAD2-1B to yield a high-oleic, low-linoleic,
and low-ALA phenotype in soybean. In this study, dramatic increases in oleic acid
content to >80%, and decreases of 1.3-1.7% in linoleic acid were observed in the
T1 seeds derived from CRISPR-edited plants homozygous for both GmFAD2 genes.
In a similar study, increases in oleic acid from 17.10% to 73.50%, and decreases in
the linoleic acid content from 62.91% to 12.23% have been reported by inserting
mutations in GmFAD2-1A and GmFAD2-2A soybean fatty acid desaturase mutants
based on CRISPR/Cas9 Technology [114]. Overall, these studies demonstrated the
CRISPR/Cas9 system as a rapid and highly efficient method to simultaneously edit
homeologous soybean genes to facilitate gene discovery and breeding programs.

4. Conclusions and perspectives

Altering the 0-6 and w-3 fatty acid profile of the soybean seed/oil has been an
important goal for soybean breeders. While low-ALA oils are better-suited for
vegetable oil, genotypes with high ALA can be suited in food products that use
whole soybeans in various fermented/non-fermented recipes. Therefore, breeding
strategies according to the specific requirements are required. For these reasons,
three major breeding strategies need be considered to achieve improvement in ®-3
fatty acid content in soybean. 1. To reduce w-3 fatty acid for soybean oil, which is
being achieved with the use of available several mutant lines with reduced ALA
concentration in breeding programs. 2. To increase w-3 fatty acid for soybean foods,
which can be achieved by finding new alleles in wild soybeans, and introgress-
ing such alleles in desired cultivars. However, there are many difficulties in this
breeding process. Generating mutants with increased w-3 fatty acid could be very
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Schematic representation of the integrated approach involving genomic, biotechnological, and breeding
approaches for the improving o-linolenic acid in soybean cultivars.

crucial in achieving this goal. Wild soybeans [76] and some mutants [82] have
relatively higher -3 fatty acid; however, there is still a lack of clarity and research
information on the genes that regulate FAD3 genes. Therefore, studies investigating
the regulators controlling w-3 fatty acid in soybean need to be carried out. 3. To
increase »-3 fatty acid along with decreasing w-6/w-3 ratio, which can be achieved
by combining mutant alleles of either of FAD2-1A or FAD2-1B genes with alleles
(genes) governing elevated ALA in wild and cultivated soybeans. The success of
these three strategies rely on the availability of genetic and genomic information
governing ALA content, which at the moment is limited. Hence, an integrated
approach (Figure 4) comprising genetic dissection, breeding, and biotechnological
approaches is necessary to develop soybeans with desired fatty acid profile.

In last two decades, advances in the genomic and DNA sequencing technolo-
gies facilitated the genetic discovery of fatty acid biosynthesis in soybean and
other oilseed crops [115]. It is now feasible to screen a large germplasm and mutant
collections in quick time using high-density genotyping platforms (such as Axiom
SoyaSNP array; [116]), and use the data for genetic and association mapping.
Several wild and cultivated soybean genotypes with varied seed fatty acid contents
are already known and have been used to develop improved cultivars. Also, many
artificial mutant lines have been used in developing segregating mapping popula-
tions to identify novel alleles, for which genotyping assays have been developed and
used for introgression of desired fatty acid trait in a soybean cultivar. Besides, the
recent success of gene-editing technologies in targeting selected sites in the genes
regulating fatty acid composition traits has shown the potential to selectively insert
mutations in target genes. TALENs, and CRISPR/Cas9 has shown a great potential
in soybean for many agronomic traits, and need to be exploited for improving the
seed fatty acid composition.
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Chapter 5

Smart Breeding for Climate
Resilient Agriculture

Harmeet Singh Bakala, Gurjeet Singh and Puja Srivastava

Abstract

Human society is at a turning point of its time as climate change is becoming
more and more real and inevitable. From rising temperature, which undermines
the food production, to melting glaciers, causing disastrous flooding and erosion,
the global repercussions of climate change are unprecedented. Plant breeding has
always played a pivotal role in human history by revolutionizing agriculture to feed
the ever-growing population. It can rescue humankind from imminent threats
to agriculture posed by weather fluctuations, rapidly evolving pests and limiting
resources. Unlocking the repository of genetic diversity and extensive utilization of
wild germplasm invariably is imperative to every crop improvement program. But
recent advancements in genomics, high throughput phenomics, sequencing and
breeding methodologies along with state-of-the-art genome-editing tools in integra-
tion with artificial intelligence open up new doors for accelerated climate-resilient
crop improvement. Therefore, holistic smart breeding approaches can be promising
way out to tackle climate change and develop better-adapted crop varieties.

Keywords: climate resilience, genetic diversity, genomics, artificial intelligence,
food security, phenomics, smart breeding

1. Introduction

Land is shrinking but world population is increasing in a rapid phase, so, modern
agricultural practice is struggling to meet the level of primary productivity required
to feed approximately 10 billion people by 2050 [1]. From last few decades the
adverse effects of climate change and higher CO, concentrations, the consequence
of expected impacts on the water-use efficiency of dryland as well as irrigated crop
production, potential effects on biosecurity, production, and quality of product
through increased the frequency of introduced various abiotic (heat, salinity and
drought) and biotic stresses (pests and diseases). In addition, climate change is also
expected to cause losses of biodiversity, mainly in more marginal environments.
Drought alone is expected to reduce crop productivity in half of the global arable
land and it’s estimated around 50% in the next five decades [2]. It has been predicted
that, on average, global yields of major economic important crops will be reduced by
the unfavorable climatic conditions in wheat (6.0%), rice (3.2%), maize (7.4%) and
soybean (3.1%) for every degree celsius increase in global mean temperature [3].

Climate resilience is an ability of the plant/crop to survive and recover from
the effects of climate change. Some important practices that may help to adapt
the climate change are soil organic carbon build up or carbon sequestration,
in-situ moisture conservation, residue incorporation instead of burning, water
harvesting and recycling for supplemental irrigation, growing biotic and abiotic
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resistance/tolerant varieties, location specific agronomic and nutrient
management and breeding for multiple traits of interest including quality.

Plant Breeding has always played a pivotal role in human history from revolu-
tionizing agriculture to feed the ever-growing population. The key role of plant
breeding in agriculture is to develop a genetically superior genotype/variety, which
is suitable for a specific as well as general cultivation of particular environment
towards higher production [4]. Realizing the importance of genomic resources to
expedite the breeding programs, huge amount of genetic data related to genes and
QTLs (Quantitative Trait Loci) are generated after the advent of molecular biology
and biotechnology [5]. The progress in precise phenotyping and genotyping offers
tremendous opportunities to develop crop varieties that are suit for better changing
the climatic conditions, which ameliorate in boosting the plant breeding activities
for developing climate resilient varieties/cultivars [6]. Hence, development of
climate resilient varieties utilizing Smart breeding tools to ensures the food security
in adverse climatic conditions.

2. Effect of climate change on agriculture and food production

The effect of climate on agriculture is related to variability’s in local climates
rather than in global climate patterns. The changes in the rainfall patterns, tem-
perature, CO, level and greenhouse gases resulting in the frequency and severity
of extreme events such as flooding, drought, hail, and hurricanes etc. are major
hindrance in achieving the food security for ever increasing population [7].

According to Intergovernmental Panel on Climate Change (IPCC), global
temperature may be rise from 1.7 to 4.8°C during the twenty-first century and
precipitation pattern will also be altered [8]. In recent times, it has been reported
that the Yangtze river basin in China has become hotter and it is expected that the

Direct effects

Indirect effects

Pasitive effects

Negative effects

*Physiological changes
*Phenoty pic changes
=Morphological changes
=Plant production
=Landscape changes
=Heat waves

=Soil fertility

*Walter quality
=Insects/Pest/Discase
=Heat/Flood/Drought
=Air/Water pollution
=Rise in sea level

=Increased productivity in
warmer lemperature
=Possibility of growmg new
crops

=Accelerated maturation

*Water logged land due to
torrential rain

*Flanning problems due to
less reliable forecast
=Risc ground level ozone-
toxic to green plants

g

g

rales

g

I Effect of climate change and global warming on agriculture and food producﬁdn b

v

v

4

Human intervention, adaption strategies and mitigation strategies

Agricultural production and vulnerability

Impact on productive land Impact on animal Changein carbon stock
. 3 Production Adaption

=(Growth sMorphological
=Milk production | *Behavioral
=Meat production| *Physiological
=Reproduction =Blood biochemical

yotl degrada

-

- - ” H
1l i I |
Figure 1.

Adbverse effects of climate change on agriculture and food production.

78



Smart Breeding for Climate Resilient Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.94847

temperature will increase up to 2°C by 2050 relative to 1950 [9], and also reduce the
rice (41%) and maize (50%) production by the end of the 21st century. This shift

in climate will affect the environment, including the soil ecology and thus has the
potential to threaten food security through its adverse effects on soil properties and
processes [10]. Additionally, the direct and indirect effects of climatic change would
lead to alter the nutrient and their bioavailability in soils (Figure 1). The effect

of climate changes on biotic and abiotic stresses have already reduced the global
agricultural production from 1 to 5% during the past three decades [11].

3. Technological approaches towards climate resilient agriculture

Some important practices that assist to adapt the climate changes for crop
production including (i) Building resilience in soil (tillage management, avoid bare
soil, fertilizer application after mandatory soil testing, increase soil carbon through
organic manure, green manuring, crop rotation or intercropping with legume
sequester carbon and biochar), (ii) Adapted cultivars and cropping systems (crop
diversification, shallow-deep root and legume-cereal cropping system, improved
early/short duration cultivars for tolerant against drought, heat and submergence
capturing optimum yields despite climatic stresses), (iii) Rainwater harvesting and
recycling (inter-row water harvesting, inter-plot water harvesting, in farm ponds
and reservoirs and recycling), (iv) Farm machinery (chisel and para plow to opening
the furrows which conserves rain water, laser leveler helps in increasing nutrient
as well as water use efficiency), (v) Crop contingency plans (livestock and fishery
interventions), (vi) Weather based agro advisories (automatic weather stations
establishment at experimental farms and mini-weather observatories records for real
time weather parameters such as rainfall, temperature and wind speed, which cus-
tomized through agro advisories and improve weather literacy among the farmers).

Plant breeding procedures have been constantly evolving to meet the increasing
food demand. The art of plant breeding has been practiced in various forms since
the start of human civilization. In conventional plant breeding, development of a
new cultivar take around 10-14 years and may even exceed this period based on
the plant habit, reproductive cycle and complexity of traits involved. The rapid
climate change necessitates the development of varieties in a shorter period to
tackle with the unpredictable weather parameters. The concept of Smart breeding
is an integration of conventional breeding strategies with advanced molecular,
genomic and phenomic tools to efficiently and effectively breed the resilient crop
cultivars with enhanced yield potential. New breeding approaches such as rapid
generation advancement, doubled haploid (DH), marker assisted back crossing
(MABC), marker assisted recurrent selection (MARS), genomic selection (GS) etc.
have been used to help shorten the breeding cycle along with efficient screening
for specific biotic and abiotic stresses. Biotechnology-based breeding technologies
(marker-assisted breeding and genetic modifications) will be essential to assist and
accelerate genetic gain, but their application requires additional investment in the
understanding, genetic characterization and phenotyping for complex adaptive
traits to be exploited for climate resilient breeding.

4. Pre-breeding and crop wild relatives (CWR): exploring untapped hub
of genetic diversity

Climate change leading to severe weather fluctuations would also lead to evolu-
tion of plant diseases and pests, exposing crops to higher biotic pressure in addition
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to abiotic stresses. To make crop adaptation feasible in the era of changing climate,
there is indispensible need to breed the crop plants with diverse genetic back-
grounds. In order to feed the mushrooming population, there is urgent need to use
crop wild relatives for developing broader spectrum varieties to tackle various biotic
and abiotic stresses. During the era of domestication, selection preferences lead

to modern crops with narrow genetic background, resulting in limitation of envi-
ronmental adaptation and breeding capacity using modern germplasm [12]. Wild
relatives and ancestral species relatively possess broader adaptation to environment
and climates ultimately higher potential in crop improvement.

Prebreeding activity is a bridge for linking the desirable traits of CWR to the
modern cultivar development by providing breeders with wild genetic diversity in
a more immediately usable form [13, 14]. Pre-breeding is an opportunity to intro-
gression of desirable genes, from wild species (primary, secondary and tertiary
gene pools) into elite breeding lines/cultivars/genotypes, to overcome the linkage
drag (Figure 2). Almost all cultivated crop species were originally domesticated
from wild plants by humans, due to domestication inherently reduced the genetic
variation [15]. The genetic potential of wild relatives has been reported in different
crops like rice, wheat, maize, potato, tomato, cotton, tobacco, sugarcane, chickpea
and pigeonpea [16-21]. Genomics strategies have been widely utilized in staple
crops for transferring major genes (i.e. disease resistance) from wild germplasm
to elite cultivars [22]. It is well documented that application of molecular mapping
and sequencing to could be useful to unlock the genetic potential of CWR [23].

So, crop wild relatives (CWRs) are good reservoir of untapped genetic diversity,
which may not exist in the cultivated gene pool that can be used to improve the
numerous trait of interest including resistance/tolerance against diseases, insect-
pests, drought, salinity, cold, heat and good agronomic adaption with quality
improvement.
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*Crop wild relatives *Evaluation of wild relatives or || ®Interspecific hybridization *Working collcction from
=*Wild species/Landraces germplasm accessions pre-breeding populations

*To identify promising donors
via high throughput i =Develop of large
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Figure 2.
Untapped genetic resources/ CWRs towards the germplasm enhancement.
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4.1 Exotic introgression into elite varieties

Wild species are used mainly for the introgression of disease and insect resis-
tance into crops although drought, cold, heat and salinity tolerance have also been
addressed in some staple crops. This is because most pathogens have faster adapta-
tion to climate rendering cultivars vulnerable to novel deadly diseases [24]. The use
of interspecific or intergeneric hybridization for disease resistance introgression
is conventional one. Another potential technique to enhance genetic diversity and
facilitate crop vigor with adaptation to different environmental niches is creating
the polyploidy crops mimicking natural evolution through hybridization [25].
Enriched genes for biotic and abiotic stress resistance of CWR can be studied using
comparative pool sequencing of genome assemblies, elucidating the potential
genomic segments responsible for adaptation to different ecological niches. These
have been explored in wild relatives of many crops including chickpea, barley and
maize [26-29].

To address the diversity within species, pan-genomics based on entire gene
repository of a species can reveal the genetic variations such as structure variants
(SVs) and single nucleotide polymorphism (SNPs) abundantly found in plants. One
such example under SVs is presence/absence variants (PAVs) of Elicitin response
(ELR) gene between wild and cultivated potato leads to resistance/susceptibil-
ity response to late blight disease [30]. Larger pan-genomes including both wild
relatives and cultivars can acquire glut Of dispensable genes resulting in phenotypic
variations; thereby easing out with characterization of the trait associated genomic
variants [31]. To tackle the deadly rust diseases in wheat in the context of changing
climate, several pan-genomic R genes have been successfully identified and cloned
from wild diploid wheat Aegilops tauschii [32].

4.2 De novo domestication for future crops

Considering the risks of introducing foreign alleles into cultivars, other
potential technique for developing climate-friendly crops is de novo domestica-
tion [33]. As most staple crops are grown majorly in the regions other than where
they were originally domesticated with different climatic regimes. Nevertheless,
their wild relatives and landraces exhibit better adaptation to local climate in the
native regions. In the scenario of climatic change, there is chance to leverage this
opportunity to use those underutilized or orphan crops e.g. rise in Sinapis alba
(white mustard) acreage replacing the B. napus in Europe for biofuel production
[34]. A pipeline strategy has been proposed for domestication of wild germplasm
in some orphan crops such as quinoa [35]. In addition to direct planting of non-
domesticated crop plants, relatively advance methodology of CRISPR/Cas9 boosts
the wild germplasm domestication by editing of domesticated genes e.g. editing in
wild tomatoes (Solanum pimpinellifolium) and ground cherry (Physalis pruinosa)
mainly focused on flower improvement, plant architecture improvement, fruit size,
fruit number and nutritional content [36-38]. It is evident from such a few suc-
cessful introgressions of domesticated genes that use of wild germplasm in regular
plant breeding is quite promising in countering the effects of climate change on
agriculture and hence, food security.

4.3 Introgressiomics approach for adaptation to climate change

The actual potential of the CWR in plant breeding largely remains under-
exploited due to linkage drag and frequent breeding barriers with the crops.
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Introgressiomics approach allows mass scale development of plant material and
populations with introgression lines from CWR into the genetic background of
crops [39]. This pre-emptive breeding technique could be focused or unfocused
depending upon the objective. Besides genetic analysis of traits present in CWR,
MAS driven generation of chromosome substitution lines (CSL), introgression lines
(IL) or MAGIC populations allow the development of genetically characterized
elite material. Genomic tools like high throughput molecular markers facilitate the
characterization and development of Introgressiomics populations, which can be
easily incorporated into major breeding programs for coping with the accelerating
environmental challenges.

4.4 Some other techniques for CWR use

After the introgression into domesticated background from CWR, populations
such as backcross populations (BC), recombinant inbred lines (RILs), doubled hap-
loids (DH), near isogenic lines (NILs), multiparent advance generation intercross
(MAGIC) populations as well as nested association mapping (NAM) populations
are developed to study the introgressed gene(s). After mapping their locations on
to the genome and it genotypic validation with molecular markers, they are further
deployed using Marker assisted selection (MAS). Systematic screening of the huge
number of progenies with MAS enhances the efficiency of breeding program (van
de Weil 2010). Desirable recombinants can be developed at early generations using
larger populations e.g. using marker-assisted backcrossing (MABC), an important
QTL was introduced into a new lowland rice background in just 2 rounds of back-
crossing [40].

Genomic scans can also reveal candidate domestication and improvement
loci as well as post-domestication introgression using CWR [41, 42] to be further
harnessed in the scenario of climatic challenges. In case of CWR, high throughput
sequencing offers a cheap and rapid way to deploy thousands to millions of markers
for mapping purposes [43]. Reduced representation techniques as genotyping by
sequencing (GBS) or even nimble exom capture have been exploited to this effect
in several CWR species already [42, 44, 45]. These technologies offer rapid marker
density as required for rapid fine mapping and can saturate mapping populations in
terms of capturing all of the recombinants.

The availability of a reference genome sequence in CWR during recent times
greatly boosts the use of high-throughput sequence data. Some large scale genomic
sequencing and re-sequencing programs are well underway [27, 46] often with
reduced representation methods. Whole genome shotgun sequencing (WGS)
techniques can also be utilized to characterize CWR germplasm for climate resil-
ience breeding in major staple crops. E.g. Rice having smaller genome size (430
mb) long with its wild relatives has been re-sequenced using WGS [47-49]. Already
sequenced germplasm collections including Chickpea [50], Rice [48], Soybean
[51] and Wheat [52] etc. will provide insights into these diverse gene pools to be
exploited in combating various biotic and abiotic challenges during this era of cli-
mate change. More recently, a massive scale genomic study of almost 80000 acces-
sions from CIMMYT and ICARDA unraveled unprecedented amount of genetic
diversity in 29 wheat species comprising cultivated wheats, CWRs and landraces to
be exploited in wheat improvement for range of climate related plant traits [53].

Potentially revolutionary technology in modern plant breeding like genome
editing has enabled scientists to alter genome of any organism with unprecedented
precision without involvement of any foreign DNA [54]. CWR and their sequence
information may serve as a reference library for all kind of diversity. This informa-
tion on allelic diversity and its phenotype is a vital requirement for many genome
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editing approaches. In fact, these approaches will allow the use of this information
from more distantly related, cross-incompatible CWR and domesticated species to
be further utilized in crop improvement [55, 56].

5. Biotechnology: a toolkit for climate resilient agriculture

Considering the various direct and indirect impacts of climate change on food
production and agriculture along with rapid deterioration of arable land and
perplexity of rainfall patterns, all these factors triggering various abiotic stresses
such as drought, heat stress and biotic stresses like pest and disease attacks, the
sophisticated techniques laden biotechnology toolkit has potential to address these
immense challenges of developing the stress tolerant food crop cultivars in this hour
of need [57]. With population growing at rapid rate under threatening scenario of
climate change, it is high time to shift resilience from conventional breeding along
with fertilizers and pesticides to genomics-assisted crop improvement techniques in
order to achieve more sustainable and efficient yield gains [58].

5.1 Marker assisted breeding

Recent advances in biotechnology tools have the potential to understand the
function of genes/QTLs that govern the economic traits, and applying this informa-
tion’s to Smart breeding programs, leading to crop improvement. The advent of
molecular markers such as Restriction fragment length polymorphism (RFLP),
Rapid Amplified Polymorphic DNA (RAPD), Simple Sequence repeat (SSR),
Kompetitive allele specific PCR (KASP), Cleaved amplified polymorphic sequence
(CAPS) and especially Single Nucleotide polymorphism (SNP) have revolutioner-
ized the field of plant genetics and facilitated molecular crop breeding [59].

The ultimate goal of crop breeding to develop super-varieties by assembling
multiple desirable traits, such as yield related, superior quality, tolerance/resistance
against biotic and abiotic stress and good environmental adaption. It is very chal-
lenging, difficult and time consuming to combine all traits in single genotypes by
traditional breeding, so some alternates need to be compiling all important traits,
into single varieties, can be done through marker assisted selection (MAS), which
have become an integral component of genotypes/germplasm improvement. The
potential benefits of using molecular markers linked to the genes/QTLs of interest
in breeding programmes, which have shifted from phenotype-based (traditional
breeding) to a combination of phenotype and genotype-based selection, are of
great importance to the Smart breeding programme [60].

Breeding programme combine, with MAS strategies have major advantages
compared to traditional phenotype-dependent breeding in terms of convenience
and efficiency for transferring the genes/QTLs of interest to the plant genome [61].
Selection can be done selectively with the genotypes of molecular markers linked to
the target traits, selection in off-season nurseries (reduce breeding cycle), making
the technique more cost effective to grow for more generations per year (speed
breeding), reduction of required population size because many lines can be dis-
carded in earlier breeding generations after MAS. The most effective and usefulness
of MAS approaches, for traits of simple inheritance (qualitative traits controlled by
one or a few genes) have been well proven in many important crops [62].

Basically, two major MAS strategies are usually applied in breeding programme,
(i) backcrossing for favorable alleles into elite germplasm, i.e. marker-assisted-
backerossing (MABC) and (ii) stacking multiple genes of different sources into elite
breeding lines, i.e. marker-assisted gene pyramiding (MAGP). The success of MAS
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has depends to search the important QTLs for complex traits (controlled by minor
genes), which account for a large proportion of phenotypic variation (major QTLs).
Successful applications of MABC and MAGP for improving yield or yield compo-
nent traits by using well characterized major QTLs/genes in important crops [63].
Successful implementation of MAS breeding in broad range of crops including barley,
beans, cassava, chickpea, cowpea, groundnut, maize, potato, rice, sorghum, and
wheat [64]. Genetic markers associated with agronomic traits can be introgressed into
elite crop genetic backgrounds via marker assisted breeding (MAB). It allows stacking
of desirable traits into elite varieties to make them better adapted to climatic changes.

5.2 DNA sequencing and advent of genomics assisted breeding

With plummeting cost and greater accessibility of high throughput genome
sequencing technology, the breadth of genomic data is expanding rapidly. In order
to capture diversity of specific gene families within a large group, DNA samples
can preferentially be enriched before sequencing. This approach can be adopted to
define genetic variation in disease resistance gene repositories in Solanaceae and
Triticeae (RNA seq) [65] and gluten gene families I bread wheat (GlutEn Seq) [66].

Sanger sequencing to study plant genomes is unfeasible due to low throughput
and high sequencing costs. In 2005, Roche released its revolutionary 454 pyrose-
quencing platform [67]. Subsequently, several sequencing platforms such as devel-
oped by Illumina, ABI, Life technologies, PacBio, Oxford Nanopore and Complete
genomics were released commercially, changing the scenario of genome sequenc-
ing. Depending on chemistry, second generation sequencing (SGS) approaches
are classified as ligation based approaches and synthesis based approaches [68]. To
rectify the problems of assembling repetitive genomic regions, long read sequenc-
ing offers solution by producing reads spanning the repeat regions [69].

Rapid cost reduction in genome wide genotyping allows large scale assess-
ment of crop species diversity to capture climate related traits. It leverages
cheaper sequencing to identify up to millions of SNPs in plant population [70].
High SNP density approach like whole genome resequencing (WGR) & low SNP
density approach like reduced representation sequencing (RRS) are majorly used
approaches. However, high density genotyping assay “SNP chips” enable large
scale genotyping using SNP specific oligonucleotide probes rather than direct
sequencing.

The variants identified by genotyping by sequencing (GBS) can be used for
conventional QTL analysis and modern approach like genome wide association
studies (GWAS). GWAS exploits the past recombinations in a diverse association
panels to identity genes lined to phenotypic traits [71]. SNP genotyping have been
widely used in many crops including wheat [72] and Maize [73]. Extensive use of
GWAS is resulting in our enhanced understanding of genetics of important climate
specific traits viz. drought and heat tolerance. In light of reducing sequencing cost
and expensive validation of candidate genes, use of WGR to further enhance resolu-
tion of mapping studies is likely to become routine task in future [70].

The availability of reference genome assembly rewards us with information
about gene content, ability to associate the traits with specific genes with sub-
sequent insights into related biophysical and biochemical roles of gene(s) in the
expression of that particular trait [74]. Resequencing of diverse crop cultivars
reveals the gene content variation and DNA sequence differences between allelic
variants, while sequencing of expressed gene products provides information
on where and when genes are functioning. Such information when integrated
within breeding pipelines, offers promise to accelerate the development of
climate smart crop varieties.
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The recent explosion in genomic data is rapidly triggering a fundamental shift
to genomic based breeding [75]. The ability to identify and genotype umpteen
SNPs at ever reducing costs facilitated expansion of MAS in breeding to plethora
of traits and across wider range of crops [76]. A major outcome of availability of
high throughput genome wide markers is a move towards population based trait
association and breeding i.e. NAM or MAGIC populations to ultimately enhance
the trait mapping resolution by greatly increasing the number of recombinations
in the population. After identification and validation of the candidate genes,
there achieved the deeper understanding of biological mechanism underlying the
trait, which can subsequently be improved through MAB or genetic alterations.
Furthermore, precise understanding of the molecular basis of traits enables the
engineering of novel alleles or mining of potentially desirable alleles from CWR,
facilitating further enhancement of the trait.

6. Genome editing: a revolutionary tool in breeders’ toolkit

Genome editing has enabled breeders to precisely add or delete any DNA
sequence in the genome and has shown enormous potential to revolutionize the
crop improvement in this very decade [70, 77]. Some approaches like transcription
activator-like effector nucleases (TALENSs) and zinc finger nucleases (ZFNs) have
been in the game for more than 2 decades. However, type II clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas)
system from Streptococcus pyogenes [78] developed in last decade has been most
versatile tool in breeder’s toolkit to introduce desirable or novel traits and accelerate
development of climate smart crop varieties.

Usually, a custom-made guide RNA (gRNA) along with Cas9 nuclease is deliv-
ered into plant protoplast, where Cas9 produces double strand break (DSB) 3 bp
upstream of the NGG motif (protospacer adjacent motif-PAM sequence) [78].
Cellular repair machinery through non-homologous end joining (NHEJ) can lead
to frameshift mutation causing a knock-out. Otherwise, a donor DNA template can
be provided for precise genetic knock-in through homologous recombination (HR).
CRISPR/Cas9 was initially used to disrupt genes related to disease susceptibility
in crops such as OsERF922 gene disruption in rice for blast resistance [79] and loss
of function in susceptibility gene TaMLO for powdery mildew resistance in wheat
[80]. Genome editing has also been used to tackle some abiotic stresses in staple
crops like a promoter of a gene AGROS8 was replaced with a stronger one to impart
drought tolerance in maize [81].

Due to changing climates, it may be quite beneficial for the farmers to have early
maturing varieties, which enables plants to complete crucial developmental periods
before the onset of a stress. It has been achieved by disrupting a flower repressing
gene SP5G to develop early maturing tomato varieties [82]. For instance, developing
climate rice to grow in diverse climates, generally desirable traits are cold, heat and
drought tolerance at seedling and reproductive stages [83]. Secondary characters
like root and flag leaf traits can be useful to generate cultivars with improved
drought and heat tolerance [84]. Here, CRISPR tools could prove to be of great
value for exploration of the candidate genes from CWR (O. officinalis, O. nivara and
O. glaberrima) for abiotic stress resistance [85].

Genome editing has also huge potential to accelerate the domestication of novel
crops form CWR or minor crops with valuable traits for coping with extreme cli-
matic events. This would allow the editing of key genes for domestication in poten-
tial new crops for rapid enhancement of currently limited gene pools to maximize
the use of germplasm adapted to climate change. Also, multiplexing of CRISPR
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systems for simultaneous editing of multiple genetic loci can boost the speed and
efficiency manifolds. However, there are a number of shortcomings in this approach
including off target effects [86], low efficiency of HR, restrictive PAM sequences
and regulatory concerns, which paved the way for advent of more sophisticated
technologies like DNA free genome editing, base editing and prime editing.

6.1 DNA free genome editing (DFGE)

Conventional genome editing using recombinant DNA (rDNA) leads to random
host genome integration and can generate undesirable genetic changes or DNA
damage [87], along with concerns over genetically modified organism (GMO)
regulations with introduction of foreign DNA [88]. DFGE takes care of such critical
issues along with reduced risk of off-targets. Initially, it was successfully deployed
in rice and tobacco with transfection of protoplast with CRISPR-Cas9 ribonucleo-
protein (RNP) [89]. Also, a particle bombardment mediated DFGE approach has
been developed in wheat and maize [90, 91].

6.2 Base editing

It is evident that a single base change can cause variation in the elite traits [92],
so there required an efficient technique to cause precise and efficient point muta-
tions in plants. CRISPR-Cas9 driven base editing is new approach which accurately
transform one DNA base to another without repair template [93]. E.g. Cytidine
deaminases convert cytosine (C) to uracil (U), which is treated as thymine (T) in
subsequent DNA repair and replication, thus creating CeG to TeA substitution. It has
been utilized in wheat, maize and tomato [94] and can be quite useful for gene func-
tional analysis and therefore can assist breeding for better stress adapted varieties.

6.3 Prime editing

Another latest milestone in this genome engineering era called prime editing
allows introduction of all known 12 base to base conversions in addition to muta-
tions such as insertions and deletions using prime editing guide RNA (pegRNA)
[95]. This promising approach opening up numerous possibilities for effectively
targeting and modifying desirable genome sequences to accelerate functional
genomics and introduction of genes for adaptation to diverse climates can boost
breeding for climate smart crop varieties in near future [96].

In this rejuvenated plant mutagenesis breeding era, genome editing can be used
in functional genomics for the identification of candidate genes for climate related
agronomic, physiological and phonological traits, which can be exploited for crop
improvement in adaptation to changing climate. Despite having enormous poten-
tial and real world applications of genome editing technologies, the regulatory and
ethical concerns may limit it, as happened in a few European countries. In the nut-
shell, genome editing in complementation with conventional plant breeding can be
adopted to develop and deploy climate smart crop varieties in the farmers’ fields.

7. Phenomics and artificial intelligence (AI): supplementing the genetic
gains
Advances in phenomics and genomics have generated unprecedented amount

of new data, enabling breeders to continuously pushing the crop yields on positive
side [97]. Despite success in techniques like genomic selection (GS) in cereals and
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legumes, lack of predictive accuracy for many complex traits (yield) have revealed
their inability to adequately model all relevant factors inherent to such traits due to
complexity of the interactions between genetic and environmental components of
phenotypic variation [98]. Several mapping studies have shown that such complex
traits are controlled by minor genes (polygenes) with small but cumulative effect,
hence go undetected while analyzing them in smaller population size.

Relationship between genotype and phenotype is not always linear and small
changes on one hierarchical level may have bigger impact on other levels. Many
statistical models therefore fail to accurately delineate the non-linear relationships.
Additionally, epistatic interactions are hard to detect while mapping genotype to
phenotype with linear models due to low power and sheer computational demand
[99]. With continuously falling cost of genome sequencing, advent of innovative
genetic assays to explore missing heritability and genetic regulation, breeders
have access to wide range of high-throughput sensors and imaging techniques for
spectrum of traits and field conditions.

Omics technologies (genomics, transcriptomics, proteomics, metabolomics,
phenomics, epigenomics and microbiomics) together with approaches to gather
information about climate and field environment conditions have become rou-
tine in breeding programs now a days. However, ability to accurately predict &
select best lines for the specific environment relies on our ability to model these
immensely complex systems from web of genomic and phenomic data at hand e.g.
multiomics big data. Integrating with phenomics and genomics, Al technologies
by assisting with big data, can boost up the development of climate resilient crop
varieties with enhanced yield potential and stability and improved tolerance to
expected simultaneous environmental stresses (abiotic and biotic).

71 Field phenomics

Accelerated plant breeding for climate resilience is critically dependent upon
high resolution, high throughput, field level phenotyping that can effectively screen
among better performing breeding lines within larger population across multiple
environments [100]. With advent of novel sensors (unmanned air vehicle-UAV),
high resolution imagery and new platforms for wide range of traits and conditions,
phenomics has been elevating the collection of more phenotypic data over the
past decade [101, 102]. High throughput phenotyping (HTP) allows the screening
for plant architectural traits and early detection of desirable genotypes. It enables
accurate, automated and repeatable measurements for agronomic traits (seedling
vigor, flowering time, flower counts, biomass and grain yield, height and leaf erect-
ness, canopy structure) as well as physiological traits (photosynthesis, disease and
stress tolerance). HTP methods such as RGB imaging, 3-D scanning, thermal and
hyper spectral sensing and fluorescence imaging have been successfully utilized to
identify, quantify and monitor plant diseases [103].

By coupling GWAS with high throughput phenotyping facilities, phenomics can
be adopted as novel tool for studying plant genetics and genomic characterization
enhancing the crop breeding efficiency in era of climate change [104]. Recently,
deep learning (DL) has been extensively used to analyze and interpret more phe-
nomic big data, especially for advancing plant image analysis and environmental
stress phenotyping [105].

7.2 Next gen based GS

Genomic selection as been extensively used breeding approach for climate
resilience in agriculture in last decade, especially for complex polygenic traits. It
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involves prediction models developed by estimating the combined effect of all
existing markers simultaneously on a desirable phenotype. Highly accurate predic-
tion can result into enhanced levels of yields by shortening the breeding cycles.
Omics layers (gene expression, metabolite concentration and epistatic signals) can
be better predictors of phenotype than SNPs alone due to their molecular proxim-
ity to the phenotype. Many such omics layers that explain trait variation have not
been made available to the statistical models lowering down its efficacy. Several
approaches such as mixed effect linear models and Bayesian models to select only
most important predictive SNPs are majorly used.

From the prospective of breeding, by accessing the rich set of omics and envi-
ronmental data lying between plant genotype and its phenotype, superior and
refined impact can be achieved on desirable phenotype. Next gen Al holds promise
for GS as acquisition of large scale genomics and phenomics data in addition to
molecular layers between them such as transcriptomics, proteomics and epigenom-
ics will facilitate a period, where Al models can identify and explain the complex
biological interactions [99].

Next gen AI will surely require knowledge and rationality of breeders as well
as farmers to evaluate the efficacy of outcomes. In coming times, agriculture
will rely on Next Gen Al methods for making decisions and recommendations
from big data (highly heterogeneous and complex) that are representative of
environment and system biology based understanding of the behavioral response
of plants.

8. Speed breeding: an acceleration to crop improvement

The current pace of yield increase in staple crops like wheat, rice and maize
is insufficient to meet the future demand in the wake of climate change [106].

A major limiting factor in plant breeding is the longer generation times of the
crops, typically allowing 1-2 generations in a year. Several ‘speeding breed-

ing’ protocols, using extended photoperiods and controlled temperatures have
enabled breeders to harvest up to 6 generations per year by reducing the genera-
tion time by more than half [107]. Such protocols have been reported in several
important crops such as spring wheat (Triticum aestivum) [108], barley (Hordeum
vulgare) [109], chickpea (Cicer arietinum), rice (Oryza sativa) [110] and canola
(Brassica napus).

Speed breeding can potentially accelerate the discovery and use of allelic
diversity in landraces as well as in CWR to be further used in developing climate
resilient crop varieties. One such example is recent discovery of new sources of leaf
rust resistance after screening of the Vavilov wheat collection using speed breeding
along with gene specific molecular markers [111].

Interestingly, speed breeding can also be integrated with advanced technique
like gene editing to precisely alter the plant genes for better coping with various
biotic and abiotic stresses in threatening climatic changes. In traditional CRISPR
gene editing, the sgRNA directs Cas9 enzymes to cut target sequence. ‘CRISPR-
ready’ genotypes containing heterologous Cas9 gene can be created. For instance,

a transformant harboring a Cas9 transgene can be used a donor to create a stock

of elite inbred lines using speed marker-assisted backcrossing. Such an integrated
system like ExpressEdit could circumvent the bottlenecks of in vitro manipulation
of plant materials also making gene editing fast-tracking [1]. Integration of both the
techniques without tissue culture/foreign DNA requires handful of technological
breakthroughs with the desirable outcomes being allelic modification, these would
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bypass genetically modified organism (GMO) label. It has been widely reported
that single or multiplex edits can be obtained [112] and could be implemented with
some tissue culture free techniques like CRISPR-Cas9 ribonucleoprotein (RNP)
complexes in wheat [91] and maize [90].

Crop Target trait/Improved trait Technology/ Reference
species Technique used
Rice Submergence tolerance MAB [116]
Rice Grain number, dense erect panicles and larger CRISPR/Cas9 [117]
grain size
Rice Maintenance of heterosis CRISPR/Cas9 [118, 119]
Wheat Heat tolerance GWAS [120]
Wheat Leaf rust, fusarium head blight and stripe rust Speed breeding [121-124]
resistance
Wheat Powdery mildew-resistant CRISPR/Cas9 [80]
Finger millet Salt tolerance RNA sequencing [125]
Sorghum Low and high nitrogen conditions RNA sequencing [126]
Sugarcane Drought and chilling resistance CRISPR/Cas9 [127]
Maize Kernel row number RNA sequencing [128]
Maize High amylopectin content CRISPR/Cas9 [129]
Cotton Salt and drought tolerance GWAS [130]
Soybean Salt and drought tolerance CRISPR/Cas9 [131, 132]
Soybean Salt tolerance RNA sequencing [133]
Chickpea Drought, salinity, cold and heavy metal stress RNA sequencing [134]
resistance
Lentil Seedling drought stress resistance RNA sequencing [135]
Tomato High temperature stress responsiveness GWAS [136]
Tomato Powdery mildew-resistant CRISPR/Cas9 [137]
Tomato Longer internodes and lighter green leaves with TALEN [138]
smoother margins
Tomato Short (hairy) roots with stunted meristematic, CRISPR/Cas9 [139, 140]
altered branching and increased yield
Tomato Fruits never turn red, altered firmness CRISPR/Cas9 [141]
Broccoli Dwarf phenotype CRISPR/Cas9 [142]
Watermelon Albino phenotype CRISPR/Cas9 [143]
Potato Reduced steroidal glycoalkaloids in leaves and TALEN [144, 145]
Undetectable level of reducing sugar in tubers
Mushroom Reduced browning CRISPR/Cas9 [146]
Banana Cold and salt resistance CRISPR/Cas9 [147]
Coconut Root wilt disease CRISPR/Cas9 [148]
Papaya Drought, heat and cold resistance CRISPR/Cas9 [149]
Apple Albino phenotype and Blight resistance CRISPR/Cas9 [150, 151]
Table 1.

Utilization of smart breeding tools and techniques for crop improvement.
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Genomic selection (GS) unlike MAS uses genome-wide DNA markers in order
to predict the genetic gain of breeding individuals for complex traits such as yield
[113]. The effect of large number of genetic variants for such a complex traits is
captured through linkage disequilibrium (LD) with the genome-wide markers
(SNPs), effects of which are determined in large training populations (lines in
which marker genotype and trait are measured). Since speed breeding can substan-
tially lowers down the generation periods, it can maximize the benefits by applying
genomic selection at every generation to select parents for next generation. Modern
genotyping techniques such as rAmpSeq may considerably reduce the genotyping
cost for genomic selection [114]. When combined with speed breeding protocol,
the approach for stacking of best haplotypes (ones with desirable resistance alleles/
desirable edits) could be used rapidly to develop new cultivars [1] with improved
performance across multiple traits like coping with adverse climatic variations or
any pathogen/insect attack.

Re-domestication of crop plants for capturing the desirable alleles for climate
resilience can be sped up by linking it with speed breeding. Re-creation of the
polyploids such as groundnut (Arachis hypogea) and banana (Musa spp.) can be
benefitted by such approach. Speed breeding could accelerate re-domestication at
multiple selection steps after crossing of diploids followed by colchicine application
[115]. Ultimately, it will provide access to novel plant traits for developing cultivars
of these crops exhibiting disease resistance and stress adaptation. Also, Gene edit-
ing and targeted mutagenesis coupled with speed breeding could prove to be more
efficient to create healthier foods by biofortification. For instance, the increased
content of vitamin B9 in rice and antinutritional glucosinolates from Brassica seeds
etc. [1].

Combining all these tools with speed breeding approach would provide rapid
access to desirable alleles and novel variation present in CWR and would accelerate
the breeding pipelines to develop more climate resilient varieties (Table 1).

9. Future prospects

In the face of ongoing and projected climate change, including higher tempera-
tures and more erratic climate events across extensive regions over the globe, breed-
ing of crop plants with enhanced yield potential and improved resilience to such
environments is crucial for global food security. Improved plant varieties that can
withstand diseases and pests with efficient use of fewer resources, exhibiting stable
yields amidst stressful climate in near future could only help to achieve the goal of
climate resilient agriculture. In order to be able to make contribution in climatic
resilience, research attention is indispensable for currently underutilized crop spe-
cies. The concept of smart breeding largely depends upon generating large breeding
populations, efficient high throughput phenotyping, big data management tools
and downstream molecular techniques to tackle the vulnerability of crop plants to
changing climate (Figure 3). The efficient preservation and conservation of plant
genetic resources is also a pre requisite for climate smart breeding. Strategies for
capturing the novel variation may include the state of the art tools such as gene
editing to directly introduce novel alleles found in wild plants into domesticated
crop varieties. Generating new crop cultivars with the capability to tolerate multiple
stresses can be achieved with increasing information on their basal physiological
and genetic mechanisms. The technological improvements in phenotypic and geno-
typic analysis, as well as the biotechnological and digital revolution could definitely
pave the way for developing and deployment of climate smart varieties in coming
times.
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Figure 3.
Compilation of state-of-the-art genomic, phenomic and computational tools comprising smart breeding
approach for climatic rvesilience in agriculture.
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Chapter 6
Plant Breeding and Microbiome

Sergio Eduardo Contreras-Liza

Abstract

In this review, references to the use of microorganisms in the process of plant
domestication, genetic improvement, and production of traditional and improved
varieties have been identified. The domestication process may have had an adverse
impact on the composition and functions of the associated microbiota and the
microbiota associated with plants influences multiple regulatory processes of plants
that together define their phenotype. According to scientific evidence, to increase
agricultural production and the sustainability of production systems, future
research should develop breeding methods that optimize the symbiosis between
plants and microorganisms, to produce new plant phenotypes that result in the
production of enough food to meet the needs of the human population.

Keywords: plant improvement, microorganisms, crop domestication, plant-microbe
interaction

1. Introduction

Since plants colonized the land, they have developed mechanisms to respond to
changing environmental conditions and to settle in extreme habitats. Recent studies
indicate that several plant species require associations with microorganisms to
tolerate stress and to survive [1]. The human contribution to plant breeding has not
only been the development of new breeding methods, but also the acceleration of
progress in the evolution of crops.

On the other hand, in recent years the interest in the use of rhizobacteria that pro-
mote plant growth has increased. The beneficial effects of these microorganisms involve
the ability to act as phytohormones or biofertilizers, increasing the yield of many
important crops. Ecological factors such as temperature and nutritional conditions of
the soil affect the behavior of microorganisms; inoculation has a better stimulating
effect on plant growth in nutrient-deficient soil conditions than in fertile soils [2].

Although most plants lack the adaptive capacity under stress conditions, this ability
seems to be associated with certain microorganisms, which suggests asking the question
Through what mechanisms can microorganisms and plants adapt to stress conditions?
Can plant species improve their tolerance to environmental stresses when associated
with certain microorganisms? The answer to these questions could change our concepts
about plant breeding and could lead us to new routes towards sustainability.

If food production is to increase by 50% in the next 40 years in a scenario of
scarce resources and climate change, it will require a considerable investment in
capital, time, and effort. A major component of the solution will have to start from
the improvement in agricultural technologies, to produce sufficient and safe food
that meets the needs and preferences of the human population, without affecting
the sustainability of the natural environment.
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From a conceptual perspective, the effects of microorganisms on plants have
long been grouped under the idea of “promoting and regulating plant growth.”
However, the microbiota associated with plants influences multiple regulatory
cascades of plants that together define their phenotype. In addition, the effect of
the modified phenotype will depend on the context, as a function of the abiotic and
biotic environmental parameters, giving rise to new phenotypes through the joint
modification of genomic information and the microbiota associated with plants [3].

The plant microbiome not only helps plants survive in the ecosystem but also
offers critical genetic variability, hitherto little used as a strategy by plant breed-
ers, who have traditionally exploited only the genetic variability of the host plant
to develop improved varieties of high yield or with tolerance to diseases, pests and
abiotic stress [4]. In the words of Walters [5], resistance induced by microorganisms
has the potential to revolutionize disease control in crops, but it remains an uncon-
ventional type of crop management. This is the subject of intense research at present.

2. Crop domestication and microbial diversity

Domestication refers to the selection and artificial reproduction of wild species
to obtain cultivated variants that thrive in man-made niches and that meet human
or industrial requirements [6]. Several genotypic and phenotypic forms of domes-
tication have been described in crops and animals, however, domestication is not
exclusive to higher organisms.

Before domestication, the wild ancestors of cultivated plants evolved in associa-
tion with a wide set of microorganisms and insects, with which they participated
in pathogenic, predatory, commensal, and mutualistic interactions [7]; most of
the species of insects and microorganisms associated with crops in their centers of
origin remain to be described [8].

Domestication has transformed hundreds of wild plant species into productive
crops for human use. However, cultivation practices and intense artificial selection
for yield can come at a hidden cost: disrupting interactions between plants and ben-
eficial microbiota. To improve agricultural production and sustainability, research
must develop breeding methods to optimize symbiotic results in crop species [9].
Microbial diversity has also been shaped by the emergence of new, highly specific,
man-made environments such as food and beverage fermentations [6]. The domesti-
cation of plants is now recognized as a major driver of microbial diversity associated
with plants [10]. Among other traits, domestication has changed root architecture,
exudation, or defense responses that could have modified plant microbiota, as
explained by Martinez-Romero et al. [11]. The authors present the comparison of
reported data on the microbiota from cereals and legumes and their ancestors, show-
ing that different bacteria were found in domesticated and wild plant microbiomes.

To date, a few hundred genes and loci have been identified by classical genetic
and association mapping as targets of domestication and post domestication diver-
gence. However, only a few of these have been characterized, and for even fewer is
the role of the wild-type allele in natural populations understood [12].

According to Pérez-Jaramillo et al. [13], there is an impact of the domestication of
crops on soil management, phenotypes, physiology, and the diversity of rhizobacteria
associated with crops; the domestication process may have had an adverse impact on
the composition and functions of the associated microbiota. In this regard, Martin-
Robles [14] states that colonization by mycorrhizae is lower and the infection rate by
nematodes is higher in the roots of plants that grow in soils previously cultivated by
domesticated plants. Furthermore, domesticated plants showed lower mycorrhizal
colonization and higher nematode infection rates than their wild progenitors.
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Berg and Raaijmakers [10] argue that seeds are the place of residence of vari-
ous microbial communities whose composition is determined by the genotype of
the plant, the environment, and management practices. To what extent and how
domestication affects the microbiomes in plant seeds is still little studied and the
microbiomes present in the seeds of wild relatives of modern cultivars should be
used to conserve and restore beneficial microorganisms to induce tolerance to biotic
and abiotic stress.

The results of Shi et al. [15] indicate that the rhizosphere fungal communities
in rice are more influenced than the bacterial communities by the domestication
of crops; a more intense relationship has also been verified for fungi and bacteria
in cultivated species than in their wild relatives. According to the aforementioned
study, wild rice and soybean varieties have a greater abundance of beneficial
symbionts and a lower abundance of pathogens compared to cultivated varieties;
the domestication process may have a more pronounced effect on fungal com-
munities than on bacterial communities, affecting the microbial relationship in the
rhizosphere of these crops.

Leff et al. [16] indicate that the communities of associated fungi in the sun-
flower (Helianthus annuus) are more strongly influenced by the genetic factors of
the host plant than the bacterial communities, a finding that could influence the
strategies to optimize the use of microbial communities to improve crop yield,
suggesting that there would be a vertical transmission of fungi from seeds to
adult plants.

Analyzing the evolution of Phaseolus vulgaris, Pérez-Jaramillo et al. [17]
observed a gradual decrease in the relative abundance of Bacteroidetes, mainly
Chitinophagaceae and Cytophagaceae, and an increase in the relative abundance of
Actinobacteria and Proteobacteria, in particular Nocardiaceae and Rhizobiaceae,
establishing a link between the domestication of the common bean, the specific
morphological traits in the root and the community of rhizobacteria associated with
this species.

Given the planting system as a monoculture, maize can be seen as a crop
responsible for shaping the agricultural environment for the species that cohabit
with it [18]. Brisson et al. [19] argue that the analysis of the co-occurrence network
in the case of corn revealed that the microbial co-occurrence patterns in the rhi-
zosphere of pure lines of corn were significantly more similar to those of teosinte
(an ancestor of corn) than modern hybrids. These results suggest that advances in
the development of maize hybrids have had a significant impact on the microbial
communities of the rhizosphere and on the assembly of their interaction networks.
Wagner et al. [20] found that interactions with soil microorganisms are important
for the expression of heterosis in corn and Zambonin et al. [21], found no signifi-
cant interaction between corn hybrids and inoculation with Azospirillum sp. for the
variables studied including grain yield, and the specificity between maize hybrids
and inoculation was not verified.

According to Walters et al. [22], some local varieties of corn grown under
traditional agricultural practices with little or no fertilizer could have developed
strategies to improve grain yield under conditions of low nitrogen content in the soil
and in these varieties of corn, 29% - 82% of the assimilated nitrogen was derived
from the atmospheric form N,. Rangel-Lucio et al. [23], found a degree of affinity or
effect of the homologous strain of Azospirillum obtained from traditional H-28 and
Chalquefio maize, and the re-inoculation in these same varieties and its subsequent
recognition of the bacterial strain in modern varieties.

The composition of the metabolites in the rhizosphere of wheat is associated
with differences between the genotypes of the domestication groups of this spe-
cies, determined by a high heritability in some of these metabolites. In general,
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domestication and reproduction have had important effects on the exudates in
the wheat rhizosphere, suggesting the adaptive nature of these changes [24].
Furthermore, the prominent role of neutral processes in the assembly of the
domesticated wheat microbiota has been revealed and it has been proposed that
domestication has relaxed the selective processes in the wheat microbiota [25].
Cultivated tomatoes (Solanum lycopersicum) are more likely to have negative
feedback between plants and soil than wild parents according to Carrillo et al. [26],
which could partially explain its sensitivity to monoculture in agricultural soils.

3. The microbiome: a second genome for plants

The biome is characterized by multiple complex interactions between plants and
the associated microbiota, that is, endophytes with different functions, including
pathogenic microorganisms, and the environment. Hardoim [27] maintains that
the phenotype of a plant is not only determined by its response to the environment,
but also by the associated microbiota, the response of the microbiota to the environ-
ment, and the complex interactions between members of the ecosystem.

According to Corbin et al. [28], understanding what makes a plant a suitable
host for its microbiota is essential to take advantage of the plant-microorganism
complex in improving crops. Identifying the genes that allow plants to regulate
the assembly of microbiota in their roots is essential for future breeding programs
aimed at sustainably improving productivity and product quality.

Tosi et al. [29] have reviewed current strategies for the manipulation of the
plant microbiome and classify them as (i) introduction and engineering of
microbiomes, (ii) reproduction and engineering of the plant-host relationship,
and (iii) selecting agricultural practices that improve soil and plant-associated
microbial communities.

Wei and Jousset [3] propose an alternative framework to produce new pheno-
types by modifying genomic information and the microbiota associated with plants,
thanks to a novel technology that would allow the transmission of the endophytic
microbiota to the next generation of plants. The authors indicate that more studies
are still needed to implement reproduction at the holobiont level, possibly due to
the limited vertical transmission of microorganisms. Even if the bacteria could be
transmitted reliably in F1, they would disappear in subsequent generations during
the selection process to achieve the desired phenotype.

Sessitsch and Mitter [30] consider that plants could be improved by breeding
methods, in relation to greater efficiency in their interaction with microorganisms.
While in recent decades, crops have been improved and selected for higher yield
and resistance to pests and diseases, it is anticipated that efficient interaction with
certain beneficial microorganisms will be an additional factor in plant reproduc-
tion. New agricultural practices may include microbiome reproduction, and
engineering of specific microbiomes, for example, through strategic soil amend-
ments in which the selective addition of plant exudates can maintain beneficial
microorganisms, or through the direct application of microbial consortia. as
probiotics [31, 32].

4. Sustainable agriculture and the plant microbiome
Sustainable agricultural practices are a response to the multifaceted prob-
lems that have originated from the prolonged and indiscriminate use of chemi-

cals to improve crop production for many decades, for this reason, the search
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for eco-friendly options to replace chemical fertilizers and pesticides has been
accentuated [33].

According to Sessitsch and Mitter [30] in many parts of the world where low-
income agriculture is a common situation and improved germplasm or agricultural
practices are poorly available, make better use of the functions of plants microbi-
omes. It will especially support agricultural production under these conditions and
will promote the bioeconomy in less developed countries that use microbial inocu-
lants and that can establish strain collections for local environments.

The functioning of the ecosystem is largely governed by the microbial dynamics
of the soil; many global ecosystems are in various states of vulnerability, evidenced
by erosion, low productivity, and poor water quality caused by intensive agricul-
tural activity and continued use of land resources. Microorganisms in agricultural
soil are known to exert profound influences on soil fertility status, particularly with
regard to nutrient availability, as well as suppression of plant diseases [34].

There is evidence that soil biodiversity confers stability to stress and disturbance
[35], but the mechanism is not yet fully understood; seems to depend on the type
of stress and disturbance or a combination of both. Alternatively, the structure of
the soil biotic community can play a role in the resilience of the agro-ecosystem;
however, possible explanations for this require further investigation.

Many bacterial strains with growth-promoting activity have been reported
belonging to the genera Azoarcus, Azospirillum, Azotobacter, Arthrobacter,
Bacillus, Clostridium, Enterobacter, Gluconacetobacter, Pseudomonas, and
Serratia, among them, the species Pseudomonas sp. and Bacillus sp. are the most
extensively studied [36]. The diversity of microorganisms associated with plant
roots is enormous, in the order of tens of thousands of species. This complex micro-
bial community associated with the rhizosphere is considered the second genome of
the plant and is crucial for the health and nutrition of crops [37].

According to Finkel et al. [38], the study of plant microbiomes has drawn
on both holistic ecological studies and mechanistic discoveries; both schools of
thought are giving an increasingly close view of the ecological processes that govern
the interactions between plants and microorganisms, as well as their molecular
mechanisms.

Busby et al. [39] identified five priority themes for research in the study of the
plant microbiome and its effect on agricultural sustainability: (1) development of
microbiome-host model systems for cultivated and wild plants, with collections
of associated microbial cultures and reference genomes, (2) definition of the main
microbiomes and metagenomes in these model systems, (3) elucidate the rules of
synthetic assembly in functional microbiomes, (4) determine the mechanisms of
microorganisms in plant-microbiome interactions, and (5) characterize and refine
the genotype-plant-environment-microbiome interaction. Achieving these goals
could accelerate our ability to design and implement effective management of
agricultural microbiomes and develop strategies that will in turn generate solutions
for both consumers and producers for the global food supply.

It has been shown that there are bacterial strains capable of fixing N in non-
legume species. Dent and Cocking [40] showed that strains of Gluconacetobacter
diazotrophicus, a non-nitrogen-fixing, non-nodule bacterium, isolated from the
intercellular juice of sugar cane, were inoculated under specific conditions to intra-
cellularly colonize the roots and shoots of cereals (wheat, corn, and rice) as well
as in crops as diverse as potatoes, tea, oilseeds, and tomato significantly improved
yields, both in the presence or absence of synthetic nitrogen fertilizers, possibly due
to a combination of symbiotic intracellular nitrogen fixation, increased photosyn-
thesis rate and the activity of additional plant growth factors. Van Deynze et al. [41]
proposed a model for the association of nitrogen-fixing microbes with corn maize
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mucilage and identified the main functionalities for a productive diazotrophic
association.

Pineda et al. [42] state that since insects can severely affect productivity in
ecosystems, resistance to agricultural pests through the microbiome related to
plants should be considered a key service to be included as a strategy in the manage-
ment of a farm. Many of the ecosystem services of the soil microbiome are often
not very effective in conventional production systems that use chemical pesticides
and fertilizers and only become apparent when plants are exposed to abiotic stress
conditions.

Berg et al. [43] suggest that combined strategies for genetic improvement and
biocontrol should be developed to maintain the diversity and health of the ecosys-
tem. The practices used in plant breeding, seed treatment, and agriculture, often
caused by poor knowledge of the importance of endophytic fungi, are among the
reasons for the loss of diversity of endophytic fungi in domesticated plants and also
explain the efficacy reduced of some endophytic strains to confer benefits to plants.

According to Lugtenberg et al. [44], endophytic fungi play a key role in plant
adaptation, resulting in higher yields and protection against biotic and abiotic
stress, encoding a variety of secondary metabolites, including volatile organic
compounds, especially in tolerant corn and rice. to a variety of stresses and for
better postharvest control.

Horner et al. [45] indicate that modern agricultural practices have greatly
increased crop production but have negatively affected soil health, suggesting that
in the case of pea (Pisum sativum) the diversification of varieties can increase yield
and promote interactions microbial, although the impacts on the associated micro-
bial communities are unclear, despite the fundamental role in the functioning of the
ecosystem.

5. Conclusions

To increase the level of sustainability, various agroecological management
strategies of agricultural production systems have been reviewed, including the use
of microorganisms in the process of plant domestication, genetic improvement,
and the production of improved varieties. According to the references presented in
the scientific literature, to increase agricultural production and the sustainability
of production systems, future research should develop breeding methods that
optimize symbiosis in crops [9], since the interactions with soil microorganisms
could be important for the expression of heterosis in some species [20], propos-
ing an alternative framework to produce new phenotypes by modifying genomic
information and the microbiota associated with plants [3]; efficient interaction with
certain beneficial microorganisms is expected to be an additional factor in plant
production. These new agricultural practices can include the reproduction of the
microbiome, the transplantation and engineering of specific microbiomes [30] and
their transfer through seeds [3, 43] or in vitro culture [46]. This complex microbial
community associated with the rhizosphere is considered the second genome of the
plant and is crucial for the health and nutrition of crops [37].
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Chapter7

Breeding Approaches for Biotic
Stress Resistance in Vegetables

Ramakrishna Swarnapriya

Abstract

In vegetables the factors for biotic stress are pests, diseases and nematodes.
The damages induced by these factors reflect highly on production, productivity
and quality. Although application of pesticides/fungicides and nematicides has
managed these stresses, excessive use of unsafe chemicals results in environmental
pollution and leave residues in vegetables which are above threshold levels and also
promote the development of new races/biotypes of pests and pathogens. Therefore
vegetable improvement works concentrate on high yielding varieties with multiple
resistance to these biotic stresses. For such studies, the knowledge on the genetic
basis of resistance and plant-pest/pathogen interactions is necessary which will in
turn improve the efficiency of the breeding programmes by introducing resistant
genes and result in high-yielding genetically resistant cultivars. For the develop-
ment of resistant varieties and pre-breed lines, information on sources of resis-
tance is prerequisite and serve as a backbone in the breeding programme. Further,
gene action responsible for the inheritance of characters helps in the choice of
suitable breeding methods for the improvement of the crop. Work has been done
by using the various breeding methods and resistant varieties have been bred and
they offer the cheapest means of pest/disease/nematode control. Resistant varieties
obviate the use of chemicals, thus reduce environmental pollution and facilitate
safe food for human consumption.

Keywords: vegetables, biotic stress, breeding methods, varieties

1. Introduction

Globally the area under vegetable cultivation is growing annually at the rate of
4.12% and production by 6.48%. The mean productivity is 15.49mt/ha which is quite
low. In vegetables infestation of biotic stresses reflect highly on production produc-
tivity and quality. Application of chemicals leaves chemical residues in vegetables
above threshold levels. Resistance is a relative attribute and refers to the ability of the
plant to withstand the pest or pathogen. The susceptible plant shows severe symp-
toms due to which yield loss occur. A completely resistant plant shows nil reaction
and a moderately resistant or field tolerant plant develops less disease development.
Plants have selective resistance to some pests or pathogens and susceptible to others.
They are species-specific or strain-specific. The rate of spread depends on the pest
load or population, spore count and multiplication rate of pest/pathogen.

Improvement of cultivated plants through tapping germplasm resources
depends on introducing variability through traditional and molecular breeding
techniques. Wild species provides a vast gene pool for resistance development.
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They have been used for decades to transfer genes of resistance or tolerance to the
cultivated species. The use of wild species in breeding varieties particularly for
increased vigor and resistance has been well recognized [1]. Introgression is the
movement of genes or gene flow from one species into the gene pool. Inter specific
hybridisation breaks the species barrier for gene transfer and makes it possible to
transfer the resistant genes.

Complete exploitation of genetic variation enables the breeder to produce not
only heterotic F1 hybrids but also recombinants with desirable attributes. Further,
selection based on genetic nature will be highly useful to a great extent to screen out
the parents and hybrids. Identification of resistance is also possible through quanti-
fying the biochemical components present in the genotype. Further, in view of less
marked host specificity, a plant breeding programme for insect resistance has to be
handled separately from that of disease resistance.

In 3rd century B.C, Theophrastus observed that degree of resistance differ
among varieties. It was later established in 1894, by Erikson that though pathogens
are morphologically similar, they differ among each other in their ability to attack
host plant. In 1911 Barrus narrated that various isolates of a pathogen differ in its
ability to attack different varieties of the same plant species. This made the basis for
the identification of physiological races and pathotypes. It was then called as patho-
genecity i.e the infection of a host strain by a pathogen is genetically determined. In
1955, Flor formulated the of gene-for-gene hypothesis which denotes the relation-
ship between host and pathogen. According to that disease resistance is determined
by host and the genotype of the pathogen. The hosts differ in type of resistance
while the pathogen differ in pathogenicity, but both are genetically controlled. The
pathogen has the capacity to generate new variations in pathogenicity by reproduc-
tion methods and mutation. Therefore, the task of the breeder is to develop varieties
resistant to the prevalent pathotypes of the pathogen and also for the new pathogen
genotypes which will arise in future.

2. Genetic basis of resistance

According to the experimental results so far reported in vegetable crops, the
genetic basis of insect resistance is monogenic. The resistance of muskmelon to
melon aphid. The tolerance of muskmelon to western biotypes of Aphis gossypii in
breeding line L] 90234 was governed by a single dominant gene [2]. Inheritance
studies of fruit fly resistance in pumpkin cultivar Arka Suryamukhi showed that
the resistance was controlled by a dominant gene. Similar studies in water-melon
also indicated that the resistance to fruit fly was governed by a single dominant
gene. The work on Cucurbita pepo revealed that the resistance to squash bug, was
controlled by at least 3 genes and gene action appeared to be additive in nature. In
an interspecific cross between resistant Cucumis callosus and susceptible Cucumis
melo it was revealed that the susceptibility to fruit fly was governed by two pairs of
complimentary genes. While working with tomato for resistance to fruitworm Fery
and Cuthbert [3] reported that the antibiotics factor present in Lycopersicon hirsu-
tum appeared to be inherited recessively.

Since interest in resistant vegetable varieties started more than half a century
ago work has been done on major insect pests. However, studies have shown that
the Mendelian segregation has led to the identification of major genes and that
the alleles for resistance were dominant over those for susceptibility in number of
instances except in some where it was found to be additive or complementary gene
action or recessive.
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The genetics of disease resistance was first studied by Britten in 1905. Then
Person and Sidhu [4] reviewed 1000 Published papers and concluded that regard-
less of species, resistance generally segregated in the mendelian ratios. Resistance
was dominant over susceptibility. Resistance in vegetable crops have been reported
to be governed by mono or oligo or polygenes and effect of genes may be addi-
tive or dominant or epistatic. The information on inheritance of various diseases
of vegetables is very meager. However, some workers reported different kinds of
nature of inheritance. Resistance to buck eye rot of tomato appeared to be dominant
over susceptibility. Resistance to fusarium wilt of tomato was conditioned by a
single dominant gene. Tomato leaf curl virus is transmitted by white fly and is most
serious problem. According to Som and Chaudhary [5], resistance to TLCV was
incompletely dominant and governed by polygenes.

Resistance to most of the diseases in watermelon is controlled by a single domi-
nant gene. Walker [6] reported resistance to fusarium wilt in watermelon as reces-
sive. Powdery mildew is a major limiting factor in the production of muskmelon
in most of the parts of the world. Resistance to Erysiphae cichoracearum race- 1 and
race-2 is monogenic dominant. A study on resistance to powdery mildew caused by
Sphaerotheca fuligina, in two resistant varieties campo and PMR-6 indicated that
they have the same locus/loci conferring resistance. Genetic studies of resistance
to E. cichoracearum race-2 had indicated that resistance is partly dominant and
controlled by Pm-2 [7]. Resistance to downy mildew (Pseudoperonospora cubensis)
of muskmelon in PI 124111 is controlled by two independently dominant gene [8].
Whereas resistance in PI 124112 was controlled by two partially dominant genes [9].

Antonio et al. [10] studied the inheritance of resistance by antixenosis for tomato
leaf miner and reported that the inheritance of antixenosis resistance of genotype
BGH-1497 is ruled by a polygenes in epistatic interactions, with a phenotypic propor-
tion of 13:3 between susceptible and resistant genotypes respectively. In another
experiment Gabriele Vitelli et al. [11] reported three transgenic eggplant lines bear-
ing a mutagenized Bacillus thuringiensis Berl. gene coding for the Cry3B toxin. The
fruit production was almost twice in the highly resistant lines (3-2 and 9-8). The 6-1
transgenic line showed an intermediate level of resistance. Analysis by double anti-
body sandwich-enzyme linked immune sorbent assay (DAS-ELISA), performed on
different tissues, revealed a lower amount of Cry3B protein in the 6-1 transgenic line.

The root knot nematode, Meloidogyne is one of the most economically damag-
ing plant parasitic nematode and is widely distributed throughout world [12]. The
genus Meloidogyne is composed of 100 species, with M. arenaria, M. incognita, M.
hapla and M. javanica being considered as “major” species [13]. Natural resistance
genes “R-genes” are responsible for inducing resistance against nematodes in
tomato. The genes Mi-1, Mi-2, Mi-3, Mi-4, Mi-5, Mi-6, Mi-7, Mi-8, Mi-9, and Mi-HT
confer resistance to the root Knot nematode [14].

3. Biochemical basis of resistance

The biochemical factors are more important than morphological and physi-
ological factors in conferring resistance. Some biochemical constituents may act
as feeding stimuli for insects. Occurrence at lower concentration or total absence
of such biochemical leads to non preference, a form of insect resistance [15, 16].
The biochemical constituents like glycoalkaloid (solasodine), phenols, phenolic
oxidase enzymes viz., polyphenol oxidase and peroxidase are available in plants and
these biochemical constituents possess insect resistant properties [17]. It was also
recorded that the maximum polyphenol oxidase activity is available in fruit (0.388
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in fruit as changes in OD min-1 g-1 of sample). Several workers have reported that
the biochemical constituents act as stimulants of resistance mechanism. In brinjal,
Praneetha [18] and Prabhu [19] have recorded that the biochemical constituents
also contribute to confer resistance to shoot and fruit borer.

Studies on the biochemical basis of resistance to Leucinodes orbonalis and their
correlation with shoot and fruit borer damage in five selected brinjal genotypes
were done during June to December 2005 and it was shown that less susceptible
genotypes for both shoot and fruit borer had higher amount of polyphenol oxidase
(PPO), phenylalanine ammonium lyase (PAL), lignin and lower reducing sugar.
Significant negative correlation was established with per cent infestation of shoot
and fruit borer and PPO, PAL and lignin, whereas it was positively correlated with
reducing sugar. Negative correlation was observed with the biochemical constitu-
ents, PPO, PAL, lignin and reducing sugar but PPO was positively correlated with
PAL and lignin content and vice-versa.

4. Biophysical basis of resistance

In a study Silva et al. [20, 21] evaluated ninety-nine F3 families derived from
an interspecific cross using Solanum lycopersicum and Solanum pimpinellifolium
‘T0O-937-15" (multiple pest resistance accession with type IV glandular trichomes
and acylsugar accumulation) for their resistance against the whitefly. The higher
resistance levels of BTR331 were associated with a positive combination of higher
type IV trichome density and higher acylsugar levels. From the breeding stand
point, the genetic similarity between S. lycopersicum and S. pimpinellifolium would
allow a more efficient resistance introgression by facilitating recombination and
minimizing the potentially undesirable linkage drag associated with this trait.

Niranjana et al. reported that the biophysical characteristics in brinjal genotypes
viz., shoot thickness at 2.5 cm below the tip, number of trichomes on lower surface
of leaves, pedicel length, calyx length and diameter of fruit were correlated with the
level of infestation by L. Orbonalis. Results revealed that the infestation in shoot was
not significantly correlated with number of trichomes on leaves and positively cor-
related with shoot thickness. Fruit infestation was positively but not significantly
correlated with length of pedicel and calyx whereas non-significant and negative
correlation was recorded between fruit infestation and fruit characters viz., length
and diameter of fruit. The shape and color of fruit had no significant influence on
the level of infestation.

5. Categorization of resistance

According to the response of the plant to the pathogen.

a.Susceptible: In this the disease development is abundant and can not be
checked by the plant.

b.Resistant: It is lesser disease development than the susceptible and it is a rela-
tive attribute. In this the plants will be infected and establishment take place
but the progression in the host plant will be limited. As a result these plants
exhibit minor symptoms than the susceptible ones.

c. Tolerant: Tolerance implies that the host is attacked by the pathogen but there
is no less in biomass production or yield.
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Based on number of genes governing the resistance trait as

a. Monogenic resistance: Controlled by single gene. Easy to incorporate into
plants by breeding. Easy to break also.

b.Oligogenic resistance: Controlled by few genes
c. Polygenic resistance: Controlled by many genes
Resistance is classified based on biotype reaction as.

a. Vertical resistance: It is determined by one or few genes and is characterized
by pathotype specificity. That is it is attacked by only one virulent pathotype.
For all others, the host will be resistant. It is also called as specific resistance or
race-specific resistance

b.Hovigontal resistance: It is determined by polygenes. Horizontal resistance
does not prevent the development of symptoms of the disease, but it slows
down the rate of spread of disease in the population. It is also known by race-
nonspecific, partial and field resistance.

Resistance is classified based on population/Line concept

* Pureline resistance: Exhibited by lines which are phenotypically and
genetically similar.

* Multiline resistance: Exhibited by lines which are phenotypically similar but
genotypically dissimilar

Plants once infected by a specific pathogen become resistant to further infec-
tions by the same one. This was discovered in the beginning of 20th century. This
concept is involved in viral cross-protection and induced systemic resistance.
Induced systemic resistance in plants is of several types of which Systemic Acquired
Resistance (SAR) is the most important one. It is long lasting and effective against
viral, bacterial and fungal pathogens. It ranges from a oversensitive response to
necrotic lesions. SAR is due to high level of salicylic acid which is essentially needed
for the development of SAR. Salicylic acid acts as a phloem translocated signal that
mediates SAR. It is also due to SAR genes which is different in monocotyledonous
and dicotyledonous plants. In tobacco, SAR genes cover a set of non-allelic genes
that can be classified on the basis of proteins they encode such as the pathogenesis
related (PR) genes. These genes play an active role in the disease resistance as their
expression in transgenic plants impart significant disease resistance. SAR genes in
various species differ in considerable extent.

6. Sources of resistance

Plants that may be less desirable in other ways, but carry a useful disease resis-
tance trait. Ancient known plant varieties and wild species, cultivated varieties
and land races are very important to preserve because they are the most common
sources of enhanced plant disease resistance. Source of resistance are available for
melon aphid, striped and spotted cucumber beetles, squash bug, squash borer,
pickleworm, red pumpkin beetle, fruit fly in different cucurbits, cabbage maggot
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and aphid in cabbage and spinach, fruit and shoot borer in brinjal, jassids in okra,
potato leaf hopper, melon fly in different beans, pea aphid and weevil. Genetic basis
of insect resistance has been reported to be monogenically dominant in muskmelon
aphid and in pumpkin and watermelon for fruit fly, whereas, additive gene action
have been reported for resistance to both striped and spotted cucumber beetles and
squash bug in squash. In interspecific crosses of muskmelon with wild melon two
pairs of complimentary genes are reported to be involved for resistance to fruit fly.
Maternal influence has also been indicated in inter-varietal crosses of squash for
resistance to spotted cucumber beetle.

In India work on resistance of cucurbits to red pumpkin beetle and fruit fly
was initiated at IARI, New Delhi as early during 1962 and at Indian Institute of
Horticultural Research, Bangalore during 1969. A highly resistant source to fruit
fly was obtained in pumpkin, which was utilized, in breeding a resistant variety
Arka Suryamukhi. Some of the pumpkin lines were fairly resistant to red pumpkin
beetle. It was observed that among the different species Citrullus colocynthis was
highly damaged by fruit fly. In Lycopersicon genus L.hirsutum and L. hirsutum f.
glabratum is resistant to fruitworm, and also indicated that since these were cross-
compatible with L. esculentum and it was possible to transfer the resistance factor
in the cultivated varieties. It was further indicated that L. hirsutum f. glabratum
was also resistant to tobacco flea beetle and carmine spider mite. It was possible to
incorporate resistance to more than one insect species in one genotype.

In Onion sources of resistance were identified, cause and mechanism studied
and suitable varieties were developed. In Okra difference in varietal response to
jassid attack was observed and fruit of the resistant line was found to have strong
prickly hairs and was highly susceptible yellow vein mosaic virus. In spinach variety
Manchuria was reported as resistant to aphid as early as in 1920. In Carrot resistance
to fruit fly was reported and one of the amaranthus lines was observed to have high
field resistance to grasshopper in Nigeria. With monogenic inheritance available for
melon aphid in cantaloupe, for fruit fly in pumpkin and in watermelon it would be
possible to utilize backcross method for incorporating resistant gene in commercial
varieties.

7. Breeding methods

Introduction: Collections of related materials from other countries, par-
ticularly from areas where the pathogen and host species may have co-evolved,
sometimes provide rich pools of resistance genes [22]. In vegetable peas, early
introductions from Europe and USA were found quite successful and popular
in India. These included Arkel (early maturing, dwarf type, introduction from
England in 1970s) and Bonneville (main season, late maturing, tall type, introduc-
tion from USA in 1970s). These introductions were obtained at IARI, New Delhi
and were released for commercial cultivation after preliminary evaluation. Early
Badger a dwarf, wrinkled seeded variety introduced from USA has resistance to
Fusarium wilt.

8. Utilization of wild species
The major bottleneck in the resistance breeding programme is the lack of resis-
tant source in the cultivated germplasm. This has necessitated breeders to search

resistance for genes in wild species that are taxonomically related and compatible.
The use of wild forms in breeding crop plants, particularly to obtain vigor and

118



Breeding Approaches for Biotic Stress Resistance in Vegetables
DOI: http://dx.doi.org/10.5772/intechopen.94983

resistance hasbeen well recognized [1]. In vegetables, several experiments involv-
ing wild species have been carried out. Selection of a genotype with high yield and
resistance reduces the yield loss on one hand and increases the availability of the
produce to market which is fairly free from residue on the other hand. Generally the
source of genes for resistance are (i) provided by the variability within the crop spe-
cies, (i) varieties from original home of insect, (ii) varieties from centres of great
insect occurrence, (iii) varieties from areas of greatest morphological diversity.

In muskmelon gene for resistance is not available in the cultivated species, but
Cucumis africanus was found to be fairly resistant to fruit fly. Similarly, Cucumis
heptadactylis was resistant to red pumpkin beetle. An attempt to incorporate the
resistance to shoot and fruit borer in the cultivated egg plant genotypes was made in
interspecific hybridprogenies of the cross S. melongena x Solanum viarum and evalu-
ating the direct segregating progenies of such interspecific crosses so as to identify
recombinant inbred plants with high yield and shoot and fruit borer resistance. The
data recorded from direct F9 generation derivatives of EP 65 x Solanumviarum were
utilized to study thoroughly and three progenies each out of thirty in F9 generations
were selected for further studies. All these selected progenies have performed very
well with respect to shoot and fruit borer resistance. From this evaluation studytwo
hybrid derivatives were selected and designated as HD 1 and HD 2. The progenies
of the culture HD1 recorded minimum shoot (7.69%) and fruit borer infestation
(6.67%). The HD2 progenies recorded the minimum shoot (9.09%) and fruit borer
infestation as 6.85%. The selected progenies viz., HD 1 and HD 2 showed profuse
flowering and fruiting and also cluster bearing habit. The color of the fruit was
bright purple while the fruit surface was smooth, glossy along with tightly packed
seeds in its flesh which again act as physical barrier for mandibles of fruit borer to
chew and bore into the flesh of fruits [18].

Tomato is a self pollinated crop, which is a high demand vegetable crop. The
wild species are reservoir of important genes in tomato. Solanum pimpinellifolium
is the only red-fruited wild species of tomato. Because of the close phylogenetic
relationship between the two species, there is little or no difficulty in initial crosses
in subsequent generations of pre-breeding and breeding activities. Nineteen
accessions from seven Lycopersicon species were bio assayed for their resistance to
Heliothis armigera by [23]. It was found that among the various Lycopersicon spp.
bioassayed, accessions of L. hirsutum f. glabratum is most potential for breeding H.
armigera resistant cultivars.

Wilt, little leaf and phomopsis blight are the serious diseases of brinjal. Solanum
incanum is resistant to Fusarium wilt. In humid tropical areas brinjal is highly
infected with bacterial wilt. Wild species of Solanum viz., S. torvum, S. xanthocar-
pum, S. nigrum, and S. sisymbriifolium are resistant [24]. The wild species Solanum
viarum showed no infection and was immune, whereas the species S. incanum and
S. sisymbrifolium were resistant to little leaf disease.

Pinheiro et al. [25] conducted two assays, to evaluate the resistance to root knot
nematode, M. incognita race 1 in Citrullus lanatus cv. Citroides, Lagenaria vulgaris,
Sicana odorifera, Cucurbita facifolia, Cucurbita moschata, Cucurbita moschata x
Cucurbita maxima, Luffa sp., Cucumis melo and Cucumis metuliferus accessions. The
results revealed that three accessions of Cucumis metuliferus (‘Kino’) were resistant
to M. incognita race 1 in the first experiment. In the second experiment conducted
to evaluate the reaction to nematode M. incognita race 1, M. javanica and M.
enterolobii all the seedlings in pots were inoculated with 2nd stage (J2) juveniles and
5000 eggs of each Meloidogyne species. The observations on egg mass index (IMO),
gall index (IG), number of eggs per gram of root (NEGR) and reproduction factor
(RF) was observed on 53 and 84 days after inoculation, respectively. The melon
Cucumis metuliferus was resistant to root-knot nematode.
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9. Screening varieties

Varietal difference with regard to resistance for fruit and shoot borer was
observed in brinjal. Choudhary et al. [26] screened eight varieties against L.
Orbonalis. The order of susceptibility ofbrinjal varieties was recorded as Pant
Samrat< Pant Rituraj<Manjarigota<Pusa Purple Long < Pant Brinjal-5 < Kavach<
MHB-80 < BR-112 during 2014-2015 and 2015-2016, respectively. In another
study, Amit et al. [27] screened twenty five brinjal varieties against brinjal shoot
and fruit borer and red spider mite and IBH-3, IBL-116, Rajindra brinjal, KS-356,
JB-24, JBH-8, IBH-02 andCHBR-1 were found tolerant. The research carried out
at RARS, Jamalpur, Bangladesh showed that, the brinjal varieties Jumki-1 and
Jumki-2 were highly resistant (HR), Islampuri-3, BL-34 and Muktakeshi were
fairly resistant (FR), Singnath long and Singnath-4 were tolerant to brinjal shoot
and fruit borer [28].

Similarly, in okra Rehman et al. [29] screened four varieties (SabzPari,
SadaBahar, PusaSawani, Arka Anamika) and those varieties showed some degree
of resistance against sucking insect pests. Okra variety Sada Bahar was less infested
with jassid (1.30/leaf) and whitefly (5.36/leaf) compared to other tested varieties
and resulted in maximum yield (1529.62 kg/ha). Number of fruits pods per plant
was found non significantly different on all the tested okra varieties.

In another experiment, Jackson and Bohac [30] evaluated sweet potato acces-
sions by using bio assay techniques using the adults of banded cucumber beetle
and spotted cucumber beetle. A single beetle was placed on a piece of sweetpotato
peel that was embedded periderm-side up in plaster in a petridish. Feeding and
longevity of insects on sweet potato genotypes were evaluated. Durability of
feeding with respect to banded cucumber beetles on sweet potato peels ranged
from 12 d for the most-resistant genotype to 123 d for a susceptible control cultivar
(SC1149-19). The feeding longevity of spotted cucumber beetles was slightly
shorter than banded cucumber beetles. For the highly resistant genotypes, both
the species exhibited a significant delay in feeding initiation, and most beetles died
before they had fed the sweet potato. Thus it was evident that both antibiosis and
non preference (antixenosis) are important mechanisms of resistance in sweetpo-
tato genotypes.

Seventy seven eggplant genotypes were tested for resistance to root-knot nema-
tode by classical testing. As a result it was determined that P29 and P52 genotypes
were resistant.Ditylenchus destructor and Ditylenchus dipsaci are economically
important plant-parasitic nematodes, affecting potato production mostly in tem-
perate climates. Mwaura and Vidal [31] screened 25 potato varieties for resistance
to and tolerance for D. destructor and D. dipsaci infections. Reproduction factor
(RF) and relative susceptibility (RS) were used to evaluate resistance, Based on
Reproduction factor, sixteen varieties were assessed as susceptible (S) and five
were identified as resistant (R) to D. destructor. The varieties Innovator, Aveka and
Spunta were identified as resistant to Ditylenchus dipsaci. The highly susceptible one
for D. destructor and D. dipsaci in both experiments was Desiree and was used as the
standard susceptible control variety for the calculation of RS. An 1-9 scale was used
to assess and classify the potato varieties based on level of resistance to D. destructor
and D. dipsaci, where 9 indicated the highest level of resistance. Among the varieties
screened six had significantly lower relative susceptibility (RS) to D. dipsaci than
the standard susceptible control. Few varieties were also observed to be tolerant to
both the nematodes. The suitable indices for resistance and tolerance determination
were relative susceptibility (RS) and external potato tuber damage.

Nayak and Pandey [32], screened one hundred fifty brinjal varieties/cultivars
against root-knot nematode, only twenty varieties have shown resistant reaction with
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least gall index (1.1 to 2.0) viz., Gachhabaigan, Azadkranti, Kantabaigen, Athagara
Local, Kamaghara local, Solanum indicum, PBR 129-5, ARU-1, BB1-3, BB 45-C,
BB-49, KS-224, Utkal madhuri, BR-112, LB-13, LB-25, LB-28, LB-30, LB-44, LB-55.
Akhter and Khan [33], screened thirty brinjal varieties for their resistance/
susceptibility to root-knot nematode (Meloidogyne incognita race-1) infestation. Out
of 30 brinjal varieties, eighteen varieties viz., Black Beauty, Brinjal 1 hybrid, Brinjal
No.38, Chamak, Govinda, Green round, Nagina, Nav Kiran, Neel Kamal, Nishant,
P.K-123, Prabha Kiran, Prasad, Sukhda, Surya Kiran, i9Utkal, VNR-51 and VNR-60
were highly susceptible, seven varieties (Brinjal Advance, Brinjal BSS1013, Green
long, Harshit, Prapti, Shamli and Ujjwal) were susceptible, two varieties (Mahy
112 and Mahy Ruby) were tolerant, two varieties (Hybrid green and JK Kajal)
were moderately resistant and only one variety Mahy 80 was resistant against
Meloidogyne incognita race-1. Mahy 80 variety was ported to be resistant against
root-knot nematode, M. incognita race-1 for the first time.

10. Selection

Selection is an important method for breeding of varieties resistant to biotic
stresses. It is an important means of isolating or identifying sources of disease resis-
tance. Normally the sources of resistance are available in natural populations, wild
species, introductions and spontaneous mutants. In the earlier periods selection
was accomplished by sequestering the resistant survivors of natural epiphytot-
ics. Now a days advanced artificial epiphytotics are being created and selection
of resistant types are being done rather than escaped suscepts [34]. Selection of
resistant plants from a commercial variety is the cheapest and quickest method of
developing a resistant variety. IIHR Bangalore developed tomato varieties through
pureline selection viz., Arka Alok and Arka Ahuti which showing resistant against
bacterial wilt.

The production of garden pea is seriously limited by major diseases namely,
wilt, powdery mildew and rust. Fusarium species cause root rot (F. solani f.sp. pisi
and F. avenaceum) or wilt (F. oxysporum f.sp. pisi). Coyne et al. [35] developed three
breeding lines (W6 26,740, W6 26,743, W6 26,745) having high level of resistance
to Fusarium root rot caused by F. solani f.sp. pisi with acceptable agronomic traits.
In melons the genotypes A19, A32, A30, JAB-11, JAB-20,JAB-3, JAB-7, C384, C67,
JAB-9, JAB-18 were identified for powdery mildew resistance.

Pinheiro et al. [36] studied thirty seven pepper genotypes, Capsicum chinense,

C. annuum and C. frutescens, were characterized for resistance to three root-knot
nematode species (Meloidogyne javanica, M. incognita race 1 and M. enterolobii).
Three experiments were carried out, in 2013, 2014 and 2016, in a greenhouse.
Among the genotypes of Capsicum frutescens evaluated all were resistant or immune
to M. javanica and M. incognita race 1. In C. chinense six accessions were susceptible.
In the second experiment all genotypes of C. chinense and C. annuum, evaluated
were resistant to M. incognita. In the third experiment, with C. annuum genotypes,
most were susceptible to M. incognita race 1 while CNPH 30118 and CNPH 6144
were resistant to M. enterolobii, the most aggressive species. A greater degree of
resistance was observed in few accessions of C. chinense and C. frutescens.

11. Hybridization

The common method used for resistance breeding is hybridization. In this
the resistance is transferred by two means. In the first, by backcross method the
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resistance is transferred from a wild species or a variety with undesirable horti-
cultural attributes to a susceptible but otherwise a desirable variety. In pedigree
method the resistance is combined with some desirable characters of one variety
and superior characteristics of another variety.

Heterosis a complex biological phenomenon manifested in the superiority of
hybrids over parental forms due to the rate of development of one or more complex
traits. Heterosis values should be negative for getting tolerant hybrids through
heterosis breeding. As far as pest infestation is concerned a hybrid with least
incidence might be due to complementation of genes. With the genetic knowledge
available on insect resistance in vegetable crops it would be necessary to employ
hybridization to transfer single, multiple or additive genes into commercial varieties
in the advanced filial generations. The major achievement is expected through inter
specific hybridization. In order that fruit quality, yield and resistance to insect pest
may preferrably be incorporated in one genotype, it may possibly involve number
of parents to achieve desired results.

Inter-varietal and inter-specific crosses, followed by selection, have accounted
for the development of resistant hybrids. The production of inter-specific hybrids
is useful for the transfer of desirable genes from wild to cultivated species. The
Source, mechanism, biochemical and genetical basis of resistance in squash, musk-
melon, cucumber and watermelon were studied by several authors.

By utilizing interspecific breeding technique and recombination, borer-free
brinjal can be developed to protect the high yield and satisfy the preference of con-
sumers. The parental lines EP 65 and Pusa Uttam had recorded higher yield together
with lower fruit and shoot borer incidence. Both of them were found to be good
combiners for the above traits. So these parents can be involved in multiple crossing
programmes to transfer the resistant genes and to isolate desirable hybrids with high
yield and low fruit and shoot borer incidence.

Introgression breeding has been extensively used in the genetic improvement
of potato and tomato. In potato twelve traits have been introgressed from wild
species viz., S.demissum, S. spegazzinii, S. stoloniferum, S. chacoense, S. acaule, S.
vernei and in tomato from the wild species S. peruvianum, S. cheesmanii, S. pennellii
and S. chilense. In watermelon, the F ; (between resistant and susceptible) showed
pronounced resistance to fruit fly.

Kishaba et al. [37] studied resistance by using several melon aphid-susceptible
(MAS) recurrent parents from an initial cross of ‘PMR 45’ with P1 414,723. Fifteen
advanced melon breeding lines with different levels of melon aphid resistance
(MAR), their recurrent parents and P1 414,723 were compared in a naturally
infested field test for susceptibility to feeding damage by CB. None of the MAR
entries were more susceptible than their recurrent parents for fruit damage by CB.
P1 414,723 was found to have a low level of resistance to seedling damage, and a
high level of resistance to fruit damage from feeding by Cucumber beetle.

Hybridization was undertaken in brinjal with Solanum viarum to combine the
resistance trait with high yield. The derivatives of the inter specific cross of Solanum
melangena and Solanum viarum EP 65 (accession of Solanum melangena) x Solanum
viarum were assessed till F9 generation. As a result two recombinant progenies viz.,
7 and 9 were chosen and carried to the next generation as they had recorded high
marketable yield and least infestation of shoot and fruit borer. Molecular confirma-
tion with RAPD primers was done which depicted the introgression of the genes
from donor parent Solanum viarum to b