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Chapter 1
Breeding Major Oilseed Crops: Prospects 
and Future Research Needs

A. L. Rathnakumar and M. Sujatha

Abstract Oils obtained from plants have been used primarily for edible purposes 
and to a greater level in industries. Edible plant oils (EPOs) are extracted mainly 
from 11 plant sources: 2 are of tree origin, namely, oil palm and coconut; 9 are from 
annuals like soybean, groundnut, rapeseed-mustard, sunflower, safflower, sesame, 
cotton seed, and maize and rice (bran); and 2 crops, castor and linseed, are exclu-
sively used for industrial purposes. Although several other sources of oils are also 
available, their production and use are limited to specific regions. The major objec-
tives in oilseed crop improvement are enhancement of seed and oil yield, quality of 
oil for edible and industrial purposes, and development of varieties to suit different 
cropping systems having inbuilt resistance or tolerance to major biotic and abiotic 
stresses. Achievements in varietal breeding programs of nine annual oil crops and 
future research needs have been discussed. This chapter also summarizes develop-
ments in genomics and other biotechnological tools in seven edible oil crops, 
namely, Brassica, soybean, groundnut, sunflower, sesame, niger, and safflower, and 
in two industrial crops, viz., castor and linseed, with special emphasis on the pros-
pects of molecular markers in genetic improvement of these crops. Molecular mark-
ers reported for genetic diversity assessment and mapping and tagging genes/QTLs 
for different oil quality traits and their use in marker-assisted selection have also 
been presented.

Keywords Molecular marker-assisted selection · Genetic resources · Oil quality · 
Trait breeding · Metabolic engineering

1.1  Introduction

Oils of plant origin have been used since ancient times and have been used in many 
ways. Predominantly, oils are used for edible purposes. Oils are also used in medi-
cines and pharmaceuticals, industries, biodiesel, and pet foods and as components 
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of many other products. During the last three decades, the oil crop production in the 
world has increased to 240%, while the increase in area and in yield was to the tune 
of 82% and 48%, respectively (El-Hamidi and Zaher 2018). Over the last few 
decades, the adoption of these crops has been growing up significantly, cultivated in 
about  324 million hectares in 2019 worldwide (www.FAOSTAT.org). The prime 
reason for this phenomenal growth is seed oils are not only a demand for various 
industries and also for the possibility to use their subproducts (metabolites) in bio-
fuel development (Yadava et al. 2012).

Oilseed crops are very diverse in the plant kingdom and belong to several fami-
lies, and oils are extracted mainly from their seeds, germs, and/or fruits. About 13 
each of herbaceous and woody crops are reported to be important sources of oil 
(Zhou et al. 2020), but 10 herbaceous and 2 woody (coconut, oil palm) sources are 
considered important on the basis of their global production and use. Among the 
different oil-yielding crops, soybean (Glycine max L.  Merr.), rapeseed/canola 
(Brassica rapa L. var. yellow sarson/brown sarson/toria; Brassica napus L.ssp. ole-
ifera DC var. annua L.; Eruca sativa Mill.), mustard (Brassica juncea (L.) Czern. & 
Coss; Brassica nigra L. Koch; Brassica carinata A. Braun), palm (Elaeis guineen-
sis Jacq.), sunflower (Helianthus annuus L.), cottonseed (Gossypium hirsutum L.), 
peanut or groundnut (Arachis hypogaea L.), sesame (Sesamum indicum L.), niger 
(Guizotia abyssinica (Lf). Cass.), and camelina (Camelina sativa (L.) Crantz) are 
commonly used oils, while castor bean (Ricinus communis L.), Jatropha (Jatropha 
curcas L.), tung tree (Aleurites fordii Hemsl.), jojoba (Simmondsia chinensis (Link) 
C. K. Schneid.), Sachainchi (Plukenetia volubilis L.), and others are used for indus-
trial purposes. Although linseed or flax (Linum usitatissimum L.) oil is predomi-
nantly used for industrial applications such as oil paint, linoleum, and varnishes, in 
few pockets seeds of linseed and oil are used for edible purpose. Details of distribu-
tion, oil content, and fatty acid composition of important oil crops, chromosome 
number, genome size, and genomic resources of major oil crops have been provided 
(Table 1.1).

Analyses of the data of the past three decades on area, production, and productiv-
ity (www.FAOSTAT.org) of the eight annual oil crops (soybean, rapeseed-mustard, 
groundnut, sunflower, sesame, safflower, and linseed) except for niger revealed 
(Fig. 1.1) that soybean exhibited a phenomenal growth in area over the past three 
decades from 54.9 million ha in 1991 to more than its double (125.85 million ha) in 
2017; production tripled from 102.8 million tons during the year 1991 to 359.5 mil-
lion tons during 2017. The yield levels of soybean gradually increased from 1873 kg/
ha in 1991 to 2857 kg/ha in 2017 with a coefficient of variation of just 11% indicat-
ing a slow and steady growth in yield.

In rapeseed-mustard, area, production, and yield witnessed a steady growth. 
Area increased from 17.6 million ha (1990) to 36.9 million ha (2018) with an aver-
age of 28.2 million ha over the three decades. Production varied from 24.4 million 
tons (1990) to as high as 76.6 million tons (2017), whereas the productivity ranged 
from 1308 kg/ha (1994) to 2142 kg/ha (2017).

Same is the trend for groundnut which exhibited a steady growth in area from 19. 
8 million ha (1990) to 29.7 million ha (2018) with an average of 24.3 million ha 
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over the three decades; production increases from 23.0 million tons (1990) to 50.8 
million tons (2018); and yields dwindled from 1151  kg  ha in the year 1991 to 
1722 kg in 2013 and 1713 kg per ha in 2018. The coefficients of variation for both 
area and yield over the three decades remained very low (11%) indicating a slow 
growth both in area and yields especially in India and Africa.

Sunflower area was not dramatic during the last three decades, and it varied from 
17.03 million ha (1990) to 26.80 million ha (2017). Production dwindled between 
from 20.02 million tons in 1993 to 51.90 million tons in 2018. The yield levels var-
ied from 1066 kg/ha in 1993 to 1937 kg/ha in 2018.

Sesame area increase was just lower than double its value over 1990, i.e., from 
6.13 million ha in 1990 to 11.8 million ha in 2018 despite the demand. Rise in pro-
duction was from 2.2 million tons during 1991 to 5.9 million tons in 2018, and the 
increase is mainly registered through increase in area. However, the yield levels 
ranged from 348 kg/ha in 1990 and reached an all-time high of 633 kg/ha in 2013 
and dropped down further to 502 kg/ha in 2018. The increase in yields of sesame 
over three decades is only 30%.

However, in case of both safflower and linseed, there was a steep decline in area. 
Safflower area was 1.2 million ha in 1990 and reduced to 0.65 million ha in 2018; 
production also exhibited a decreasing trend (0.84 million tons in 1990 to 0.61 mil-
lion tons in 2018), but productivity showed a slight increase (from 690 kg in 1990 
to 929 kg in 2018) of about 390 kg/ha over the last three decades. Meanwhile, lin-
seed area declined from 4.4 million ha in 1990 to 3.2 million ha in 2018, but produc-
tion and yield showed a marginal increase (production: 2.9 million tons in 1990 to 
3.1 million tons in 2018; productivity: 658 kg/ha in 1990 to 944 kg/ha in 2018).

Over three decades, average castor area remained at about 1.41 million ha 
although the area reached an all-time high of 17.4 million ha in the year 2012. 
Castor productivity witnessed a gradual increase from 800 kg/ha to 1300 kg/ha, the 
lowest yield being 781 kg/ha in the year 2000 to as high as 1452 kg/ha in the year 
2018. Year-to-year and regional variations were not uncommon for area, produc-
tion, and productivity in all the oilseed crops.

During the last triennium (2016–2019), the extraction of oils from the major 
sources around the world was 66.18 million tons of palm oil, 7.17 million tons of 
palm kernel oil, 55.05 million tons of soybean oil, and 24.40 million tons of rape-
seed oil. Together these four oils contributed to 88% of total edible oil production of 
the world. The rest are groundnut or peanut oil (5.59 million tons), cotton seed oil 
(4.37 million tons), olive oil (3.39 million tons), maize oil (3.15 million tons), coco-
nut oil (3.07million tons), rice bran oil (1.60million tons), sesame oil (1.10 million 
tons), linseed oil (0.76 million tons), and safflower oil (0.09 million tons) (www.
FAOSTAT.org).

1 Breeding Major Oilseed Crops: Prospects and Future Research Needs
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1.2  Genetic Resources and International Institutions

Availability of diverse germplasm with heritable variations is very important for 
continued success in any breeding program. Most of the oil crops currently grown 
across the globe are spread far away from their primary centers of origin and resulted 
in adaptation to specific environments/regions where they are being presently culti-
vated leading to narrow genetic base in these crop species (Jones 1983; Wang et al. 
2017). Therefore, the oil crop germplasm of any country would comprise only few 
accessions from the origin, primary and secondary centers of diversity and more of 
breeding materials and cultivars developed using these sources, thus further reduc-
ing the genetic variation that could be exploited in crop improvement programs.

There are now (by 2019) more than 1750 individual gene banks worldwide, 
holding a total of around 7.4 million accessions of germplasm, in which about 130 
of them hold more than 10,000 accessions each (www.CGIAR.org; https://www.
cgiar.org/news- vents/news/guardians- of- diversity- the- network- of- genebanks- helping- 
 to- feed- the- world).

Genebanks are located in all continents, but these are relatively fewer in Africa 
compared with the rest of the world. Substantial ex situ collections in botanical 
gardens (2500 around the world) of various plant species are also being maintained. 
The data of 290 gene banks of different countries, regions, and CGIAR centers 
indicate that among the different crop species conserved ex situ, oil crops constitute 
only 3% (FAO 2010), clearly indicating the priority for the oil crop genetic resources 
in terms of collection, multiplication, evaluation, and conservation has been very 
low globally. Moreover, these crops have gained economic importance only a cou-
ple of decades before, and few of them as secondary sources of oil (rice bran, corn, 
cotton seed oils) are being exploited only of late. Among the oil crops, only in 
groundnut and soybean over 15,000 accessions each are currently being maintained 
by two centers, viz., ICRISAT Asia Centre, Patancheru, India, and SINGER 
(System-wide Information Network for Genetic Resources) network, respectively. 
Among the 15,000 groundnut accessions maintained at ICRISAT, only 453 are wild 
forms and the rest are cultivated forms which exhibit limited morphological vari-
ability except for their growth forms (Dwivedi et al. 2007). In case of soybean, most 
of the accessions maintained by SINGER network are vegetable types. The European 
Plant Genetic Resources gene banks, the largest network of gene banks numbering 
441 (43 national inventories and 398 individual holding institutions), the total num-
ber of accessions maintained in the two major oil crops of Europe was only 4879 in 
case of oil rape and 4444 in case of sunflower against a total collection of 20.19 
million accessions of ten important crop species (Vollmann and Rajcan 2009; 
ECPGR 2019). Notwithstanding these facts, the conservative estimates of FAO 
indicate that out of about 7.4 million accessions which are currently being main-
tained in different countries, between 25 and 30 percent of the total holdings 
(1.9–2.2 million accessions) are only distinct, and the rest are duplicates held either 
in the same or, more frequently, a different collection (Jaramillo and Baena 2002). 
Hence, there is an urgent need to augment and enhance the collection of the valuable 
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genetic resources and evaluate for specific/target traits, and incorporating them in 
breeding programs remains the foremost activity in genetic enhancement of the 
oil crops.

1.2.1  Gene Pools

Harlan and de Wet (1971) proposed a three-gene pool concept, primary (GP-1), 
secondary (GP-2), and tertiary (GP-3), for effective utilization of germplasm 
resources in crop improvement programs. Genetic resources are identified or devel-
oped through multidisciplinary approaches by plant exploration, taxonomy, genet-
ics, cytogenetics, plant breeding, microbiology, plant pathology, entomology, 
agronomy, physiology, wide hybridization, and molecular biology, including cell 
and tissue culture, DNA analyses, and genetic transformation. These efforts have 
produced superior oilseed cultivars with resistance to abiotic and biotic stresses and 
improved oil quality and quantity. The concept of primary, secondary, and tertiary 
gene pools and genetic transformation has played a key role in improving oil-
seed crops.

1.2.2  Primary Gene Pool

The primary gene pool (GP-1), consisting of landraces and biological species, has 
been identified for most of the oilseed crop species. Wild progenitors of cultivated 
oilseed crops are identified, postulated, and proposed based on geographical distri-
bution, classical taxonomy, cytogenetics, and molecular methods. For example, the 
GP-1 for soybean (2n = 40) is only its wild annual progenitor Glycine soja Sieb. and 
Zucc. (2n = 40) (Chung and Singh 2008). Castor belongs to the monotypic genus 
Ricinus of the Euphorbiaceae. Although several authors have classified R. commu-
nis into different species and subspecies on the basis of morphological traits and 
geographical distribution, none of them are accepted as true species or subspecies 
and they represent merely the local types or ecotypes adapted to different environ-
mental conditions or human selection (Weiss 2000). For rapeseed, six species 
depicted in the famous U triangle, viz., Brassica carinata (Ethiopian mustard; 
2n  =  34), Brassica juncea (Indian mustard, brown mustard; 2n  =  36), Brassica 
napus ssp. napus (oilseed rape, fodder rape: 2n = 38), B. napus ssp. napobrassica 
(Swede; 2n = 38), and B. napus ssp. napus var. pabularia (leaf rape, kale; 2n = 38), 
constitute the primary gene pool (Morinaga 1934; U., N 1935). Groundnut is an 
allotetraploid species (2n = 4x = 40) that evolved from natural doubling of a cross 
between two diploid progenitors (A. duranensis Krapov. and W.C.  Gregory and 
A. ipaënsis Krapov. and W.C. Gregory) (Bertioli et al. 2016; Stalker 2017; Levinson 
et al. 2020). Four Arachis gene pools contain 80 species, distributed among 9 sec-
tions, and are native to 5 countries of South America. The primary gene pool 
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consists of landraces and traditional cultivars of groundnut from primary and sec-
ondary centers of genetic diversity in South America and other groundnut-growing 
countries, and one tetraploid wild species A. monticola found in northwest Argentina 
has crossability success with A. hypogaea producing normal segregants (Singh and 
Simpson 1994; Singh and Nigam 2016).

The genus Helianthus comprises 53 species within the tribe Heliantheae of the 
family Asteraceae, and the cultivated sunflower (Helianthus annuus var. macrocar-
pus) has been derived from a widely branched annual plant with many flower heads 
otherwise called the common sunflower (H.annuus var. annuus) (Heiser Jr. 1955). 
The primary gene pool of the sunflower consists of both cultivated and wild variet-
ies of Helianthus annuus, as well as winter’s sunflower (Helianthus winteri 
J.C. Stebbins), a perennial species found in the southern Sierra Nevada foothills of 
California.

Wild species of sesame vary in their habitat, morphological features, and ploidy 
levels, the latter of which is represented by three chromosome groups: 26, 32, and 
64 (Joshi 1961). The progenitor species of cultivated sesame are unknown as no 
wild species except for S. malabaricum, which produces fertile hybrids with S. indi-
cum, are known (Weiss 2000). These two species form the primary gene pool 
of sesame.

The genus Carthamus consists of 25 species, distributed worldwide. Among the 
25 safflower species, the cultivated safflower grown around the world is only 
Carthamus tinctorius L., containing 12 pairs of chromosomes (Patel and Narayana 
1935; Richharia and Kotval 1940). Based upon the chromosome numbers, the genus 
was categorized into four sections, and the three closely related annual species 
C. tinctorius, C. palaestinus, and C. oxyacantha together with cultivated types shar-
ing the same chromosome number (2n = 24) are placed in section I. Among these 
three species, C. oxyacantha is proposed to be the wild ancestor of cultivated saf-
flower (Bamber 1916; Ashri and Knowles 1960). Recent DNA sequence-based 
analyses in four species of safflower revealed that the progenitor species of saf-
flower is most likely C. palaestinus which is a self-compatible species native to 
southern Israel to western Iraq (Chapman and Burke 2007a, b).

Chromosome pairing indicated that cultivated niger, Guizotia abyssinica and 
G. scabra subsp. schimperi, are morphologically very similar, both annuals, and are 
attacked by the same pests and diseases. Both species have 2n = 30 chromosomes 
with a similar karyotype. The hybrid between G. abyssinica and G. scabra subsp. 
schimperi is fertile and forms 15 bivalents in 95% of the pollen mother cells indicat-
ing that G. scabra subsp. schimperi are the probable progenitor species of niger 
(Murthy et al. 1993). In both safflower and niger, cytomorphological and molecular 
phylogeny analyses will throw more light for exploitation of diversity and genetic 
enhancement in these crop species.

The flax or linseed genus, Linum, is a large group with ∼230 species (Heywood 
1993). The genus is divided into five sections, Linum, Linastrum, Cathartolinum, 
Dasylinum, and Syllinum, based on chromosome number, floral morphology, and 
interspecific compatibility (Gill 1987). Cultivated flax, L. usitatissimum, is placed 
in the section Linum and has 30 diploid chromosomes (Tammes 1928). The other 
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species, L. angustifolium, also known as pale flax, is closely related to flax, found 
mainly in Mediterranean Sea, Iran, and the Canary Islands, and has a similarity to 
cultivated flax (Diederichsen and Hammer 1995). Both cultivated and pale flax are 
homostylous, inbreeding species and share similarity in chromosome number (Gill 
1987; Tammes 1925). The genetically similar behavior of L. angustifolium and 
L. usitatissimum and the ease of hybridization with each other in any direction (male 
or female) resulting in infertile hybrids (Gill 1966) suggest that L. angustifolium is 
the wild progenitor of flax (Dillman and Goar 1937) and thus form the primary gene 
pool of flax.

1.2.3  Secondary, Tertiary, and Quaternary Gene Pools

The secondary gene pool (GP-2) includes all species that can be hybridized with 
GP-1 with at least some fertility in F1s resulting in gene transfer (Harlan and de Wet 
1971). Glycine max and castor (R. communis) do not have GP-2. The GP-2 for 
Brassica oilseeds includes B.nigra, B.oleracea (includes crop varieties, 
B.alboglabra, B. bourgeaui, B.cretica, B.hilarionis, B.incana, B.insularis, B. mac-
rocarpa, B.montana, B.rupestris, B.villosa and B.rapa (includes wild and cultivated 
varieties). In case of groundnut, the secondary gene pool consists of diploid species 
from section Arachis which are cross-compatible with cultivated groundnut and 
produce sterile to partially fertile hybrids despite ploidy differences (Singh and 
Simpson 1994; Singh and Nigam 2016). Two sesame species namely, S. alatum and 
S. prostratum, have been placed under gene pool-2 due to barriers in hybridization 
with S. indicum (Raghavan and Krishnamurthy 1947; Rajeswari and Ramaswamy 
2004) although in few reports no seed set has been observed for S. alatum during 
hybridization (Lee et al. 1991;Rajeswari and Ramaswamy 2004).

The tertiary gene pool of soybean comprises 26 wild perennial species of the 
subgenus Glycine. These species are indigenous to Australia and are geographically 
isolated from G. max and G. soja (Newell and Hymowitz 1983; Singh 2019). 
Species that belong to the sections Procumbentes, Erectoides, and Rhizomatosae 
which are partially cross-compatible with species of section Arachis and A. hypo-
gaea are grouped under tertiary gene pool in groundnut. The rest of the species of 
five sections (Caulorhizae, Heteranthae, Extranervosae, Triseminatae, 
Trierectoides) of groundnut that are cross-incompatible or very weakly cross- 
compatible to species of section Arachis, form the quaternary gene pool. The gene 
flow among different gene pools and between different sections and within tertiary 
and quaternary gene pools is generally limited (Gregory and Gregory 1979; Singh 
and Nigam 2016). One species of sesame, namely, S. radiatum, is placed in gene 
pool-3 of sesame due to lack of capsule formation, no seed set, and use of embryo 
rescue methods (Singh et al. 2016) upon hybridization.
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1.2.4  Utilization of Genetic Resources in Oil Crops

Despite availability of vast germplasm resources in the oil crops, the genetic base of 
different cultivars developed in each of these crops is very narrow (Hyten et  al. 
2016; Holbrook et al. 2014; Wang et al. 2017; Khedikar et al. 2020). For example, 
in soybean, it has been reported that for northern and southern North America 
breeding pools, there were only 19 ancestors with 17 of them common to both 
regions of the USA. The 19 ancestors contributed to 85% of the genes to each region 
(Gizlice et al. 1994; Hyten et al. 2016; Cober et al. 2009). The same is true for oil-
seed rape as well, and the major reason can be attributed to geographical constraints, 
selection bottle necks during origin of species, and subsequent domestication. More 
specifically, the modern canola varieties with zero erucic acid and low glucosinolate 
originate from only two varieties: “Liho” and “Bronowski” (Hasan et  al. 2006; 
Friedt and Snowdon 2009). Of the canola varieties released in Australia from 1995 
to 2002, 11 ancestral varieties contributed 98.7% of the pedigree composition, and 
2 ancestors (Canadian low erucic spring variety “Zephyr” and Polish low glucosino-
late spring variety “Bronowski”) were present in the pedigrees of every variety 
(Cowling 2007).

In groundnut, although large number of accessions have been evaluated for desir-
able traits either at USDA or ICRISAT, relatively few accessions only have been 
utilized in breeding programs for cultivar development in the USA and ICRISAT 
(Isleib et al. 2001; Dwivedi et al. 2007) leading to narrow genetic base of the culti-
vars. In spite of the large number of cultivars available to growers, the US groundnut 
crop has been characterized as being genetically vulnerable to diseases and insect 
pests (Hammons 1972; Hammons 1976; Knauft and Gorbet 1989). This has been 
due to the commercial success of specific cultivars grown in particular production 
areas. For example, in  the three major production regions of North America, the 
runner-type cultivar ‘Florunner’ dominated the southeastern US. (Georgia, Florida, 
and Alabama which produces approximately 65 percent of all USA-grown ground-
nut) from 1972 to 1993 and in the Virginia-Carolina (VC) production area (which 
accounts for nearly 13 percent of all USA-grown groundnut),the most dominant 
cultivar over 40 years in the VC areawas ‘Florigiant’. Even in India, a single variety, 
“GG 20” (released and notified in 1992), developed by Gujarat State Agricultural 
University is grown in almost 60–70% of area (about 1.2 million ha) under ground-
nut in the state and has become popular in other states as well. The narrow genetic 
base of cultivars in castor and coconut owing to their monotypic species nature is 
also an impediment for further genetic improvement in these crops.

One of the ways that plant breeders can increase the genetic diversity of a crop is 
to incorporate diverse germplasm into the breeding populations from which thou-
sands of accessions and cultivars can be derived. Besides the variability available in 
primary gene pool of different oil crop species, introgression of useful genes from 
wild species into the cultivated species has attracted the oil crop breeders because of 
their resistance to diseases and insect pests for which the genetic variation in pri-
mary gene pool is limited. The most accessible variability of primary and secondary 
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gene pools has been successfully utilized in few crop species like soybean and 
groundnut. Further success in introgression of the novel genes like resistance to 
major insect pests and diseases and drought and cold and heat tolerance into the 
cultivated background has been limited due to poor understanding of genome rela-
tionships, cross-incompatibility, and nonavailability of true progenitor species. The 
exploitation of tertiary and quaternary gene pools awaits advancement in the bio-
technological techniques/interventions and policy decision with regard to release of 
transgenic varieties and genome edited lines at global level (Singh and Nigam 2016).

1.3  Mode of Pollination and Breeding Behavior in Oil Crops

Many of the edible oil crops exhibit a wide range of pollination mode/mechanism(s) 
like self- and cross-fertilization, self-incompatibility, etc. notably seed cotton, coco-
nut, sunflower, rapeseed, and niger. Sunflowers have one of the two pollination sys-
tems; in most oil-producing cultivars, the flower switches between the male and 
female phases, whereas in hybrid production, specifically bred male and female 
lines are planted within the same field. Both benefit from insect visitation to opti-
mize pollen transfer to female plants (Free 1993). Rapeseed and canola are highly 
self-compatible and readily set pods with wind and self- pollination; further, their 
high nectar concentration makes them attractive to insects which can increase pol-
len transfer and increase the total yield by 20% (Bommarco et al. 2012; FAO 2018). 
In seed cotton, biotic pollination resulted in a 20% increase in seed weight and a 
16% increase in lint production (Rhodes 2002; Potts et al. 2014).

Some edible oil crops gain very little benefit from pollination, such as soybean, 
groundnut, and linseed (Williams 1991; Palmer et al. 2001a, b), whereas olive is 
entirely wind pollinated (Klein et al. 2007). Safflower and sesame are basically self- 
pollinated but certain degree of cross-pollination does occur in sesame (Ashri and 
Knowles 1960; Andrade et al. 2014) due to bee activities, while bees, butterflies, 
and other flies aid in cross-pollination in safflower.

In oil palm, male and female inflorescences are borne in the same tree separated 
by time and space. Cross-pollination through the weevil, Elaeidobius kamerunicus 
Faust (Curculionidae), is predominant (Syed et al. 1982; Abrol and Shankar 2012). 
Coconut is monoecious with protandrous staminate flowers, and hence, it is highly 
cross-pollinated aided by bees.

Although the breeding systems of the oilseed crops together with inheritance of 
the targeted trait(s) primarily decide the breeding method to be adopted, it has been 
observed that in self-fertilized oil seed crops like soybean, groundnut, and flax, 
yield improvement per se remains restricted in comparison with the cross-fertilized 
oil crops. 
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1.4  Major Goals of Oil Crop Breeding, Achievements 
and Strategies

Different breeding methodologies have been adopted in oil crops depending upon 
their breeding systems. Pollination mode in oilseed crops ranges from highly self- 
pollinated (soybean, groundnut, linseed) to often cross-pollinated (cotton, sun-
flower, safflower, Brassica, sesame, coconut) plants. Hybrid sunflower, safflower, 
and rapeseed are also produced using cytoplasmic male sterility. Conventional 
breeding methods (selection, pedigree, bulk, backcross, single-seed descent) have 
produced oilseed crops with high seed yield, oil content, and quality coupled with 
resistance or tolerance to major biotic and abiotic stresses. As it would be beyond 
the scope of this chapter to discuss the genetic enhancement accomplished in each 
of these traits, the discussions will be restricted to improvement made in seed yield, 
oil content, seed oil quality, and anti-nutritional factors.

1.4.1  High Seed Yield

To improve productivity of any crop plant, it is essential to increase seed yields. 
However, the agricultural area worldwide has been flat for over 40  years (FAO 
2017). Therefore, improving seed yield per plant has become increasingly impor-
tant. Since increasing seed yield is one of the major issues in plant science, effective 
strategies for increasing yield have been explored by many oil crop breeders.

Soybean began its transition from a forage crop to a valuable source of protein 
and oil with the establishment of the US Regional Soybean Industrial Products Lab 
at Urbana in 1936. Breeding soybean largely remained with the public sector breed-
ers until the passage of the Plant Variety Protection Act (PVP) in 1970. Government 
protection of intellectual property in the form of cultivars encouraged private indus-
try to heavily invest in soybean breeding, and today the bulk of research is con-
ducted by industry rather than public institutions. However, public sector breeders 
still play an important role in soybean breeding and release of improved cultivars.

The main reason for the slow phase of increase in soybean yield is mainly due to 
stagnation in productivity in Asian continent mainly comprising China (remained at 
1.8 tons/ha) and India (remained at 1.1 tons/ha). In India, production of soybean is 
confined to the states of Maharashtra and Madhya Pradesh which contribute 89% of 
the total production, while Rajasthan, Andhra Pradesh, Karnataka, Chhattisgarh, 
and Gujarat contribute the remaining 11% production, mostly grown as a rainfed 
crop. Soybean is highly sensitive to environment, most importantly to moisture 
stress, thus restricting the productivity in these regions.

Soybean yield potential has been increased by increasing the number of pods per 
plant, which has been achieved by increasing the number of nodes per plant while 
decreasing internode length to prevent lodging due to excessive height. In addition, 
number of seeds per plant and seed weight also contributed to yield improvement 

A. L. Rathnakumar and M. Sujatha



15

(Sharma et al. 2016; Xu et al. 2020). Large number of cultivars in China (651), the 
USA (258), Brazil (69), and India (107) have been developed and released for 
cultivation.

In an effort to discover the genetic variability for seed yield in soybean, a genome 
wide association study (GWAS) was performed on 451 diverse lines from the USDA 
core collection for height, internode length, and the number of nodes. The QTL 
signifying Dt1 was found correlating to height and number of nodes, but no signifi-
cant QTLs for internode length were uncovered. This suggests that genomic selec-
tion for variation in  plant height is feasible (Moreira et  al. 2019). Further 
improvement should come from identification of traits associated with yield, under-
standing the genetic mechanisms underlying their inheritance in addition to devel-
oping photo-thermo-insensitive cultivars and other stress-tolerant cultivars.

Genetic improvement of seed yield of rapeseed and mustard in the Indian sub-
continent is the primary breeding objective, while in western world breeding for 
quality assumed priority. In case of Europe and Canada, breeding for oil for human 
consumption and oil cake (meal) quality for animal nutrition received the top prior-
ity than the other countries (Gupta 2012). In case of winter oilseed rape, the increase 
in cultivated area is responsible for only a 20% rise in global crop biomass produc-
tion, whereas the intensification of the production process, mainly through breed-
ing, accounts for the remaining 80% increase in seed yield (Swiecicki et al. 2011). 
The morphological traits responsible for superior performance of oilseed rape can 
be considerably modified by breeders. Intensive breeding efforts conducted in the 
1960s have contributed to the economic significance of this species (low levels of 
erucic acid and glucosinolates). The yield limiting factors identified were number of 
siliques per unit area, number of seeds per silique, and the 1000-seed weight 
(Diepenbrock 2000) which can form a suitable selection criterion for increasing 
seed yield. Dry matter accumulation at rosette stage and leaf area index (LAI) have 
also been reported to be associated with seed yield (Olsson 1990). Hybrid breeding 
by exploiting the heterosis through the two sources, viz., male sterility Lembke of 
Germany (MSL; genic male sterile system) in B. napus and Ogura CMS system of 
France from radish, should further help in increasing seed yields of oil rapeseed.

In India, rapeseed-mustard is the second most important source of edible oil. 
Under the umbrella of All India Coordinated Research Project on Rapeseed Mustard 
(AICRP-RM), a total of 248 varieties of rapeseed-mustard have been released till 
2018, and out of them, 185 varieties released and notified comprise of Indian mus-
tard, 113; toria, 25; yellow sarson, 17; gobhi sarson, 11; brown sarson, 5; karan rai, 
5; taramira, 8; and black mustard, 1. These include six hybrids and varieties having 
tolerance to biotic (white rust, Alternaria blight, powdery mildew) and abiotic 
stresses (salinity, high temperature) and quality traits and have been recommended 
for specific growing conditions. In 2019, three more hybrids, “Kesari Gold 
(31J3403),” “Kesari 5111 (PCJ03-401),” and one private sector’s hybrid “Bayer 
Mustard 5222 (Pro 5222),” have also been released and notified for cultivation in 
India. However, lack of stable fertility restorers for different male sterile systems 
has hampered the exploitation of these CMS systems for producing commercial 
hybrid seed.
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Groundnut being largely a rain-dependent crop, wide variations in production 
and productivity, across and within the regions/countries around the world, are quite 
frequent. The crop is grown in two distinct production systems – low- and high- 
input production systems. Low-input production system, predominant in Asia and 
Africa, is characterized by rainfed cultivation and, with little inputs, manual labor 
and low yields (700–1000 kg/ha). However, in high-input production system cou-
pled with mechanization, as prevalent in the USA, Australia, Argentina, Brazil, 
China, and South Africa, the groundnut yields are as high as 2.0–4.0 tons/ha. High 
pod and seed yields are the ultimate goals of a groundnut breeder. In kharif, yield 
levels up to 3.0 tons/ha and in rabi-summer up to 9.0 tons/ha have been reported 
under farm conditions in specific locations even in India (Rathnakumar et al. 2015). 
However, the average yields in India hover around 1.0 to 1.5 tons/ha depending on 
rainfall (quantum and distribution) in kharif and during rabi-summer,1.5 to 2.0 tons/
ha. Thus, there exists a wide gap between the potential and realized yields. In addi-
tion, few biotic factors reduce yield of groundnut in kharif season. Therefore, any 
further increase in yield of kharif groundnut should be possible by developing 
stress-tolerant varieties which respond to low inputs. For rabi-summer cultivation, 
the varieties should respond to high nutrient and management conditions with high 
water use efficiency as the crop is raised totally under irrigated conditions.

The important yield components of groundnut are pod number, seed mass 
(weight of 100 kernels), and shelling outturn. However, it appears that yield 
improvement in most groundnut-growing states in India was brought about through 
a progressive improvement in pod size of the new varieties (Reddy 1988) and num-
ber of pods, size of pods, and seed size (Nigam et al. 1991; Janila et al. 2013, 2016). 
However, shelling outturn could not be improved substantially in the modern-day 
cultivars which ranges from 68% to 70% (Rathnakumar et al. 2010). For example, 
the pod weight increased from 68 g in PG-1 (1953) to 100 g in c-501 (1961), to 
120 g in M-13 (1972), and to 119 g in M-37 (1982) in Punjab; from 76 g in RS-1 
(1953) to 103g in RSB-87 (1961) in Rajasthan; from 80 g in T-28 (1960) to 118 g in 
Chandra (1977) in Uttar Pradesh; from 72 g in AK-12-24 (1940) to 75 g in SB-XI 
(1965), to 119 g in JL-24 (1978), to 120 g in TG-17 (1982), and to 127g in UF-70-103 
(1984) in Maharashtra; from 52 g in Kadiri-71-1 (1971) to 91 g in Kadiri-2 (1978) 
and Kadiri-3  in Andhra Pradesh; from 77 g in s 206 (1969) to 88 g in Dh-3-30 
(1975) in Karnataka; and from 76 g in TMV-2 (1940) to 91 g in TMV-7 (1967) and 
92 g in TMV-9 (1970) in Tamil Nadu (Reddy 1988).

Over the years, 220 public bred varieties have been released as of 2020 in India, 
and in these varieties the yield improvement has also been achieved through pro-
gressive increase in seed size. For example, during 1940–1950, the varieties had 
small seeds in the range of 29.4 g/100 seeds (AK-12-24) to 36.6 g/100 seeds (TMV 
3 and TMV 4). However, after four decades, the average seed size of the varieties 
was medium (44.8 g/100 seeds) with a range of 27 g/100 seeds (Pragathi) to 90 g/100 
seeds (B-95). During the previous decade (2001–2010), the average seed size of the 
varieties remained medium (47.9 g/100 seeds) (Rathnakumar et al. 2013).

Further improvement in this crop can be achieved through inter subspecific 
crosses between Virginia types with more fruiting nodes, and large seeds with 
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Spanish bunch types with early maturity may simultaneously increase the number 
of pods and seed mass. Most of the high yielding groundnut varieties released glob-
ally have resulted from the higher harvest index brought about by reduction in the 
total biomass. Breeding for high biomass coupled with high harvest index can be 
one of the strategies to further increase yield in many groundnut-growing countries.

Sunflower was used by the American Indians around 3000  BC.  The native 
Americans were the first “sunflower breeders” to improve and select types that var-
ied widely for length of growing season, degree of branching, and the size and color 
of achenes. Later it was introduced into Europe during the sixteenth century, gradu-
ally spreading to Russia where it became widely recognized as an oilseed crop. 
Breeding and selection to improve sunflower at experimental stations was initiated 
in Russia as early as 1910 in Kharkov station and at Kruglik and Saratov stations in 
1912 and 1913, respectively. Major objectives in sunflower breeding include 
improved seed yield, early maturity, shorter plant height, uniformity of plant type, 
and resistance to major diseases and insect pests. The introduction of hybrid culti-
vars exploiting the heterosis created a major breakthrough in increasing the seed 
yield of sunflower by around 25% across different growing regions (Fernández- 
Martínez et al. 2009). Further significant improvement in grain yield has not been 
reported on a large scale before or after this point (Lopez Pereira et  al. 2008). 
However, several studies have identified specific traits associated with seed yield 
improvement in sunflower, namely, head size and number of seeds per head, seed 
weight (Miller et al. 1982; Connor and Hall 1997), and indirect and adaptive traits 
like improving the combining ability of parental lines, shorter plant stature in areas 
associated with lodging risk (Schneiter 1992), high degree of fertility in regions 
with limited or nil pollinator populations (Miller et al. 1992), or pronounced head 
inclination in high temperature and intense sunlight or high risk of bird predation 
areas (Hanzel 1992; Linz and Hanzel 2015) and disease resistance in case of hybrid 
sunflowers. However, almost all the sunflower hybrids currently cultivated are 
derived from a single CMS source, i.e., H. petiolaris (PET1), and hence, diversifica-
tion of CMS sources and fertility restorers under agronomically superior genetic 
backgrounds will further enhance yields.

Although almost all the oil crops are grown under marginal and submarginal 
lands having poor soil fertility in developing nations including India, sesame, niger, 
and safflower are almost neglected crops grown purely under rainfed conditions and 
under input starved conditions. In case of sesame, seed yield failed to show any 
marked increase for over five to six decades across the world, although sesame oil 
is used largely in Asia and Africa. Previous studies of various sesame breeders indi-
cated that plant height, number of branches per plant, capsules per plant, seeds per 
capsules, and 1000-seed weight are the traits which have shown significant and 
positive correlations with yield (Ashri 1998; Singh et al. 2016). The capsules per 
plant had highest direct effect on seed yield followed by 1000-seed weight. Hence, 
these traits may be used as selection criteria in breeding programs for the improve-
ment of seed yield of sesame (Mustafa et al. 2015). In addition to the above, the 
physiological attributes such as harvest index and crop growth rate (CGR) which 
exhibit positive relationship with seed yield (Chauhan et  al. 1996; Ruchi 2008) 
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should be included in the selection criteria for breeding high yielding varieties of 
sesame. Early senescence of lower leaves, seed shattering from lower and matured 
capsules, and indeterminate growth habit resulting in differential maturity of cap-
sules and seeds are the major bottlenecks in the improvement of seed yield in ses-
ame (Rao et al. 2002; Cagirgan 2006). Breeding for improved/ideal plant types for 
different production regions, determinate habit, and non-shattering types would 
increase further the seed yield in sesame.

In safflower, studies on development of the sequential traits of seed yield (heads/
plant, seeds/head, and seed weight) indicated that genotype had a large effect on 
seed weight and smaller effects on seeds/head and heads/plant. Location effects 
were generally highly significant for each trait. The sequential traits showed inde-
pendence in a correlation analysis. Together the traits accounted for 97% of the 
variation in yield, with head numbers and seeds in the head accounting for most of 
the variation (Golkar et al. 2011). Seed weight accounted for most of the variation 
in yield, followed by seeds/head and head numbers. Regression analyses indicate 
that for selection, one should give more weight to head numbers and seeds/head 
when all these traits are considered simultaneously and to head numbers when one 
trait is considered at a time. In general, head numbers or seeds/head or both traits 
could be responsible for high yielding lines. Seed weight was generally inflexible in 
different environments, but heads/plants and seeds/head were more flexible (Abel 
and Driscoll 1976; Arslan 2007). Though the crop has tremendous potential to be 
grown under varied conditions and to be exploited for various purposes, the area 
under safflower around the world is limited largely due to the lack of information on 
its crop management and product development (Singh and Nimbkar 2007). It has 
remained as a neglected crop due to its low seed oil content (28–36%), spininess (in 
some genotypes), and vulnerability to number of diseases and pests (Sujatha 2008). 
However, further investigations on physiological traits associated with yield compo-
nents and their manipulations through breeding can increase safflower seed yield.

In niger, number of branches, capitulum/plant, seeds/capitulum, and 1000-seed 
weight are the major yield contributing traits. For niger to be competitive with other 
oilseed crops, its seed yield must be significantly improved. To achieve this objec-
tive, single-headed, dwarf types must be developed with uniform maturity resulting 
in reduced shattering losses. The Ethiopian germplasm collection contains short- 
stature plants which could be used for the development of dwarf types. Genetic 
variation exists for number of heads per plant that could be utilized in breeding 
programs to select single headed types (Getinet and Sharma 1996). The presently 
used normal-height niger accessions have many leaves and a low harvest index 
(Belayneh et al. 1986). Reducing plant height would decrease the number of leaves 
per plant and result in a better harvest index. Shorter plants would be capable of 
utilizing fertilizer more efficiently in that seed yields could be increased through the 
application of fertilizers. Standard niger types respond to fertilizer application by 
increasing vegetative growth, which promotes lodging of the crop and decreases 
seed yield.

Seed yield is a quantitative trait that is the most important in an oilseed flax 
breeding program. The number of improved cultivars has been released in different 
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countries, but the yields remained low in many developing countries. Although 
numerous crop characteristics and environmental factors have been reported to 
influence seed yield, little is published on basic crop characteristics of flax that 
affect yield, such as canopy expansion and light interception, dry matter production, 
and partitioning. During the reproductive phase, light use efficiency and harvest 
index are correlated with grain production under favorable growing conditions 
(D’Antuono and Rossini 1995). The factor which increased the amount of dry mat-
ter was reported to be the air temperature during the period of plant emergence – 
budding and large amount of rainfall during vegetative stage reduce average seed 
yield by about 40%. Hence, breeding for improved seed yield of flax needs to con-
sider these physiological traits before formulation of suitable breeding strategies.

The world castor productivity has increased 146% in the last five decades with 
4.0% compound growth rate (Anjani 2014). The tremendous improvement in castor 
productivity was mainly because of development of number of high-yielding 
hybrids, especially in India. In the world, the castor production and productivity are 
high in India (more than 80% of the worldwide production) along with Mozambique, 
China, Brazil, Myanmar, Ethiopia, Paraguay, and Vietnam. The development and 
popularization of castor hybrids led to rapid increase in productivity and production 
in India. Prior to cultivation of castor hybrids, castor production was less than 
300  kg/ha, which has now escalated to 1593  kg/ha in 2018–2019 (https://eands.
dacnet.nic.in). In Brazil, seed yields averaged around 667  kg/ha over the last 
10 years, and yields of up to 1600 kg/ha under better soil fertility and agronomic 
practices have also been reported (Anjani 2014). Presently the main objectives of 
the breeding programs around the world are earliness of seed maturation, plant 
architecture amenable for mechanized harvest, and disease resistance (root not and 
gray mold). These should be combined with superior productivity of cultivars and 
at least of 48% oil content of seed. Most breeding programs target genotypes/
hybrids with short height (less than 1.5 m), height of primary raceme between 20 
and 40 cm, less than 150 days for harvesting, erect plant, and non-shattering fruits 
(Milani and Nóbrega 2013; Lavanya et al. 2018). Using genome-wide association 
analysis, candidate genes associated with nine agronomically important traits 
including the candidate genes encoding a glycosyltransferase related to cellulose 
and lignin biosynthesis have been associated with both capsule dehiscence and 
endocarp thickness. It has been hypothesized that the abundance of cellulose or 
lignin in endocarp is an important factor for capsule dehiscence (Fan et al. 2019). 
This finding can provide a lead for castor breeding and genetic study, especially in 
preventing capsule dehiscence and thereby preventing yield losses.

1.4.2  Increasing Seed Oil Content

Since oils of plant origin are commercially important, improving oil content in sev-
eral crop species has long been a major focus by the breeders of several countries. 
Planned breeding efforts have led to the improvement of oil content in several crops. 
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The oil content of the seeds of modern cultivars is significantly higher than those of 
wild species (Škorić 1992; Zheng et al. 2008) barring few exceptions. The oil con-
tent in the most prevalent oil crops ranges from 20% in soybean to more than 60% 
in candlenut, sesame, Oiticica and Ucuhuba (Murphy 1996). Therefore, there is a 
potential to increase oil content in other oil crops.

Increasing oil content in the seeds has been a major objective in soybean breed-
ing programs across the globe. Domestication of soybean from land races with low 
oil and high protein content has resulted in an adaptive balance of these two max-
ima. Relationship between oil concentration and seed yield and between oil and 
protein content is more intrinsic and negative (Brim and Burton 1979; Burton 1987), 
and hence, breeding for high oil concentration results in lower seed yield and pro-
tein contents. A balanced approach for modest gain in oil concentration and yield 
needs to be targeted without compromising seed protein content (Cober et al. 2009). 
Through mutagenesis, Bhatnagar et al. (1992) were able to break this negative asso-
ciation and obtained stable genotypes with high protein and oil content. Oil content 
in soybean has been reported to be maternally influenced (Brim et al. 1968) with 
additive gene action (Singh and Hadley 1968; Raut et al. 2000). The QTLs associ-
ated with seed oil and fatty acids in soybean have been extensively investigated, and 
more than 322 oil QTLs and 228 fatty acid QTLs have been reported in all 20 chro-
mosomes in the SoyBase database. However, most of these identified QTLs have 
low selection accuracy and have not been effectively used in marker-assisted selec-
tion (MAS) in soybean for seed oil due to insufficient linkage disequilibrium with 
desirable QTL alleles and the genetic complexity of the trait (Yao et al. 2020).

Some predictions state that the oil content of rapeseed, which is currently 
45–48% in Canada and around 42% in China and Australia, might even reach 65% 
(Wang et al. 2010a, b; Seberry et al. 2011; Wang et al. 2018). Recently, a ultrahigh 
oil content rapeseed line, “YN171,” with 64.8% oil content in B. napus has been 
developed, and the structural analysis of its seeds indicated a high positive correla-
tion between the oil body organelles to seed ratio and oil content of the seed, and it 
has been estimated that rapeseed oil content could even reach 75% through breeding 
(Hu et al. 2013).

Wide variation exists for oil content in groundnut germplasm. It ranges from 
46.5% to 63.1% in cultivated types, while the range observed in wild species was 
from 43.6% to 55.5% (Norden et al. 1987). In few wild Arachis species, oil content 
up to 60% has also been reported (Wang et al. 2010a, b). Oil content and yield has 
been reported to be independent, thus suggesting possibilities of breeding varieties 
with high yield and oil content. Narrow-sense heritability has been worked out to be 
high (Martin 1967) for oil content. Inheritance of oil is governed by two pair of 
alleles with nonadditive genetic component being predominant (Basu et al. 1988). 
Hence, selection should be postponed to later generations to eliminate the undesir-
able recombinants. Following hybridization and wide-scale screening efforts, sev-
eral high oil lines (>50%) were identified, but the stability for the trait could not be 
obtained. However, extensive multilocation testing identified four high oil-yielding 
lines ICGV 05155, ICGV 06420, ICGV 03042, and ICGV 03043 for release in 
India (Janila et al.2016).
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Sunflower is mainly grown for its oil; crushing factories offer premium price for 
types with more than 40% oil. The ornamental value of sunflower was turned to an 
important oil source, and over a span of two to three decades, oil content has been 
enhanced from 30–33% to 43–46% and even up to 50% in certain cases in Russia 
following Pustovoit method of reserves (Fick and Miller 1997a, b). The kernel to 
hull ratio is one of the main features that decides the oil content in sunflower. This 
ratio varies between 10 and 60% in sunflower germplasm (Fick and Miller 1997a, 
b), and it has been reported that two-thirds of enhancement in oil content came 
through the reduction in hull content while one-third came from actual increase in 
oil content (Alexander 1966). However, there exists a negative correlation between 
husk content and between seed yield and oil content (Kaya et al. 2007), and hence, 
the breeding strategies should be balanced to achieve higher values for yield and oil 
content while reducing the hull content. Thus, ease of hulling or its removal auto-
matically forms a criterion while selection. Genetics of hull content has also been 
worked out which indicates that the trait is controlled by polygenes with minor 
effects but acting on additive manner with a high heritability (Kovacik and Skaloud 
1990) whereas oil content per se has been reported to be sporophytically controlled 
(Pawlowski 1964).

Sesame has a relatively superior oil quantity and quality than major oil crops. 
The oil content ranges from 34.4% to 59.8% but is mostly around 50% (Ashri 1998; 
Dossa et al. 2017), and values up to 69.8% have also been reported in some cultivars 
(Baydar et al. 1999). Both genetic and environmental factors affect oil content in 
sesame. Late maturing cultivars have been reported to have higher oil content than 
early maturing ones. Indeterminate cultivars have also been observed to possess 
higher oil content than the semi- or partially determinate types. Variations also 
occur between the capsules located at different positions of the same plant such that 
seeds obtained from basal capsules of the main stem possess higher oil content than 
those located toward the apex and on side branches (Mosjidis and Yermanos 1985). 
Black seeded cultivars were also found to have lower oil content than brown and 
white seeded types, thus complicating the breeding and selection scheme for 
improving the oil content. However, phenotypic correlation between oil content and 
seed yield is also reported to be weak suggesting that it would be possible to develop 
sesame varieties with both high yield and high oil content. A recent study on GWAS 
in sesame identified 46 candidate causative genes, including genes related to oil 
content, fatty acid biosynthesis, and yield. Several of the candidate genes reported 
in the study for oil content encode enzymes involved in oil metabolism. Two major 
genes were also found to be associated with lignification and black pigmentation in 
the seed coat and were also observed to be associated with large variation in oil 
content. The genes identified in sesame for oil production and quality probably play 
important roles in other closely related oilseed species (e.g., sunflower) as well, 
offering the opportunity to look for genes with common function (Wei et al. 2015).

Over the decades, one of the major breeding goals in safflower has been and 
continues to be to increase seed oil content. Safflower seeds are usually white or 
creamy in color, and their typical composition is 55–65% kernel and 33–45% hull 
(Singh and Nimbkar 2007). In normal hull types, the whole seed contains 25–37% 

1 Breeding Major Oilseed Crops: Prospects and Future Research Needs



22

(Weiss 2000), but in very thin hull types, this ratio increases to 46–47% (Golkar 
2014). Number of seed coat phenotypes with their genetic control have been identi-
fied: partial hull (par par), which is recessive to normal hull, inherited indepen-
dently of thin hull (th th) and striped hull (stp stp) (Urie 1981), grey-striped hull 
(stp2) (Abel and Lorance 1975) and reduced hull (rh rh) (small dark blotches on the 
seed). Partial hull plants produce achenes which are predominantly dark with high 
oil and protein levels, and the partial hull character is recessive to reduced hull (Urie 
1986). In California, genetic variations for hull content have been developed with a 
resultant increase in oil content of 42–50%, and hence seed/hull ratio assumes 
importance. With its simple inheritance, this ratio can be modulated through suit-
able breeding schemes for increasing oil content in safflower seeds. The same holds 
good for niger as well. The oil content of niger seed varied from 30% to 50% 
(Seegeler 1983). The oil, protein, and crude fiber contents of niger are affected by 
the hull thickness, and thick-hulled seeds tend to have less oil and protein and more 
crude fiber. In Ethiopia, where the crop is mainly used for edible oil purpose, 
medium to late maturing types were found to possess high oil content (Abat) types. 
With the available genetic variations in niger germplasm, oil content can be 
increased by 5% through selection of genotypes with less hull content (Getinet and 
Teklewold 1995; Getinet and Sharma 1996).

Oil content in seeds of castor germplasm ranges from 42% to 58% with conflict-
ing reports of its inheritance: polygenic control (Zimmerman 1958), additive gene 
action (Rojas-Barros 2001), dominance gene action (Okha et al. 2007), and under 
sporophytic control (Rojas-Barros 2001). Similar to sunflower, safflower, and niger, 
there exists a negative correlation between seed oil and hull content, with the low 
hull content reported to be partially recessive over normal hull (Moshkin and 
Dvoryadkina 1986). It has been demonstrated recently that recurrent selection 
through screening single seed is an effective method to improve oil content in castor 
(Grace et al. 2016). Two cycles of recurrent selection increased the mean oil content 
from 50.33% to 54.47%. Consequently seed weight also increased after two selec-
tion cycles, thus establishing a positive relationship between seed oil content and 
seed weight which allows further improvement of oil content by screening for larger 
seeds in a population (Grace et al. 2016). However, the role of environment needs to 
be ascertained in confirming the results obtained in other castor growing regions of 
the world.

Unfortunately, some studies reported an inverse relationship between oil and 
protein accumulation in the seeds of some species, such as rapeseed and soybean 
(Chung et  al., 2003; Cober and Voldeng 2000; Hu et  al. 2013). Additionally, 
Vollmann and Rajcan (2009) noted other growth traits also correlated with oil con-
tent, such as time to flowering, seed weight, and fatty acid concentrations, which 
complicate the process of breeding for oil. Recent studies using quantitative trait 
loci analyses revealed that seed oil contents are controlled by many genes with addi-
tive effects (Li et al. 2011; Jiang et al. 2014) indicating that it would be a challenge 
for the crop breeders to improve oil content through conventional/traditional breed-
ing methods. Biotechnological interventions, genomic tools, and gene editing tech-
niques may be useful in obtaining desired levels of oil content in these crops.
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1.4.3  Breeding for Improvement of Quality Traits in Oil Crops

The quality traits in oil crops include both physical and chemical attributes. 
Nutritional traits include oil, protein, sugar, iron and zinc content, fatty acid profile, 
and freedom from toxins, while the other quality parameters include visual and 
sensory attributes (consumer and trader preferred traits) and traits desirable in food/
oil processing industries. Similarly, desirable traits for confectionery uses fetch 
higher price in the market because of its export value which includes seed traits like 
uniformity of seed shape, intact testa and its color, flavor components, high sugar 
and protein contents, low oil, and freedom from toxic principles like phytic acid or 
allergens as in case of groundnut. Depending on the nature of use, low oil and high 
protein contents (for food use), high oil content (for oil use), and high-oleic/high- 
linoleic fatty acid ratio (for longer shelf life) are important targeted traits in oil crop 
breeding programs. The other important quality consideration in assessing the util-
ity of the produce of oil crops includes the quality meal or cake which remains after 
extraction of oil. Protein and fiber contents and their digestibility and freedom from 
toxic substances determine their value. Covering all the aspects of quality of each of 
the oil crop is beyond the scope of this chapter, and hence, functional and nutritional 
quality improvements are dealt here. For a better understanding of the subject, few 
earlier reviews on this subject may be consulted (Fernández-Martínez et al. 2004; 
Yadava et  al. 2012; Vollmann and Rajcan 2009; Singh and Nimbkar 2007; 
Golkar 2014).

1.4.3.1  Genetic Improvement of Fatty Acid Composition

Initially, focus was in increasing oil content, but efforts of the present day are 
directed toward modification of fatty acid composition of seed oil for food and non-
food purposes which has gained much attention during the last decade mainly due 
to the identification of sources and molecular markers associated with the fatty acids 
whose composition decides the quality and functionality of oils. Most of the edible 
oils are rich (>65%) in polyunsaturated fatty acids mainly linoleic and linolenic 
fatty acids which are unstable oxidatively resulting in rapid spoilage of oil and the 
food. Hence, to improve the oil quality in crops, lowering the levels of poly unsatu-
ration and increasing the contents of monounsaturated fatty acid, i.e., oleic acid 
which has relatively higher oxidative stability and higher shelf life, have been 
aimed, thereby increasing the functional use of the oils.

In soybean, three genes, fan1, fan2, and fan3, were identified that individually 
reduce the linolenic acid to 2.9–4.9% and in combination were able to reduce it to 
1% from different germplasm accessions (Hammond and Fehr 1983; Ross et  al. 
2000). Using these genes, breeders have successfully developed high yielding lines 
and cultivars with more than 80% high-oleic acid (HO) soybeans which occupy 
most of the soybean areas in the USA. These research efforts lasted over 40 years 
employing conventional pedigree breeding and backcrossing followed by selection 
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and fatty acid profiling. Targeted perturbation of fatty acid desaturase-2 (FAD2) 
alleles not only resulted in HO (75–80%) soybeans but concomitantly reduced pal-
mitic acid by 7–8%, which is 20% reduction over original palmitic acid content 
(Kinney and Knowlton 1997).

In rapeseed and mustard, identification of naturally occurring zero erucic acid 
mutants in both B. napus and B. rapa marked a new era of oil quality improvement 
through mutagenesis in any crop (Downey and Craig 1964). The first low erucic 
acid spontaneous mutant was obtained from the German spring rapeseed “Liho” 
and released for cultivation in the 1970s. The Polish spring rapeseed variety 
“Bronowski” was identified in 1969 as a low glucosinolate type, and these two vari-
eties formed the basis for developing high yielding “00” types (low erucic acid and 
low glucosinolate or canola) internationally through backcross breeding approach. 
The first “00” canola variety “Tower” was released in 1974, and thus canola became 
the most important oil crop of the temperate region of the world (Friedt and Snowdon 
2009). Further, the variety “Splendor” or “Nexera” having “high-oleic and low lin-
oleic (HOLL or HOLLi)” with more than 75% oleic acid and 3% linolenic acid has 
been developed through experimental mutagenesis followed by selection. These 
varieties fetch premium price in the international market both for human consump-
tion (low erucic acid and high-oleic acid types) and animal feed (low glucosinolates 
types) (Friedt and Snowdon 2009).

Indian rapeseed-mustard breeding program was also reoriented to accommodate 
quality parameters and lay emphasis to develop “canola” varieties. Initial efforts 
concentrated on the development of genetic stocks for low erucic acid in the indig-
enous background using exotic sources. Sustained efforts at Punjab Agricultural 
University (PAU), Ludhiana; Tata Energy Research Institute (TERI), New Delhi; 
Indian Agricultural Research Institute (IARI), New Delhi; G.B.  Govind Ballabh 
Pant University of Agriculture and Technology (GBPUA& T), Pantnagar; and 
Indian Council of Agricultural Research-Directorate of Rapeseed and Mustard 
Research (ICAR-DRMR), Bharatpur have resulted in the development of zero eru-
cic mustard lines (LEB 15, LES 39 CRL 1359–19, YSRL 9-18-2, TERI (OE) M 
9901, TERI (OE) M 9902, PRQ 9701, BPR6-205-10 and BPR 91–6). Several 
“0”/“00” strains of rapeseed-mustard have been registered with the National Bureau 
of Plant Genetic Resources (ICAR-NBPGR) New Delhi, viz., INGR 98001 (0), 
INGR 98002 (0), INGR 98005 (0), INGR 99007 (00), INGR 99008 (00) (Chauhan 
et al. 2002). Work is in progress and efforts have been underway to improve the 
agronomic base of low yielding zero erucic lines and to recombine low erucic acid 
and low glucosinolate to develop “00” varieties.

Oil quality in groundnut refers to oil content, fatty acid composition, iodine 
value, ratio of oleic to linoleic acid (O/L), and stability or shelf life. Genetic manip-
ulation of fatty acid composition has been reported by few workers. The Virginia 
types generally have higher oleic acid content while Spanish-Valencia’s have higher 
linoleic acid. This results in a lower iodine value for oil of Virginia types and indi-
cates that these types will become rancid through autoxidation more slowly than the 
Spanish-Valencia’s. The groundnut breeder is faced with a paradox when breeding 
for oil quality. Consumers prefer to have oils both with low iodine (long shelf life) 

A. L. Rathnakumar and M. Sujatha



25

and high iodine value (to have high level of unsaturation from the health point of 
view). Crosses between all the four habit groups have shown that a wide range of 
iodine values can be obtained through recombination of genes from different par-
ents and that the iodine value in groundnuts is highly heritable (Bovi 1982).

The oleic/linoleic (O:L) acid ratio, which is an indicator of oil stability and shelf 
life of groundnut products, varied between 1 and 3 in different cultivars. However, 
in two Florida breeding lines in the USA, O:L ratio of 40 was reported (Norden 
et al. 1987). Moore and Knauft (1989) followed up this work further and reported 
that the high O:L ratio in these lines was governed by two recessive genes. 
Genomics-assisted breeding (GAB) approaches including marker-assisted selection 
(MAS) and marker-assisted backcross (MABC) breeding schemes were used suc-
cessfully in the development of high-oleic cultivars (Janila et  al. 2016). Initially 
linked markers for mutant FAD2 alleles were deployed for improving the nematode- 
resistant variety “Tifguard” by transferring mutant alleles using MABC, leading to 
the development of the improved breeding line ‘Tifguard’ high O/L  (Chu et  al. 
2011). Subsequently, these linked markers were used in MABC and MAS approaches 
for converting three elite varieties, ICGV 06110, ICGV 06142, and ICGV 06420, 
into high-oleic lines. These high-oleic lines contained up to 80% oleic and reduced 
palmitic and linoleic acid, a perfect combination for industry and cooking oil use. 
Recently, two high-oleic varieties, namely, ICGV 15083 (Girnar 4) and ICGV 
15090 (Girnar 5), derived from the cultivar ICGV 05141 using MAS were released 
for the first time in India after multilocational validation of their performance for 
yield and stability of high-oleic acid. Substantial progress has also been obtained in 
developing foliar disease (rust and LLS) resistant cultivars under high-oleic back-
ground (Janila et al. 2016; Bera et al. 2018; Shasidhar et al. 2020).

As in other oil crops, high-oleic trait has been explored in sunflower. Monogenic 
(designated as “ol”) dominance of the gene controlling this trait with several modi-
fiers has been reported (Miller et al. 1987; Fernández-Martínez et al. 2009; Pérez- 
Vich et al. 2002). Three recessive alleles each, P1, P2, P3, for high palmitic acid and 
three (Es 1, Es2, Es3) for high stearic acid have been reported (Pérez-Vich et al. 
2006) and determined by the genotype of the developing embryo, thereby compli-
cating the selection scheme. All the alleles for the target trait need to be introgressed 
into both the parents in case of hybrid development (Fernández-Martínez et al. 2004).

Sesame is primarily grown for its oil-bearing seed in different countries. Beside 
the high oil content, sesame seeds contain almost 18% protein, and among the fatty 
acids, oleic acid (39.6%) and linoleic acid (46%) are the two main components with 
the ideal ratio of almost 1:1 (Anilakumar et al. 2010). Until 2013, the molecular 
mechanisms of the high oil content and quality in sesame seeds were unclear. An 
association mapping of oil and protein contents and oleic and linoleic acid concen-
trations based on multi-environment trials was conducted using 79 simple sequence 
repeats (SSR), sequence-related amplified polymorphism (SRAP), and amplified 
fragment length polymorphism (AFLP) markers in 216 Chinese sesame accessions 
(Wei et al. 2013). Only one associated marker (M15E10-3) was identified for oil 
content in two environments suggesting inadequate molecular markers and/or germ-
plasm resources. On the basis of reference genome sequence, the sesame genome 
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was found to harbor low copy of lipid-related genes (708) compared to soybean 
(1298). In a comprehensive GWAS for oil and quality traits in 705 sesame acces-
sions under 4 environments, 13 significant associations were unraveled for oil, pro-
tein, sesamin, sesamolin, saturated fatty acids (SFA), unsaturated fatty acid (USFA), 
and their ratio SFA/USFA (Wei et al. 2013). Several causative genes were uncov-
ered for oil content, sesamin, and sesamolin, but none were identified for oil quality 
indicating that still some more studies are required to unravel the genetic control of 
these valuable traits.

Safflower has remained as a neglected crop due to its low seed oil content 
(28–36%). The nutritional value of safflower oil is related to its high level of poly-
unsaturated oils (Weiss 2000). Safflower oil contains about 75% linoleic acid that is 
essential for human nutrition (Weiss 2000). Knowles (1968) registered the first saf-
flower accession UC-1 (PI 572434) having high-oleic acid (78%). Safflower culti-
vars with high-oleic acid content (>70%) have been developed and commercially 
successful and, two lines, CR-50 with high palmitic acid and CR-13 with high stea-
ric acid, were developed (Hamdan et al. 2009). Incorporation of the high-oleic trait 
through conventional breeding techniques has been a slow process due to recessive 
inheritance and difficulties associated with phenotyping by biochemical methods. 
DNA-based marker-assisted selection (MAS) for high-oleic trait would accelerate 
the breeding efforts in safflower. A recent study with a set of high-oleic varieties 
were found to carry the same mutation in the fatty acid desaturase 2-1 gene, 
CtFAD2-1, which is presumed to be the “ol” allele associated with high-oleic acid 
content in safflower. Genotypic assays, namely, Kompetitive Allele Specific PCR 
(KASP) and the Amplifluor™ SNPs Genotyping System (Amplifluor®), were 
designed for the prediction of high-oleic trait based on the mutation in the CtFAD2–1. 
The assays were thoroughly validated in segregating populations derived from 
crosses between low- and high-oleic parents. Through marker-assisted backcrossing 
scheme, the high-oleic allele, “ol” from the exotic variety, Montola-2000 was incor-
porated into the background of popular Indian linoleic type variety, “Bhima,” and a 
set of promising high-oleic lines (75.2–81.8%) were developed (Kadirvel et  al. 
2020). These MAS-derived lines showed consistent expression of high-oleic acid 
content over seasons and comparable seed and oil yield performance with the local 
check varieties. The genotypic assays reported in this study were robust, nonde-
structive, and codominant and accurately predicted the high-oleic trait in segregat-
ing populations, thus recommending for fast-track breeding of high-oleic cultivars 
in safflower.

In niger, the fatty acid composition of oil from the accessions characterized at 
Ghinchi, Ethiopia, was analyzed using gas chromatography. Linoleic acid ranged 
from 74.8% to 79.1% with a mean of 76.6%. Contents of other fatty acids were 
palmitic acid (7.8–8.7%), stearic acid (5.8–7.4%), and oleic acid (trace amounts, 
0.5–1.5%). Further evaluation of germplasm to identify genes for high-oleic traits 
as observed in other oil crops would help furtherance of oil quality for both con-
sumption and industrial purposes in niger (Getinet and Sharma 1996).

Castor seed contains about 50% oil which is composed of 80–90% ricinoleic 
acid. This hydroxyl fatty acid is unique and cannot be synthesized outside of the 
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castor seed. A number of chemicals and polymers are synthesized and used in bio-
based fuels and industrial products from castor oil. Reduction of ricinoleic acid in 
castor oil will reduce the importance of this oil functionally, but its high viscosity 
reduces its use as a biofuel. A mutant USDA accession (PI 179729) has been identi-
fied in which conversion of oleic to ricinoleic acid has been partially blocked result-
ing in HO types (78% oleic acid against the normal of 4%). The trait is controlled 
by two independent major genes (ol Ml) exhibiting dominant-recessive epistasis 
(Rojas Barros et al. 2005). Understanding further the genetic regulation of this trait 
through molecular tools can help in developing suitable varieties.

Dry seed of linseed contains 35–45% oil and around 60% of linolenic acid. Due 
to its high iodine value, linseed oil has been used primarily for industrial purposes, 
such as linoleum floor covering, with a high level of unsaturated fatty acids making 
the oil very reactive and resulting in a short shelf life. Mutation breeding in flax led 
to the development of a new type of edible flax seed oil that has nearly eliminated 
the α-linolenic acid (ALA) (Green and Marshall 1984; Rowland 1991). The defi-
cient ALA trait is known to be controlled by two recessive genes (ln1 and ln2) at 
independent loci (Green and Marshall 1984; Rowland 1991; Ntiamoah and Rowland 
1997). Low linolenic acid cultivars have introduced linseed to the edible food mar-
ket. In 1994, the Flax Council of Canada developed the term “Solin” to describe 
linseed with less than 5% linolenic acid. The original hybridization work was car-
ried out by CSIRO in Australia with the release of two Linola cultivars in 1992 
under the Plant Varieties Rights Scheme. “Linola 947” was the first Solin cultivar 
registered in Canada. Solin cv. “Linola™ 989” has been reported to have 46% oil 
(dry basis) and 34% protein. Few more varieties (“Linola™ 1084,” “Linola™ 
2047,” “Linola™ 2090,” “Linola™ 2126,” “Linola™ 2149”) have also been devel-
oped (with <5% linolenic acid) and released subsequently in Canada (Dribnenki 
and Green 1995; Dribneki et al. 2007), and in India “TL 99” (an induced mutant 
with <5% linolenic acid) has also been released during 2018–2019.

1.4.4  Genetic Engineering in Oil Crops and Identification 
of Genes for Novel Traits

The oil crops are usually grown under rain-dependent production systems in devel-
oping countries mainly in Asia and Africa, while in countries like the USA and in 
Europe, they are grown under well-managed growing conditions. The oil crops 
grown under these situations are challenged by both biotic and abiotic stresses and 
further complicated by the recent climate change scenario. Although advances in oil 
crop breeding and management have resulted in substantial improvement in seed 
yield and oil content and quality, for further improving the seed yield, oil content, 
nutritional quality, and industrial needs, newer techniques like genetic engineering 
through exploitation of the available plant genetic resources in combination with 
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modern molecular tools for genome-wide association studies (GWAS) and applica-
tion of genomic selection are very much essential.

In soybean, 809 worldwide accessions were assembled and phenotyped for 2 
years at 3 locations for 84 agronomic traits. Genome-wide association studies iden-
tified 245 significant genetic loci, among which 95 genetically interacted with other 
loci. It has been determined that 14 oil synthesis-related genes are responsible for 
fatty acid accumulation in soybean and function in line with an additive model 
(Fang et  al. 2017). Genome-wide association studies conducted on 249 soybean 
accessions from China, the USA, Japan, and South Korea for 15 seed amino acid 
contents by following genotype by sequencing (GBS) indicated presence of genetic 
variation for amino acids among the accessions. Among the 231 single nucleotide 
polymorphisms (SNPs) significantly associated with variations in amino acid con-
tents, 15 SNPs were localized near 14 candidate genes involved in amino acid 
metabolism. Twenty-five SNP markers were observed to associate with multiple 
amino acids which can be used to simultaneously improve multi-amino acid con-
centration in soybean. Genomic selection analysis of amino acid concentration 
showed that selection efficiency of amino acids based on the markers significantly 
associated with all 15 amino acids was higher than that based on random markers or 
markers only associated with individual amino acid. The identified markers could 
facilitate selection of soybean varieties with improved protein quality (Qin 
et al. 2019).

GWAS was performed for three seed-quality traits, including erucic acid content 
(EAC), glucosinolate content (GSC), and seed oil content (SOC) using 3.82 million 
polymorphisms in an association panel in rapeseed-mustard. Six, 49, and 17 loci 
were found associated with EAC, GSC, and SOC in multiple environments, respec-
tively. The mean total contribution of these loci in each environment was 94.1% for 
EAC, 87.9% for GSC, and 40.1% for SOC. A high correlation was observed between 
phenotypic variance and number of favorable alleles for associated loci, which will 
contribute to breeding improvement by pyramiding these loci. Four novel candidate 
genes were detected by correlation between GSC and SOC and sequence variations. 
The study also validated detection of well-characterized FAE1 genes at each of two 
major loci for EAC on chromosomes A8 and C3, along with MYB28 genes at each 
of three major loci for GSC on chromosomes A9, C2, and C9 which would be useful 
for genetic improvement of B. napus (Wang et al. 2018). In a similar genome-wide 
association study (GWAS), using an association panel comprising 92 diverse geno-
types, GBS identified 66,835 loci, covering 18 chromosomes in Indian mustard 
(Brassica juncea). Different loci (16, 23, and 27) were found associated with oil 
(16), protein (23), and glucosinolates (27), respectively, including common SNPs 
for oil and protein contents. Annotation of the genomic region around the identified 
SNPs led to the prediction of 21 orthologs of the functional candidate genes related 
to the biosynthesis of oil, protein, and glucosinolates. The identified loci will be 
very useful for marker-aided breeding for seed-quality modifications in B. juncea 
(Javed et al. 2020).

In groundnut, a genome-wide association study was conducted to investigate the 
genetics basis of oil, protein, 8 fatty acid concentrations, and O/L ratio using a 
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diverse panel of 120 accessions of the US mini core collection with 13,382 single 
nucleotide polymorphisms (SNPs) grown over 2 years. A total of 178 significant 
quantitative trait loci (QTLs) associated with seed composition traits were identi-
fied. RNA-Seq analysis identified 282 DEGs (differentially expressed genes) within 
the 1 Mb of the significant QTLs for seed composition traits. Among those 282 
genes, 16 candidate genes for seed fatty acid metabolism and protein synthesis were 
screened according to the gene functions. Quantitative trait locus (QTL) analysis 
using genotyping and phenotyping data identified 8 QTLs for oil content including 
2 major (QTLs, qOc-A10, and qOc-A02) ones and 21 QTLs for 7 different fatty 
acids (Zhang et al. 2021). The QTLs identified in this study could be further dis-
sected for candidate gene discovery, and development of diagnostic markers for 
breeding improved groundnut varieties with high oil content and desirable oil 
quality.

In sunflower, commercial hybrid seed production currently relies on a single 
cytoplasmic male sterility (CMS) source, PET1, and the major fertility restoration 
gene, Rf1, leaving the crop genetically vulnerable to various pests and diseases. A 
new fertility restoration gene, Rf7, which is tightly linked to a new downy mildew 
(DM) resistance gene, Pl34, in the USDA sunflower inbred line, RHA 428, was 
identified. To identify markers associated with the fertility restoration trait in a panel 
of 333 sunflower lines, 8723 SNP markers were used for genotyping. Twenty-four 
SNP markers were significantly associated with the trait, and these markers were 
validated in a world collection panel of 548 sunflower lines and observed to be 
associated with the Rf1 gene (Talukder et  al. 2019). The SNP and SSR markers 
tightly flank the Rf7 gene, and the Pl34 gene would benefit the sunflower breeders 
in facilitating marker-assisted selection (MAS) of Rf and Pl genes.

GWAS was performed on 705 diverse sesame varieties for 56 agronomic traits in 
4 environments, and 549 associated loci were identified. Examination of the major 
loci resulted in identification of 46 candidate causative genes, including genes 
related to oil content, fatty acid biosynthesis, and yield. Two major genes associated 
with lignification and black pigmentation in the seed coat were also observed to be 
associated with large variation in oil content which may accelerate selection effi-
ciency in sesame breeding and to formulate improvement strategies for a broad 
range of oilseed crops (Wei et al. 2015). Yet another study on GWAS in sesame for 
39 seed yield-related traits including capsule size, capsule number, and seed size at 
3 different environments using 705 diverse lines identified novel candidate genes, 
such as SiLPT3 and SiACS8, which may control capsule length and capsule number 
traits, thus forming the basis for research on genetics and functional genomics 
toward seed yield improvement in sesame (Zhou et al. 2018).
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1.5  Future Research Strategies

Oil crops are grown mainly in the USA, Europe, Russian Federation, Australia, 
Africa, China, India, Malaysia, Indonesia, Canada, Argentina, Brazil, Paraguay, and 
Uruguay apart from Middle Eastern regions. The growing conditions vary in each 
of these countries mainly of irrigated, high input, and well-managed situations, and 
in countries like China, India, and Africa, cultivation of oil crops is restricted to 
rain-dependent, low input, and management conditions. Hence, oil crop breeding is 
dichotomous suiting to these two situations although the major breeding goal is to 
improve seed yield, oil, and protein contents. Hence, clear-cut breeding strategies 
should be worked out on cropping system perspective suiting to the above needs 
rather than improving the yield per se of the individual crops.

Most of the oil crops especially in Asian and African continent are grown in 
marginal lands under rainfed conditions. Frequent drought spells varying in inten-
sity and duration coupled with attack by various biotic and abiotic stresses impede 
with the genetic enhancement of these crops. Hence, development of stress-tolerant 
varieties with higher seed and oil yield is the need of the hour.

Seeds are the basic unit of crop production, human nutrition, and food security in 
any crop. A key trait which determines the performance of seeds is the seedling 
vigour which is a complex trait but very essential especially in rain-dependent pro-
duction regions of the world where soil moisture availability immediately after the 
rains will be for a limited period of time, and hence seed/seedling vigour and rapid 
and uniform establishment and nutrient use efficiency using the available soil mois-
ture are critical for crop productivity. Improving seedling  vigour to enhance the 
critical and yield defining stage of crop establishment remains a primary objective 
of the agricultural industry and the seed/breeding companies that support it (Finch- 
Savage and Bassel 2015). Knowledge of the regulation of seed germination has 
developed greatly in recent times, yet understanding the basis of variation in vigour 
and therefore seed performance during the establishment of crops remains limited. 
Hence, understanding of seed vigour at ecophysiological, molecular, and biome-
chanical level is paramount in these crops. Alongside, seed viability during storage 
of oil crops especially in orphan crops like safflower, niger, and sesame is an impor-
tant researchable issue as the seeds of these crops are stored by the resource-poor 
farmers under poor or suboptimal storage conditions. Soybean crop needs special 
attention in this area as its seed contains higher concentrations of protein and oil 
than cereal crop seeds, and oxidation of these biomolecules significantly reduces 
seed longevity and decreases germination ability in addition to its greater sensitivity 
to environment, and hence, seeds easily get deteriorated. Generally, soybean seed 
vigor can be maintained for less than a year and, hence, needs to be multiplied every 
year. Varieties with good seed vigor are essential for maintaining optimum plant 
population and stable high yields. Hence, along with seed size, viability of seeds 
needs to be addressed for maintaining plant population as well as stable yield. 
Certain landraces of China exhibited better seed vigor than cultivars (Hao et  al. 

A. L. Rathnakumar and M. Sujatha



31

2020), and hence, a fresh relook into the available genetic resources for these two 
traits is very important for increasing the yields and seed quality in oil crops.

In case of groundnut, fresh seed dormancy is an important trait as the pods are 
subterranean, and unseasonal rains at crop harvest stage will spoil the produce lead-
ing to huge economic loss of the resource-poor semiarid farmers especially in India 
where more than 70% groundnut area is occupied by erect-type cultivars where 
fresh seed dormancy is absent. Hence, assembling the vast genetic resources avail-
able in these regions and evaluation for yield and other related traits including the 
resistance/tolerance to prevailing major biotic and abiotic stress factors at diverse 
environments and utilizing them in breeding programs would further enhance the 
genetic potentials of this crop. In orphan crops like sesame, safflower, linseed, and 
niger, there is a reduction in area under cultivation in different countries including 
India mainly due to the stringent competition from other economically profitable 
crops and cropping systems. Hence, high yielding and short duration varieties suit-
ing to the profitable cropping pattern/systems need to be developed. One area where 
most of the oil crops suffer is due to lack of clear-cut studies on management strate-
gies for irrigation water and nutrient use efficiencies. Although genetic variation for 
nutrient and water use efficiency has been reported in few crops, traits associated 
with these parameters further need to be addressed.

Oil crops are rich in energy but have C3 mode of photosynthesis and, hence, are 
photosynthetically less efficient in partitioning of assimilates when compared with 
C4 plants. Since large amount of biomass is still locked up in the vegetative parts of 
the plants, remobilization of photosynthates from vegetative parts to their respective 
reproductive parts also improves HI and, thus, seed yield. Although several studies 
are available on biomass accumulation, the physio- and biochemical mechanisms 
regulating assimilate partitioning and their genetics are yet to be elucidated in detail. 
The target traits include expanding and optimizing light capture by the leaf canopy, 
inducing a more rapid relaxation of non-photochemical quenching at photosystem 
II, increasing the carboxylation capacity of the Rubisco enzyme as well as minimiz-
ing oxygenation and photorespiration, enhancing the regenerative capacity of the 
carbon reduction cycle, optimizing the electron transport chain, and adding compo-
nents of cyanobacterial or algal systems to pump CO2 or compartmentalize Rubisco 
(Bailey-Serres et al. 2019).

Improving photosynthetic efficiency is neither a new nor a universally accepted 
idea. Some have argued that the selection pressures endured by photosynthesis ren-
der it unamenable to improvement. Despite decades of research, the challenge of 
engineering Rubisco for improved specificity and carboxylation rate remains unmet. 
However, some recent successes in engineering photosynthetic enzymes and intro-
ducing novel pathways into chloroplasts may lead to substantial gains in crop per-
formance including oil crops.

The current trajectory for crop yields is insufficient to nourish the world’s popu-
lation by 2050. Greater and more consistent crop production must be achieved 
against a backdrop of climatic stress that limits yields, owing to shifts in pests and 
pathogens, precipitation, heat waves, and other weather extremes. Above all tem-
perature extremes, frequent floods and drought may increase consequently. Genetic 
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variations available in the reservoirs of germplasm resources in each of the crops 
need to be captured for use in future breeding programs.

The increasing demand for proteins worldwide as human nutrition and animal 
feed leads to a growing interest on other protein sources. Moreover, with increasing 
urbanization and income rise in many developing countries, per capita consumption 
of animal products would rise, and consequently the demand for feed grains would 
increase by 3% annually in these countries (FAO 2017). The oil meal or cake which 
remains after extraction of oil from the seed is a good source of protein both for 
ruminant and nonruminant animals. However, certain toxic compounds like phytate, 
erucic acid, glucosinolates, aflatoxins, etc. need to be eliminated/reduced through 
recent genetic and genomic tools and gene editing techniques.

Among the oil crops, groundnut crop has the unique advantage of a good source 
of fodder especially in Asian countries. About 40% is the underground pod biomass, 
while the aerial vegetative portion contributes 60% of the total biomass. They are 
rich in protein (14–21%) even at harvest stage, and hence any improvement in nitro-
gen content of the haulms would qualitatively improve the animal performance in 
terms of meat and milk yields. Only very few reports (Omokanye et al. 2001; Nigam 
and Blümmel 2010) are available on genetic variation for fodder quality traits like 
nitrogen/protein content, in vitro dry matter digestibility (IVDMD), metabolizable 
energy values, lignin, and fiber fractions. However, inheritance and strategies and 
selection schemes for evaluation of these important fodder quality traits in segrega-
tion generations are missing in the literature which is an important grey area in 
groundnut research.

Seeds of oil crops like sunflower, groundnut, and sesame are also used in confec-
tioneries, and hence, high protein and sugar contents and low oil along with flavor 
compounds need to be addressed. Although there are few reports on these areas, 
further studies on flavor compounds and their genetic control, molecular and bio-
chemical mechanisms regulating these compounds, and breeding strategies to 
exploit them need to be designed.

Studies on oil QTLs and candidate genes for oil content and oil quality traits 
through molecular approaches including GWAS are being accumulated in the litera-
ture during the last decade, and their validation in different genetic resources and 
breeding populations need immediate attention for genetic improvement of the 
oil crops.
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