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gene silencing, overexpression of genes for the syn-
thesis of fatty acids, changing the pattern of their 
expression, and genome editing.
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Introduction

Six annual oilseed crops are mainly used world-
wide to produce food oil: soybean (Glycine max (L.) 
Merr.), rapeseed (Brassica napus (L.) subsp. oleif-
era Metzg.), cotton (Gossypium hirsutum L.), peanut 
(Arachis hypogaea L.), sunflower (Helianthus annuus 
L.), and maize (Zea mays L.) (Seiler and Jan 2010). 
In Russia, maize and soybean seeds are more used as 
a source of protein than for oil extraction. For food, 
the population traditionally prefers sunflower oil, and 
on a much smaller scale olive, rapeseed, soybean, 
flax, maize, mustard and camelina oils. Vegetable oils 
are used for the production of drying oil and paints as 
well as lubricants for machinery. Requirements for the 
quality and fatty acid (FA) composition of vegetable 
oils vary depending on their purpose. An increased 
oleic acid content impedes oil oxidation, which is 
important for extending its shelf life and vital for can-
ning industry, fast-food chains (because oleic acid 
is more stable when fried) and biodiesel production 
(Gavrilova et  al. 2020). Generally, oils with a high 
content of saturated FAs are resistant to oxidation but 
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solid at ambient temperatures, while oils with a high 
polyunsaturated fatty acid (PUFA) content remain 
liquid at low temperatures but suffer from oxidative 
damage and free radical attack. Oils rich in monoun-
saturated oleic acid demonstrate a unique combina-
tion of good oxidative stability and lubricity at low 
temperatures (Vanhercke et al. 2013).

An increase in the content of linolenic acid reduces 
the oil’s resistance to oxidation during storage; how-
ever, paint and varnish manufacturers require varie-
ties that produce drying oils with a high iodine num-
ber and linolenic acid content of up to 80%. Linolenic 
acid is the most unsaturated, which determines its 
high biological activity and the ability to quickly dry, 
and this makes such oil a leader in the production of 
paints, but on the other hand, leads to its rapid oxi-
dation or rancidity, thus limiting the period of its use 
for food to two month (Porokhovinova et  al. 2017). 
The oil in castor bean seeds is used to produce high-
quality varnishes and paints, plastics, artificial fib-
ers, printing inks, rubber, insulation materials, and 
toilet soaps. It is utilized in the textile and leather 
industries, not to mention the needs of perfumery 
and medicine (Moshkin 1980). Camelina oil con-
tains eicosenoic acid, which makes it indispensable 
in cosmetology. Oils with higher levels of erucic and 
ricinoleic acids are used for the production of poly-
ethylene. Pharmaceutics requires such acids as myris-
tic, linolenic and nervonic. Searching for genotypes 
with a modified FA composition expands the range of 
oil applications. Myristic acid is also used on a large 
scale in the production of ice cream, vegetable milk, 
baby food, and as a substitute for cocoa butter in con-
fectionery products (https:// efko- ingre dients. ru/ press- 
centr/ relizy/ 15532 of November 23, 2020; https:// 
efko- ingre dients. ru/ produ kciya/ milk_ fat/ 12606/ of 
November 23, 2020).

Biosynthesis of fatty acids

The main steps of FA synthesis occur in plastids and 
the endoplasmic reticulum (ER). The chart (Fig.  1) 
showing the synthesis stages was drawn up as a result 
of the analysis of scientific publications produced 
by various authors (Los 2001, 2014; Ohlrogge and 

Browse 1995; Dar et  al. 2017; Bonaventure et  al. 
2003; Bao et al. 1998; Haslam and Kunst, 2013).*1

FA biosynthesis begins in plastids, where acetyl-
CoA carboxylase facilitates the conversion of acetyl-
CoA into malonyl-CoA; then two carbon atoms are 
attached to the growing carbohydrate chain through 
FA synthase, using acetyl-CoA as a precursor, and 
malonyl-ACP as an elongator. This enzyme com-
plex includes malonyl-CoA ACP-transacylase, which 
transfers the two-carbon malonyl unit to an acyl car-
rier protein (ACP), and the group of 3-ketoacyl-ACP 
synthase (KAS) enzymes is involved in the length-
ening of the FA carbon chain, where malonyl-ACP 
serves as a C2 donor: KASIII uses acetyl-CoA as an 
acceptor for the synthesis of acetoacetyl-ACP. KASI 
acetylates 4:0-ACP to 16:0-ACP, and KAS II length-
ens the 16:0 acceptor to 3-keto-18:0-ACP. The end 
products of KAS are 16:0-ACP and 18:0-ACP, which 
can be modified with soluble enzymes—palmitoleyl 
(16:0)-ACP desaturase or stearoyl (18:0)-ACP desatu-
rase (controlled by the Fab2 gene, FA biosynthesis 2, 
or Sad2, Stearoyl ACP desaturase 2). These enzymes 
catalyze the formation of double bonds between the 
C9 and C10 carbon atoms in 16:0-ACP and 18:0-ACP 
to produce 16:1Δ9-ACP and 18:1Δ9-ACP (Los 2014; 
Ohlrogge and Browse 1995). The desaturase enzyme 
removes 2 hydrogen atoms and creates a double bond 
between carbon atoms. Desaturases are divided into 
two groups: Δ-desaturases and ω-desaturases. Delta 
indicates that a double bond evolves at a fixed posi-
tion from the carboxyl end of the FA chain. Omega 
means that a double bond develops at a fixed position 
from the methyl end of the FA chain. Δ9-desaturase 
generates a double bond between the ninth and 
tenth carbon atoms from the carboxyl end, while 
ω3-desaturase (or Δ12-desaturase) creates a double 
bond between the third and fourth carbon atoms from 
the methyl end (Berestovoy et al. 2020). It is known 
that the synthesis of oleic acid occurs under the influ-
ence of one of the Δ9-desaturases (also known as 
stearoyl-CoA-desaturase-1) in chloroplasts, and then 
can be transported to the ER for subsequent desatura-
tion in a lipid-bound form (Los and Murata 2004; Los 
2001; Dar et  al. 2017). All desaturases are encoded 
by the nuclear FAD (FA desaturase) or SAD (Stearate 

1 2* Hereinafter, the gene names are given in accordance with 
the authors’ notation.

https://efko-ingredients.ru/press-centr/relizy/15532
https://efko-ingredients.ru/press-centr/relizy/15532
https://efko-ingredients.ru/produkciya/milk_fat/12606/
https://efko-ingredients.ru/produkciya/milk_fat/12606/


2031Genet Resour Crop Evol (2022) 69:2029–2045 

1 3
Vol.: (0123456789)

desaturase) (Perez-Vich et  al. 2004). Interestingly, 
only the desaturases that introduce the first double 
bond in the chain of FAs bound to the acyl-carrying 
protein are soluble and localized in the chloroplast 
stroma, while the rest are anchored in the mem-
brane and localized in the membranes of thylakoids 
or the ER (Los 2014). Palmitic, palmitoleic, stearic 
and oleic acids are freed from ACP for export to the 
cytosol using acyl-ACP thioesterases FatA and FatB, 
most active for C18-ACP and C16-ACP, respectively 
(Los 2014; Bonaventure et al. 2003; Perez-Vich et al. 
2004).

Then, the synthesis of phosphatidic acid takes 
place mainly in the ER. Acyl-CoA:glycerol-3-phos-
phate acyltransferase, having membrane localization, 
transfers the generated acyl group to the sn-1 position 
on glycerol-3-phosphate. Acyl-CoA:lysophosphatidic 
acid acyltransferase catalyzes acylation at the sn-2 
position. In most edible oils this position is occupied 
by the unsaturated C18 FAs (Los 2014).

Phosphatidic acid in chloroplasts is dephospho-
rylated by phosphatase to produce diacylglycerol 
(DAG), with the subsequent synthesis of glycolipids. 
In dicotyledons there are two pathways for the bio-
synthesis of glycerolipids: prokaryotic and eukary-
otic. Both pathways begin with the stepwise acety-
lation of glycerol-3-phosphate and the formation of 
phosphatidic acid, whose dephosphorylation leads to 
the formation of DAG, which is used in plastids for 
assembling photosynthetic membrane lipids via the 
prokaryotic pathway, while DAGs, mainly phosphati-
dylcholine synthesized in the ER, are used for the 
synthesis of nonplastid membrane lipids and triacyl-
glycerols (TAGs). In the prokaryotic pathway 18:1 
is attached to glycerol in the sn-1 position, and 16:0 
in the sn-2, and in the eukaryotic pathway it is vice 
versa. The products of both pathways also differ in 
the third substituent at the sn-3 position. In monocots, 
only the eukaryotic pathway remains (Ohlrogge and 
Browse 1995; Los 2014).

Fig. 1  Main steps of fatty acid synthesis in plastids and the endoplasmic reticulum (adapted from Los 2001, 2014; Ohlrogge and 
Browse 1995; Dar et al. 2017; Bonaventure et al. 2003; Bao et al. 1998; Sidorov and Tsydendambaev 2014; Haslam and Kunst 2013)
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The synthesis of PUFAs from oleic acid (18:1Δ9) 
in the ER is catalyzed by microsomal desaturases: 
the second double bond appears due to the activ-
ity of Δ12 (or ω6) oleic acid desaturase (the FAD2 
gene) which converts oleic acid into linoleic one 
(18:1Δ9 → 18:2Δ9,12), and the third double bond 
can be introduced by the Δ15 (or ω3) linoleic acid 
desaturase (FAD3) which converts linoleic acid into 
α-linolenic one (18:2Δ9,12 → 18:3Δ9,12,15). These 
FAs can also be formed by chloroplast desaturases 
(controlled by the FAD4 and FAD5 genes) which con-
vert palmitic acid into palmitoleic one (16:0 → 16:1), 
as well as FAD6 converting oleic acid into linoleic 
one (18:1 → 18:2), FAD7 and FAD8 converting lin-
oleic acid to α-linolenic one (18:2 → 18:3) (Ohlrogge 
and Browse 1995; Los 2014).

FAs in plants, functioning as the building blocks 
of membrane lipids and triacylglycerols, are synthe-
sized almost exclusively in plastids. Lipids of cellu-
lar and photosynthetic membranes are represented by 
DAGs; their sn-1 and sn-2 positions are occupied by 
saturated or unsaturated C14–C22 FAs, and the sn-3 
position by the phosphate group as well as a neutral 
or charged molecule (Los 2014).

The main lipids of plastid membranes are galac-
tolipids: mono- and digalactosyldiacylglycerols, mak-
ing up 50 and 25%, respectively, of all lipids in chlo-
roplast membranes. These compounds contain a high 
proportion of PUFAs, up to 95% of which can be rep-
resented by α-linolenic acid located at the sn-1 and 
sn-2 positions (Los 2014).

In ripening seeds, phosphatidylcholine is the 
main source of DAGs for the synthesis of TAGs. 
This synthesis is effectuated via either the acyl-
CoA-dependent pathway (Kennedy pathway), cata-
lyzed by diacylglycerol acyl-CoA acyltransferase, 
or the acyl-CoA-independent pathway, catalyzed by 
phospholipid:acyl-CoA acyltransferase, and they 
can duplicate each other. The synthesized TAGs 
are packed into oleosomes consisting of TAGs sur-
rounded by a monolayer of phospholipids with 
numerous specific proteins, mainly oleozymes. These 
proteins prevent oleosomes from sticking together 
(Los, 2014; Sidorov and Tsydendambaev 2014).

It should be noted that a majority of subsequent FA 
modifications, such as elongation after the formation 
of stearic or oleic acid and desaturation, most likely 
occur after the development of phosphatidylcholine 
or other glycerolipids of FAs (Ohlrogge and Browse 

1995; Dar et al. 2017; Los 2001, 2014). Most of these 
reactions involve FA elongase (the FAE1 gene, or 
FA Elongase 1) (Fig. 1), when stearic acid is the first 
to be formed from arachidic acid, with behenic and 
lignoceric acids coming next. Further elongation of 
unsaturated FAs occurs already after the formation of 
the first double bond: eicosenoic, erucic and nervonic 
acids are developed in turn from oleic acid (Bao et al. 
1998; Haslam and Kunst 2013).

Hereditary variability of fatty acid composition

There is a natural diversity in the composition of FAs 
among different cultivars, accessions and lines of 
each oilseed crop (Supplementary).

Peanut (Arachis hypogaea L.)

Peanut, being one of the most important oil crops 
the world production, contains oleic (39–70% of the 
total FAs), linoleic (26–42%), linolenic (0.5–1.3%), 
eicosenoic (1.1–4.0%) acids as well as such saturated 
FAs as palmitic (8.6–13.4%), stearic (2–6%), ara-
chidic (0.8–2.3%), behenic (0.5–4.0%) and lignoceric 
(0.5–2.1%), minor amounts of myristic acids (Erma-
kov et  al. 1982; Wang et  al. 2015a). The first spon-
taneous mutant line of peanut with high (80%) oleic 
acid content (F435) was identified in 1987 (Norden 
et al. 1987). Molecular analysis of the high-oleate pea-
nut line F435 made it possible to identify mutations 
in both homeologous ahFAD2: the substitution of 
“G” for “A” at 448 bp from the start codon (G448A) 
in the ahFAD2A gene, resulting in the replacement of 
aspartic acid with asparagine (D150N), as well as the 
“A” insertion between 441 and 442 bp (441_442insA) 
in the ahFAD2B gene, which led to a reading frame 
shift and generated a premature stop codon (Lopez 
et al. 2000; Jung et al. 2000). Mutant alleles of both 
genes, being present in the homozygous state concur-
rently in one genotype, lead to higher oleic acid con-
tent in it (Chu et al. 2009).

Later, as a result of mass screening, a new gen-
otype with high oleic acid content (PI342666) 
was identified (Wang et  al. 2015b). The mutation 
resulted from one substitution of “C” for “G” at 
301 bp from the start codon (C301G) in ahFAD2B 
and led to the substitution of the amino acid. These 
reports demonstrated that mutations in the coding 
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region of the ahFAD2A and ahFAD2B genes can 
alter enzymatic activity, increasing the oleic acid 
content in mutant genotypes (Lopez et al. 2000).

Safflower (Carhtamus tinctorius L.)

The oil of safflower is characterized by a higher 
content of linoleic acid (68–79%) compared to 
most other oil crops. Standard safflower oil contains 
about 6–8% of palmitic acid, 2–3% of stearic acid, 
16–20% of oleic acid, and 71–75% of linoleic acid 
(Velasco and Fernandez-Martinez 2001). Safflower 
has a specific advantage over rapeseed or soybean 
in that it does not contain ɑ-linolenic acid in seed 
oil, a trait that simplifies genetic interventions 
needed to improve overall oxidative stability (Wood 
et  al. 2018). Safflower is characterized by great 
variability in its FA composition. Modern safflower 
cultivars are of two types: either with low oleic acid 
(13% of oleic and 78% of linoleic acid) or high oleic 
acid (78% of oleic and 13% of linoleic acid). Such 
significant discrepancy in the ratio of oleic and 
linoleic acids is induced by a mutation in the cod-
ing region of CtFAD2-1, where a single-nucleotide 
deletion was found in the ol allele (Liu et al. 2013). 
This leads to premature termination of translation 
(Guan et  al. 2012). Mutant types of safflower with 
very high oleic acid content (> 85%) were obtained 
(Fernandez-Martinez et  al. 1993). Safflower acces-
sions from Portugal demonstrated high levels of 
linoleic acid (87–89%) and very low amounts of 
oleic acid (3–7%) (Futehally and Knowles 1981). 
The OLOL genotype determined the synthesis 
of 72–80% of linoleic acid in oil, while olol was 
characterized by an increased content of oleic acid 
(72–80%) (Knowles 1989). Safflower was found 
to incorporate a large family of FAD2 genes with 
various manifestations of their expression in differ-
ent plant tissues. The ol allele was later introduced 
into safflower breeding programs, and the first high-
oleate safflower cultivar ‘UC-1’ was developed 
in 1965 in the United States. Subsequently, based 
on this material, a series of Saffola was released, 
including Saffola 317 (S-317), S-517 and S-518 
(Knowles et  al. 1965). The ol allele was also used 
in breeding programs all over the world as genetic 
material to further enhance oleic acid content in saf-
flower seeds (Weisker 1997).

Brassicaceae Burnett, nom. cons. (1835)

Almost all oilseed of the genus Brassica L., with 
the exception of Camelina sativa, are character-
ized by high amounts of erucic acid from 20 to 60%. 
The highest erucic acid content in oil is reported for 
crambe (Crambe abyssinica L.) and rocket (Eruca 
sativa L.) (about 60%). For all species of mustard 
(Brassica junceae L.), the level of erucic acid in oil 
is 20–40%. Ethiopian mustard (Brassica carinata 
Braun), like other mustard species, is characterized by 
a high content of erucic acid (35–48%), while its oleic 
acid level is about 10%, and linoleic and linolenic 
acids are present in almost equal portions (15–17%) 
(Scharafi et  al. 2015). Ethiopian mustard genotypes 
with reduced erucic acid content are unknown.

Old landraces of rapeseed (B. napus (L.) subsp. 
oleifera Metzg.) and turnip rape (Brassica campes-
tris (L.) DC. = Brassica rapa subsp. oleifera Metzg.) 
contain from 12 to 49% of erucic acid (Nizova et al. 
1999). However, if rapeseed and turnip rape were 
found to have natural erucic acid-free genotypes, it 
is extremely difficult to obtain non-erucic forms of 
brown mustard. Continuous efforts were undertaken 
by plant breeders to cross brown mustard with non-
erucic rapeseed lines, but in the resulting hybrids, 
despite all long-term selection procedures, only forms 
with the erucic acid content from 10 to 17% were 
obtained (Shpota and Podkolzina 1980). Australian 
scientists reported the release of two non-erucic lines 
Zem1 and Zem2 (Kirk and Oram 1981), but accord-
ing to the VIR Catalogue, Zem1 contains from 2 to 
6% of erucic acid (Nizova et al. 1999), which may be 
the result of cross-pollination among free-flowering 
mustard accessions.

Camelina oil contains from 1.8 to 4.4% of erucic 
acid, with approximately 14% of eicosenoic acid. 
Probably this property of camelina oil makes it indis-
pensable in cosmetology. In addition to the content of 
these long-chain acids, the oil of this cruciferous crop 
is balanced in the composition of unsaturated acids: 
15–17% of oleic, about 20% of linoleic, and about 
30% of linolenic acid (Nizova et al. 1999), and is used 
for food.

Rapeseed oil contains FAs containing 12–24 car-
bon atoms. Saturated FAs account for about 5% 
and are represented by palmitic, stearic, arachidic, 
behenic, and lignoceric acids. Unsaturated acids are 
palmitoleic (0.01–0.5%), oleic (20–30%), linoleic 
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(10–20%), linolenic (1.8–3.0%), and erucic. The con-
tent of erucic acid in the absence of selection for this 
trait can vary within wide limits, for example, from 
13% in cv. ‘Fedorovsky’ (k-4680) to 51% in cv. ‘Sni-
tynsky’ (k-4688) (Nizova et  al. 1999). Widespread 
use of rapeseed oil for food became possible due to 
pollination of cv. ‘Liho’ with high erucic acid con-
tent, which resulted in identifying genotypes with 
different levels of erucic acid, including the spontane-
ous erucic acid-free mutant (Stefansson et al. 1961). 
The synthesis of erucic acid in rapeseed was found 
to be controlled by two genes with a series of mul-
tiple alleles that determine different ratios of erucic 
acid in oil: the e (less than 1% in the homozygote), 
Ea (10%), Eb (15%), Ec (30%) and Ed (3.5%) alleles 
(Krzymanski and Downey 1969). Studying the nature 
of these genes showed that they represent FAE genes. 
The control of erucic acid in the natural rapeseed 
amphidiploid is determined by the additive interac-
tion between the homologous genes FAE1.1 (the A 
genome from B. rapa) and FAE1.2 (the C genome 
from B. oleracea) (Harvey and Downey 1964), which 
are 99.4% identical in the nucleotide sequence. A 
decrease in the content of erucic acid down to its 
almost complete absence occurs when the functional 
activity of these genes is lost. For the FAE1.2 gene, 
it happens as a result of a double-nucleotide deletion 
at position 1422 or a four-nucleotide deletion at posi-
tion 1366, while the reading frame is shifted and the 
translation of the 3-ketoacyl-CoA synthase enzyme 
is prematurely terminated (Fourmann et  al. 1998). 
For the FAE1.1 gene, it is due to a single-nucleotide 
substitution at position 282, resulting in the substitu-
tion of the amino acid serine with phenylalanine in 
the synthesized protein (Katavic et al. 2002). Specific 
DNA markers for the FAE1.1 mutant allele have been 
developed (Michaels and Amasino 1998; Rahman 
et  al. 2008; Grushetskaya et  al. 2011). Non-erucic 
mutants were obtained in Canada for both rapeseed 
and turnip rape. The absence of erucic acid in oil was 
a trait so important for Canadian researchers that they 
considered it possible to merge the two species. The 
newly developed cultivars of B. napus and B. campes-
tris (and later B. junceae) with an improved FA com-
position, short growing season, and compact habitus 
were combined into one crop called ‘Canola’ (Harvey 
and Downey 1964).

In erucic acid-free oil, the percentages of oleic 
(from 12–20% to 65–70%) and linoleic (from 10 to 

18–20%) FAs are significantly increased (Gavrilova 
et  al. 2020) due to the termination of the hydrocar-
bon chain lengthening process. Four alleles of the 
FAD2 gene were identified. Combining the properties 
of each individual FAD2 allele makes it possible to 
produce an optimal combination of alleles for obtain-
ing new rapeseed lines with oleic acid content of up 
to 86% (Nath et al. 2016). It was established that the 
synthesis of linolenic acid could proceed in two dif-
ferent ways: direct desaturation of oleic acid to lin-
oleic and then to ɑ-linolenic acid, or desaturation of 
the short-chain acid with 12 carbon atoms followed 
by subsequent prolongation (C16:3 and then C18:3). 
The ratio of linoleic acid to linolenic one is controlled 
by the FAD3 gene (Bocianowski et al. 2012).

Castor bean (Ricinus communis L.)

Castor bean seeds contain a very special castor oil. 
It comprises ricinoleic acid  (C18H34O3, or C18:1 
1,12-OH), synthesized based on oleic acid (Fig.  1). 
Ricinoleic acid is characterized by one unsaturated 
bond, high molecular weight, and a low melting 
point (5  °C). The content of ricinoleic acid depends 
on the genotype and ranges from 78 to 91%. Due to 
the high content of this acid, castor oil is viscous and 
does not solidify under negative temperatures (down 
to − 18… − 20  °C), which makes it a lubricant of 
unsurpassed quality, especially for engines operating 
in boreal environments or in the aircraft and space 
sectors (Moshkin 1980).

Sunflower (Helianthus annuus L.)

Sunflower oil for food contains on average: 1.0% of 
stearic, 1.2% of palmitic, 8.0% of oleic, 70.0% of 
linoleic, and 1.0% of linolenic acid (Gavrilova et  al. 
2020). The first mutants with a modified FA composi-
tion of sunflower oil were obtained by K.I. Soldatov 
(1976) using the mutagen diethyl sulfate. The content 
of oleic acid in the original cultivar ‘VNIIMK 8931’ 
was about 30%. In the resulting mutants, the oleic 
acid content averaged 72%. Based on mutant lines 
cv. ‘Pervenets’ was developed. Later, the lines con-
taining 88.2% of oleic acid were released (Demurin 
2003). The increased oleic acid content is inherited 
as a dominant trait. From one to five genes were 
assumed to determine this feature (Berville 2010). 
Subsequently, one gene was identified, the Ol gene, 
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which was mapped to linkage group 14 (LG14) 
(Lacome and Berville 2001; Perez-Vich et al. 2002). 
It was shown that the increased content of oleic acid 
correlates with the expression of the FAD2-1 gene, 
and this gene is identical to the Ol gene (Lacome and 
Berville 2001). The FAD2-1 gene is expressed only 
in developing seeds (Hongtrakul et  al. 1998). Genes 
FAD2-2 and FAD2-3 control the synthesis of lin-
oleic acid from oleic acid (Hongtrakul et  al. 1998; 
Schuppert et al. 2006). After simultaneous treatment 
of sunflower with two chemical mutagens NMU 
and EMS, two lines with low palmitic acid content 
were obtained (Miller and Vick 1999). X-ray treat-
ment helped to produce a high-palmitic mutant with 
palmitic acid content of about 25%, while a normal 
level of this acid in sunflower is about 7% (Perez-
Vich 2002), as well as mutants CAS-3 CAS-4 and 
CAS- 8 with high stearic acid content (about 26%) 
(Fernandez-Martinez et al. 2004). The recessive allele 
of the es1 gene, localized in the first linkage group 
(LG1), is responsible for increased stearic acid con-
tent in the CAS3 line (Perez-Vich et al. 2002), and the 
recessive allele of the es3 gene, belonging to the 8th 
linkage group (LG8), in the CAS14 line (Perez-Vich 
et  al. 2006). The first linkage group also includes 
the genes responsible for the FA synthesis: SAD17 
locus A (stearate desaturase); SAD6 locus B (stearate 
desaturase), FatA (thioesterase locus A), and oleate 
desaturase, identified when sunflower lines HA89 and 
CAS20 were crossed (Perez-Vich et al. 2004). In the 
same crossing, the following genes were identified: 
SAD6 locus A (LG11), SAD6 locus C (LG4), FatA 
(thioesterase locus B–LG2), FatB (thioesterase locus 
A–LG7). Using chemical mutagenesis, the CAS-7 
mutant with 14% of palmitic acid was produced. 
(Perez-Vich et al. 2004).

Flax (Linum usitatissimum L.)

Flax seeds contain 25–45% of oil, which includes pal-
mitic (5–7%), stearic (3–4%), oleic (16–20%), linoleic 
(14–17%) and linolenic (50–60%) acids (Porokhovi-
nova et al. 2019).

The FA biosynthesis in flax is controlled by the 
genes of ketoacyl-CoA synthase KASIII (Acetyl-
CoA + Malonil-CoA → 4:0), KASI (4:0 → 16:0) and 
KASII (16:0 → 18:0), sad1 and sad2 genes of stearoyl-
ACP desaturase (18:0 → 18:1), fad2a and fad2a genes 
of desaturase 2 (18:1 → 18:2). The genes fad3a and 

fad3b (also known as ln1 and ln2) encode desatu-
rases that convert linoleic acid into linolenic one, 
needed for industrial oils. The genes differ in size 
due to indels from 1 to 29 bp, located in introns. For 
Fad3a, 6 isoforms are known, 4 of which do not lead 
to inactivation of the enzyme. The first of them, A, is 
the most common, while isoforms D and E have lost 
functionality due to a nonsense mutation. For Fad3b, 
7 isoforms are known; only two of them do not yield 
a full-fledged product: B due to a nonsense mutation 
in the first exon, and C due to the substitution of his-
tidine with tyrosine in the first His box of the active 
center of desaturase. All flax accessions with genes 
lacking a functional product were obtained using 
EMS mutagenesis (Thambugala et al. 2013).

The first low-linolenic flax (solin) cultivars 
(Linola™) were developed in the late 1970s in Can-
ada. They were the products of hybridization between 
two medium-linolenic lines obtained by EMS 
mutagenesis based on cv. ‘Glenelg’. Solin cultivars 
contain about 2% of linolenic acid are double-reces-
sive homozygotes for the complementary ln1 and ln2 
genes (Green 1990). Later, other lines and cultivars 
were released, either descending from cv. ‘Linola’ or 
obtained independently (Dmitriev et al. 2020).

The VIR collection holds several medium-lino-
lenic lines developed from local plant accessions col-
lected in Russia and India. Interestingly, the lower 
share of linolenic acid in them is compensated by an 
increased proportion of oleic acid, not linoleic one 
(Porokhovinova et al. 2019).

Cotton (Gossypium L.)

Cotton oil is used for food and, to a lesser extent, for 
industrial purposes. It is used mostly for the produc-
tion of salad oil and frying oil, margarine, mayon-
naise, lard substitute and, on a smaller scale, for stor-
age and transportation of meat and fish (Salunkhe and 
Desai 1986). Cottonseed oil belongs to the linoleic 
type of oils with a predominance of unsaturated lin-
oleic acid up to about 50%, while 18–30% falls on 
oleic acid and 20–25% on saturated palmitic acid. 
The remaining 10% may include up to 1.2% of pal-
mitoleic, 2–7% of stearic and minor amounts of 7–9 
other FAs. A distinctive feature of the Malvaceae 
is the presence of cyclopropane FAs in the oil that 
have three-carbon-atom rings in the middle of their 
structures. Cottonseed oil contains from 0.5 to 2% of 
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malvalic (cpe18:1), sterculic (cpe19:1) and dihydros-
terculic (cpa19:0) acids. After heating their content is 
less than 0.4%.

All types of cotton contain the fat-soluble pigment 
gossypol. that is toxic to humans, pigs and chick-
ens, but harmless to cattle, so the oil intended for 
food purposes is necessarily refined and deodorized 
(Dowd 2015).

Several accessions of wild G. barbadense L. with 
an increased content of oleic acid (38–42%) were 
identified in the U.S. National Cotton Germplasm 
Collection (NCGC) (Shockey et al. 2017).

Interspecific hybridization between G. barbadense 
accessions with a high content of oleic acid and 
G. hirsutum L. lines resistant to reniform nematodes 
(Rotylenchulus reniformis Linford and Oliveira), and 
subsequent selection resulted in producing resist-
ant lines with an increased content of oleic acid 
(38–42%), which was twice higher than the normal 
level (Dowd et  al. 2020). Four pairs of FAD2 genes 
(4 from each of the A and D genomes) were identi-
fied in allotetraploid cotton plants (Chapman and 
Pirtle 2001). Expressions of a different form of this 
enzyme were found in GB713 (Shockey et al. 2017) 
and GB331 (Sturtevant et al. 2017).

Modification variability and value of desaturases

The synthesis of FAs is affected by environmental 
conditions. Low temperatures increase the content 
of PUFAs in the oil. The effect of exposure to tem-
peratures is expressed in different species to varying 
degrees. In safflower ol1ol1 and OLol1 genotypes 
the content of linoleic acid slightly decreased under 
high temperatures, while the content of oleic acid 
increased. The OLOL and olol genotypes were more 
stable under temperature changes (Knowles 1989). 
In flax a wet and cold summer formed seeds with a 
higher percentage of linolenic and linoleic acids than 
a hot and dry one (Porokhovinova et  al. 2017). The 
synthesis of linoleic acid in cottonseed, sunflower and 
camelina oils was found to occur more intensively 
at lower temperatures (Podolnaya et  al. 2019). The 
CAS14 mutant sunflower line showed very high lev-
els of stearic acid in oil (up to 37%), but only under 
higher temperatures during seed maturation (Fer-
nandes-Moya et al. 2002).

The FA composition of peanut oil is influenced 
by several factors: genotype, seasonal variation, 
growing area and/or temperature conditions, dis-
eases, and insect damage (Sanders 1982). All com-
ponents of peanut oil quality are highly dependent 
on the genotype (Bovi 1982; Norden 1987). Seeds 
that develop at lower temperatures contain more 
unsaturated FAs in their oil due to an increased 
activity of oleate desaturase (Slack and Browse 
1984).

It was established for cotton that under hotter and 
drier conditions the content of saturated FAs increased 
and the content of unsaturated ones decreased (Pet-
tigrew et al. 2011; Podolnaya et al. 2019). On saline 
soils the level of linoleic acid decreases and that of 
stearic and oleic acids increases (Ahmad et al. 2007). 
In cotton, the synthesis of linoleic acid from oleic one 
occurs under the influence of Δ12 desaturase. The 
activity of Δ12 desaturase was shown to be affected 
by temperature. The expression of desaturase-encod-
ing genes was proved to increase at low temperatures 
(Berestovoy et  al. 2020). Desaturases are supposed 
to play an important role in changing membrane flu-
idity. Under the impact of various stressors (cold, 
drought, salinity etc.,) the fluidity of cell membranes 
decreases. Membrane fluidity parameters are decisive 
for the functioning of membrane-bound enzyme sys-
tems; with a decrease in membrane fluidity, the vital 
activity of cells is disrupted, which leads to the death 
of the entire plant (Los 2001). The lower are the con-
tent of unsaturated FAs in membrane lipids and the 
fluidity of membranes, the faster is the activation of 
desaturase genes. To maintain a certain level of mem-
brane fluidity, the expression of desaturase genes 
increases and plant defense mechanisms are provided 
(Los 2001, 2014; Berestovoy 2020). D.A. Los sup-
posed that with the changing environmental tempera-
ture and mobility of membrane lipids (their fluidity), 
their state is perceived by the membrane-bound sen-
sor histidine, kinase Hik33, and the signal is transmit-
ted further to the desaturase gene promoters through 
the phosphorylation/dephosphorylation cascade with 
the participation of soluble histidine kinase Hik19 
and Rer1 response regulator (Los 2004). Thus, it can 
be assumed that desaturases contribute to cold and 
drought resistance, which is important for cultiva-
tion of southern crops (peanut, soybean or cotton) at 
higher northern latitudes.
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Genetic engineering for creating oilseeds with new 
properties

The development of genetic engineering methods has 
opened new opportunities for changing the FA com-
position of oil crops. Over the past couple of dec-
ades, extensive material has been accumulated for the 
development of plant forms with a modified composi-
tion of FAs (Khan et al. 2017).

Various approaches have been used to achieve this 
goal, such as gene silencing, overexpression of genes 
for the synthesis of FAs, changing the pattern of their 
expression, and genome editing (Table 1). As a result, 
new genotypes have been obtained. They were char-
acterized by new properties due to the modified bal-
ance of FAs or the appearance of fundamentally new 
compounds for a particular plant species.

Initially, two main approaches were proposed to 
alter the balance of FAs. In the first case, attempts 
were made to enhance the expression of genes whose 
products were supposed to control the production of 
a particular compound in larger amounts than in the 
original form.

The second approach, was aimed at silencing the 
gene expression in order to shift the balance of FAs 
towards the precursor of the acid whose production 
was suppressed.

Overexpression

For overexpression, plant genes are placed under 
strong constitutive or tissue-specific promoters.

Much effort has been focused on transgenic 
overexpression of FAD2 that catalyzes the conver-
sion of oleic acid into linoleic acid and is the main 
determinant of the levels of essential PUFAs in 
seed oils. However, since the discovery of the FAD2 
gene, almost none have shown an increase in 18:2 
in FAD2 overexpression lines. In contrast, FAD2 co-
suppression was reported for Arabidopsis thaliana L. 
by Cartea et  al. (1998), soybean by Kinney (1998), 
flax, Ethiopian mustard and camelina (Du et  al. 
2019). There is little evidence at present to indicate 
that overexpression of FAD2 is a reliable strategy to 
improve PUFA content in oil crops. A solution to the 
problem may lie in the use of mutant plant lines with 
impaired silencing. This approach was implemented 
using Arabidopsis forms where FAD2 co-suppression 
was overcomed in the rdr6 mutant, which is impaired 

in post-transcriptional gene silencing (PTGS). So, 
Arabidopsis lines with high PUFA content were sta-
ble through four generations. Thus, overexpression 
of desaturase genes does not necessarily lead to an 
increase of the PUFA level. Implementation of this 
trait depends on the genetic background, in particu-
lar, mutations in genes whose products are involved 
in PTGS (Du et al. 2019). In addition, the likelihood 
of success is higher with tissue-specific (Yeom et al. 
2020) or inducible expression of the target gene. For 
example, the use of cold-induced promoters makes it 
possible to change the balance of FAs in response to 
cold weather. In the Nicotiana tabacum L. model sys-
tem, the FAD7 gene was introduced under the control 
of a cold-inducible promoter (cor15a) from A. thali-
ana, resulting in a linolenic acid increase by 18.5% 
after a long cold temperature exposure, while linoleic 
acid declined to non-detectable levels, and the content 
of oleic acid decreased by 55% (Khodakovskaya et al. 
2006).

Post-transcriptional gene silencing

Various PTGS strategies were exploited to engineer 
plant genotypes (Kamthan et  al. 2015). The tradi-
tional hairpin-based RNA interference (RNAi) tech-
nique was successfully used to change the FA compo-
sition in rapeseed (Peng et al. 2010), brown mustard 
(Sivaraman et al. 2004), peanut (Yin et al. 2007), and 
safflower (Wood et al. 2018).

The artificial microRNA (amiRNA) technique 
of gene silencing is becoming a powerful tool of 
genetic engineering. The amiRNA technology could 
be employed to down-regulate gene expression with-
out affecting the expression of other members of gene 
families, which reduces the risk of cross-silencing 
(Tang et al. 2007). This approach started to be inten-
sively used in genetic engineering of oilseed crops. In 
the Arabidopsis model object, three important genes, 
i.e., FAD2, FAE1 and FATB involved in seed oil 
metabolism, were efficiently silenced. The efficiency 
of FAD2 and FATB silencing was matched with the 
well-characterized mutant alleles (Belide et al. 2012). 
There is a known safflower accession with superhigh 
oleic acid content: 93% of oleic acid, 4% of saturated 
acids, and only 1.5% of PUFAs (linoleic and lino-
lenic). Such content of oleic acid resulted from a spe-
cific RNA interference of FAD2.2 and FATB genes 
(Wood et. al. 2018).
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Hairpin RNA-mediated gene silencing was used 
in cotton to suppress the expression of ghSAD-1 
encoding stearoyl-ACP Δ9-desaturase and ghFAD2-1 
encoding oleoyl-phosphatidylcholine Δ6-desaturase. 
As a result of a decrease in the expression of the 
ghSAD-1 gene, the amount of stearic acid in oil sig-
nificantly increased (from 2–3 to 40%). Blocking the 
ghFAD2-1 gene led to a significant increase in the 
oleic acid content—up to 77%, compared to 15% in 
the original cotton cultivar (Liu et  al. 2002). In all 
variants, the content of palmitic acid was reduced.

Thus, methods based on RNA interference are very 
popular and quite predictable in terms of their results.

Genome editing

Different methods have historically been used to edit 
genomes. Initially, editing systems were based on the 
DNA–protein interactions to introduce targeted muta-
tions. This ideology, implemented in the TALLEN 
method, was applied to editing the FAD2 and FAD3 
genes in soybean and peanuts (Demorest et al. 2016; 
Wen et al. 2018), leading to an increase in the content 
of oleic acid in the seeds of transformed plants up to 
70% (Yin et al. 2007).

The possibilities of genome editing have greatly 
increased with the use of the CRISPR/Cas technol-
ogy, since nucleic acid interactions based on the prin-
ciple of complementarity have been used to find the 
editing site, greatly facilitating the procedure of cre-
ating vectors for genome editing. As a result, novel 
applications of this system are being developed rap-
idly. Table  1 contains CRISPR/Cas9 application 
examples to target the FAD2 gene in Camelina seeds, 
where oleic acid content was raised from 16% to over 
50%. These increases were associated with signifi-
cant decreases in the less desirable PUFAs, linoleic 
acid (from ~ 16 to < 4%) and linolenic acid (from ~ 35 
to < 10%) (Jiang et al. 2017).

Metabolic engineering for the synthesis of new 
compounds

Methods of metabolic engineering make it possible 
to introduce new compounds into the composition 
of a vegetable oil, thus enriching it with previously 
uncharacteristic valuable nutritional properties. In 
some cases, it is sufficient to introduce 1 or 2 heter-
ologous genes into plants to obtain a new FA in the 

composition of its oil. Some plants, such as primula, 
are known to be able to produce stearidonic acid in 
their seeds (Sayanova et  al. 1997). However, these 
plants are not part of the human diet and agronomi-
cally not amenable to cultivation. Oilseeds can 
therefore be engineered to produce this nutritionally 
important FA by transferring the 6-desaturase gene to 
produce SDA, which has been successfully done for 
soybeans (Eckert et al. 2006).

Safflower, canola and brown mustard oils were 
enriched with γ-linolenic acid (Nykiforuk et al. 2012; 
Liu et al. 2001; Hong et al. 2002), while cottonseed 
oil was enriched with vernolic acid (Zhou et al. 2006). 
An important alternative source of fish oil substitutes 
are metabolically engineered plants. To produce 
eicosapentaenoic acid (EPA, 20:5n-3), five heterolo-
gous genes driven by the constitutive 35S promoter, 
namely ∆9-elongase (Isochrysis galbana Parke), 
∆8-desaturase (Euglena gracilis Klebs) ∆5-desatu-
rase (Mortierella alpine Peyronel), ∆15-desaturase 
(A. thaliana) and ∆17-desaturase (Phytophthora 
infestans (Mont.)de Bary) (Fig. 2), were successfully 
transferred into peanut through Agrobacterium-medi-
ated transformation (Wang et al. 2019). Many desired 
oil modifications require an even larger number of 
transgenes to produce target phenotypes. For exam-
ple, the production of the high-value nutritional FA 
docosahexaenoic acid (DHA) was achieved in B. jun-
cea by seed-specific co-expression of nine transgenes 
(Wu et  al. 2005), and the ISAAA database contains 
a canola line containing a cassette of 12 genes, the 
products of which are involved in the synthesis of 
DHA. These achievements are encouraging, suggest-
ing that the composition of FAs in other plants can be 
altered.

Conclusion

Changes in the FAs composition of oil crop seeds 
can be achieved in several ways. This goal can be 
reached by studying the natural diversity of a crop 
and disclosing the potential for variability through 
selection, self-pollination or interspecific hybridi-
zation. The use of chemical mutagenesis or X-ray 
treatment makes it possible to obtain forms with a 
high content of oleic acid in sunflower, rapeseed and 
cotton, with a low content of linolenic acid in flax, 
and with an increased content of palmitic or stearic 
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acid in sunflower. The third way is to study in detail 
the genetic control of FA biosynthesis to provide 
the means for transgenesis and editing the genome 
and obtaining the desired plant form by turning on 
or inactivating certain genes, or engineering new 
metabolic pathways. This is important because the 
genes that control desaturase are involved not only 
in the synthesis of FAs s in seeds, but also in ensur-
ing the vital activity of cell membranes by changing 
their fluidity and, consequently, the plant organism 
as a whole, especially under unfavorable conditions, 
such as low or high temperatures, drought, soil 
salinity, etc.
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