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Abstract Fatty acid elongase 1 (FAE1) and delta-12 fatty acid desaturase 2 (FAD2) are two key enzymes in plant fatty acid
biosynthesis pathway. Five different types of transgenic lines with identical genetic background were developed by single and
double-expression regulation of the genes coding for these two key enzymes in the same Brassica napus variety CY2. Seeds of the
five types of transgenic lines and the wild-type control, which were planted under the same environmental conditions, were analyzed
and compared for fatty acid composition and oil content in the present study. The results showed that the contents of multiple fatty
acids, such as oleic, linoleic, linolenic, eicosenoic and erucic acid, could be significantly altered by single and double regulation of
the two genes. Particularly in the seeds in which the two endogenous target genes were simultaneously silenced, the oleic acid
content was increased to 82.8% from 20.5% of CY2, and in the seeds with grain-specific expression of Arabidopsis thaliana FAEI
gene, the erucic acid content was raised to 60.2% from 43.9% of CY2. Compared with the wild-type control, the relative ratios of
eighteen-carbon unsaturated fatty acids and the oleic desaturation proportion were all markedly changed in the five types of
transgenic seeds. In addition, it was found that the seed oil content was improved by enhanced expression of F4AE] and decreased
by silencing of FAEI and FADZ2, suggesting that the synthesis and accumulation of seed oil would be influenced to a certain extent
by genetic manipulation of the two key enzyme genes.
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In the fatty acid biosynthesis pathway, fatty acid elongase 1 (FAE1), as one of the four constituent enzymes of fatty
acid elongase complex, is the rate limiting enzyme of carbon chain extension reaction with oleic acid as precursor
in seeds and the key enzyme of the biosynthesis of very long chain fatty acids with more than C20, while delta-12
fatty acid desaturase 2 (FAD2) plays a key role in catalyzing the desaturation of oleic acid to produce linoleic acid
and linolenic acid (Wang et al., 2020). Therefore, these two enzymes are two important sites for regulating fatty
acid biosynthesis. Brassica napus is one of the major oil crops in the world. There have been many reports on the
genetic regulation of FAE] and FAD?2 genes in Brassica napus and its related species. These reports mainly involved
the down regulation (Kanrar et al., 2006; Tian et al., 2011a) and up regulation of FAEI gene expression (Katavic et
al., 2000; Han et al., 2001; Kanrar et al., 2006; Mietkiewska et al., 2007) and down regulation of FAD2 gene
expression (Stoutjesdijk et al., 2000; Sivaraman et al., 2004; Jadhav et al., 2005; Chen et al., 2006; Chen et al., 2009;
Jung et al., 2011; Tian et al., 2011b). Most of them studied the regulation of a single gene, while studies on the
regulation of two genes at the same time (Peng et al., 2010) were relatively rare. Besides, most of the transformed
receptor varieties in the previous studies were different. At present, there is still a lack of results of single-gene and
double-gene genetic regulation of two target gene systems under the identical genetic background and the same
experimental environment. In this study, in the transgenic improvement of fatty acid composition in Brassica napus,
the same high-oil variety was used as the receptor parent to systematically study the genetic regulation of FAE] and
FAD? genes, and various types of single-gene and double-gene transformants with the same genetic background
were obtained (Shi et al., 2015; Lang et al., 2016; Shi et al., 2016; Shi et al., 2017). In this study, the quality of the
seeds of these transgenic lines and their receptor parents planted under the same environmental conditions was
analyzed, which could provide a basis for a more comprehensive understanding of the role of these two target genes
in the genetic regulation of fatty acid biosynthesis.
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1 Results and Analysis

1.1 Fatty acid composition of transgenic lines

The results of fatty acid composition analysis showed that the silencing of endogenous BrnFAE! gene in RNA
interference mediated Brassica napus effectively inhibited the carbon chain extension reaction with oleic acid as
the starting substrate, which directly led to a significant reduction in the synthesis of very long chain fatty acids with
more than C20, and a large amount of oleic acid accumulated. According to the data calculation in Table 1, compared
with the receptor parent CY2, the contents of eicosenoic acid, erucic acid and total very long chain fatty acids in
BnFAE1-Ri seeds decreased by 7.4%, 42.6% and 50.7% respectively, while the content of oleic acid increased by
41%. On the one hand, the massive accumulation of oleic acid provided more substrates for its desaturation to
produce linoleic acid and linolenic acid, so as to promote the desaturation reaction and significantly improve the
content of linoleic acid and linolenic acid. On the other hand, it also produced a certain feedback inhibition on its
own synthesis, resulting in a significant increase in the accumulation of palmitic acid and stearic acid in its upstream.

Similar to the interference expression of BnFAEI gene, the RNA interference expression of endogenous BnFAD?2
gene also significantly regulated the fatty acid biosynthesis in Brassica napus. In these transgenic seeds, the
desaturation of oleic acid was greatly inhibited, the synthesis of linoleic acid and linolenic acid decreased
significantly, and their contents were 86.6% and 67.4% lower than CY2, respectively, while oleic acid accumulated,
and the content was 56.2% higher than CY2. The increase of oleic acid accumulation provided more substrates for
its carbon chain extension reaction, promoted the synthesis of very long chain fatty acids to a certain extent, and
increased the contents of eicosenoic acid, erucic acid and total very long chain fatty acids.

In seeds with double interference expression of BnFAE1 and BnFAD?2 genes, the content of oleic acid was as high
as 82.8%, which was 62.2% higher than that of receptor parents, while the contents of linoleic acid and linolenic
acid decreased by 77.9% and 57.8% respectively, and the contents of eicosenoic acid, erucic acid and total very long
chain fatty acids decreased by 6.8%, 42.3% and 50.1% respectively. These data showed that after the silencing of
two target genes mediated by RNA interference, the desaturation reaction and carbon chain extension reaction of
oleic acid were highly inhibited at the same time, resulting in a significant reduction in the synthesis of various main
fatty acids in its downstream, so that it could accumulate more greatly. Therefore, for the improvement of high oleic
acid in Brassica napus, the double interference expression of BnFAEI and BnFADZ2 genes can produce more
significant and ideal effect than the single interference expression.

The contents of erucic acid and total very long chain fatty acids in AtFAEI-SE seeds increased by 16.3% and 11.9%
respectively compared with CY?2 (Table 1), while the contents of palmitic acid, stearic acid, oleic acid, linoleic acid,
linolenic acid and eicosenoic acid decreased in varying degrees. Except linoleic acid, the contents of other five fatty
acids decreased significantly. The results showed that the grain specific positive expression of AtFAEI gene in
Arabidopsis thaliana enhanced the total FAE1 activity in Brassica napus and promoted the carbon chain extension
reaction. Not only part of oleic acid, but also part of the original eicosenoic acid was further extended to erucic acid,
which decreased the contents of oleic acid and eicosenoic acid, and increased the contents of erucic acid and total
very long chain fatty acids. After the decrease of oleic acid content, on one hand, the amount of linoleic acid and
linolenic acid produced by its desaturation decreased correspondingly, on the other hand, it had a certain pulling
effect on its own synthesis, that is, it promoted the transformation from palmitic acid and stearic acid to oleic acid,
so as to reduce the accumulation of palmitic acid and stearic acid.

At the same time of positive expression of AtFAEI gene, the expression of BnFAD2 gene was silenced by RNA
interference technology, resulting in new changes in fatty acid composition. After calculation and analysis of the
data in Table 1, compared with the positive expression of single AtFAEI gene, the contents of linoleic acid and
linolenic acid in BnFAD2-Ri/AtFAE I-SE double expression seeds were further reduced by 81.5% and 54.8% due to
the great inhibition of oleic acid desaturation reaction, while the content of oleic acid increased by nearly 10%, up
to 22.5%, higher than CY2. The contents of eicosenoic acid, erucic acid and total very long chain fatty acids
increased slightly, but they did not reach a statistically significant level by t-test. It can be seen from the results that
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although the silencing of BnFAD?2 gene in double expression seeds accumulated oleic acid and increased the number
of substrates for oleic acid carbon chain extension reaction, the total FAE1 activity enhanced by the positive
expression of AtFAE1 gene was not enough to extend more oleic acid into erucic acid, so the contents of erucic acid
and total very long chain fatty acids could not be significantly increased.

Table 1 Seed fatty acid compositions (%) of the transgenic lines

Line C16:0 C18:0 C18:1 C18:2 C18:3 C20:1 C22:1 VLCFAs
BnFAEI-Ri 3.91£0.25" 1.77+0.26™ 61.50+0.76"* 17.30+0.79"* 9.31+0.33" 4.38+0.23"" 1.27+0.07"" 6.21+0.28"
BnFAD2-Ri 2.2240.08" 1.25£0.18  32.07+0.46™" 1.44+£0.10"™ 2.67+0.10"" 13.53+0.51" 45.43+0.77 60.34+0.36""
BnFAEI-Ri/BnFAD2-Ri 2.94+£0.01" 1.70+0.10™ 82.76+0.25™ 2.37+0.12"" 3.46+£0.07"" 4.98+0.20"" 1.61+0.25" 6.83+0.19™
AtFAEI-SE 1.13£0.06™ 0.62+0.04™ 12.62+0.45"" 10.08+0.46 6.70+0.16™ 5.43+0.49" 60.16+0.55" 68.85+0.06™
BnFAD2-Ri/AtFAEI-SE 1.45+0.09™ 0.97+0.05  22.5240.47" 1.86+0.18™ 3.03+0.10" 6.26+0.33"" 60.52+0.61" 70.18+0.76™
CY2 2.57+0.04 1.04+0.08 20.53+0.53 10.73+0.08 8.20+0.29 11.73+0.62 43.90+0.66 56.92+0.45

Note: C16:0: Palmitic acid; C18:0: Stearic acid; C18:1: Oleic acid; C18:2: Linoleic acid; C18:3: Linolenic acid; C20:1: Eicosenoic
acid; C22:1: Erucic acid; VLCFAs: Very long chain fatty acids including C20:0 (Arachidic acid), C20:1, C22:0 (Behenic acid), C22:1
and C24:0 (Lignoceric acid); Each value is the mean + standard deviation of three replications; * and ** indicate statistically significant
differences compared with CY2 at 0.05 and 0.01 levels, respectively

1.2 Relative ratios of C18 unsaturated fatty acids of the transgenic lines

In the fatty acid composition of double-low Brassica napus seeds, oleic acid, linoleic acid and linolenic acid are the
most important components, accounting for more than 90%. These three fatty acids are C18 unsaturated fatty acids,
of which oleic acid belongs to monounsaturated fatty acids, while linoleic acid and linolenic acid are
polyunsaturated fatty acids. The ratio of the three acids is related to the quality of rapeseed oil. The data showed
(Table 2) that the ratios of C18:1/C18:2, C18:1/C18:3 and C18:2/C18:3 among all kinds of transgenic seeds have
changed significantly (Except for a few being p <0.05, the rest were all p <0.01). Except BnFAE-Ri seeds, among
the other four kinds of transgenic seeds, C18:1/C18:2 was the largest, C18:1/C18:3 was the second, and C18:2/C18:3
was the smallest. The results showed that the ratios of C18:1/C18:2 and C18:1/C18:3 were greatly affected by the
regulation of two target genes. Compared with the receptor parent CY2, C18:1/C18:2 and C18:1/C18:3 of four kinds
of transgenic seeds increased in different ranges, while these two ratios in AtFAE-SE seeds decreased, and the range
was the smallest. The change ranges of three ratios in BnFAD2-Ri seeds were greater than those in BnFAE1-Ri seeds,
indicating that the down-regulation of BnFAD?2 gene expression had a more significant effect on the relative ratios
of C18 unsaturated fatty acids than that of BnFAEI gene. Among the three single expression and double expression
regulation modes involving the down-regulation of BnFAD2 gene, the change trends of the three ratios were the
same, that is, C18:1/C18:2 and C18:1/C18:3 increased, and C18:2/C18:3 decreased, but the change ranges were
obviously different, especially the increase ranges of the first two ratios were very different, and the largest increase
was in BnFAEI-Ri/BnFAD2-Ri seeds, C18:1/C18:2 and C18:1/C18:3 increased by 17.3 times and 8.6 times
respectively compared with CY2. The smallest increase was in BnFAD2-Ri/AtFAEI-SE seeds, and the two ratios
increased by 5.4 times and 2 times respectively.

Table 2 Relative ratios of C18 unsaturated fatty acids in seeds of the transgenic lines

Line C18:1/C18:2 C18:1/C18:3 C18:2/C18:3
BnFAEI-Ri 3.56+0.21°* 6.61+0.19" 1.86+0.14™
BnFAD2-Ri 22.29+1.60™ 12.02+0.44™ 0.54+0.06™
BnFAEI1-Ri/BnFAD2-Ri 34.98+1.66™ 23.90+0.44™ 0.68+0.04™"
AtFAEI-SE 1.25+0.10* 1.88+0.08™ 1.51+0.09"
BnFAD2-Ri/AtFAE1-SE 12.17+1.00* 7.44+0.10" 0.61£0.04™
CY2 1.91+0.06 2.50+0.11 1.31+0.05

Note: C18:1/C18:2: Oleic acid/Linoleic acid; C18:1/C18:3: Oleic acid/Linolenic acid; C18:2/C18:3: Linoleic acid/Linolenic acid; Each
value is the mean + standard deviation of three replications; * and ** indicate statistically significant differences compared with CY2
at 0.05 and 0.01 levels, respectively
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1.3 Oleic desaturation proportions of the transgenic lines

The oleic desaturation proportion (ODP) referred to the proportion of oleic acid converted into linoleic acid and
linolenic acid under the catalysis of delta-12 fatty acid desaturase 2 (FAD2) during fatty acid synthesis, that is, the
percentage of the two polyunsaturated fatty acids, linoleic acid and linolenic acid, in the total C18 unsaturated fatty
acids, which can be used as an indirect evidence to clarify the effect of F4D2 gene regulation on the activity of
endogenous delta-12 fatty acid desaturase. In this study, ODP decreased significantly in seeds with single
interference expression and double interference expression of BnFAD?2 gene (Figure 1), among which, the decrease
in BnFAE1-Ri/BnFAD2-Ri seeds was the largest, up to 86.3%. ODP in BnFAD2-Ri seeds decreased by 76.3%, which
was equivalent to the decrease of BnFAD2 activity. It was worth noting that ODP in BnFAEI-Ri and AtFAEI-SE
seeds also decreased and increased significantly (p<0.01), respectively, but the root cause was obviously not the
change of BnFAD?2 activity, but the large accumulation and reduction of oleic acid caused by FAEI gene regulation.
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Figure 1 Oleic desaturation proportions (%) in seeds of the transgenic lines
Note: Data presented are mean values of three replications, and standard deviations are indicated by bars; ** indicates statistically
significant differences compared with CY2 at 0.01 level

1.4 Seed oil contents of the transgenic lines

In this study, the regulation of FAEI and FAD?2 genes not only significantly changed the fatty acid composition of
seeds, but also affected the oil content of seeds. The oil content in two Brassica napus seeds with single interference
expression and double interference expression of endogenous target genes was lower than CY2 (Figure 2), in which
the oil content in BnFAEI-Ri seeds and BnFAEI-Ri/BnFAD2-Ri seeds decreased by 2.4% and 3.4% respectively,
and the difference was very significant (p<0.01), while the oil content in the seeds with single and double expression
of AtFAEI gene was 1.7% and 1.5% higher than that of the receptor parents, and the difference also reached a
significant level of 0.01. The results clearly showed that high-efficiency inhibition of oleic acid carbon chain
extension reaction and desaturation reaction in fatty acid synthesis pathway would affect the synthesis and
accumulation of oil and reduce the oil content of seeds, and the greater the degree of inhibition was, the more
obvious the decrease of oil content would be; On the contrary, promoting the whole fatty acid synthesis process by
enhancing the carbon chain extension reaction of oleic acid would be conducive to the synthesis and accumulation
of oil, and the oil content would be improved to a certain extent.
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Figure 2 Seed oil contents (%) of the transgenic lines
Note: Results are mean values of three replications, and standard deviations are indicated by bars; ** indicates statistically significant
differences compared with CY2 at 0.01 level

2 Discussion

Previous studies have shown that the BnFAE1 gene from high erucic acid varieties was specifically expressed in the
seeds of Brassica napus acceptor varieties with an erucic acid content of less than 1%, and the erucic acid and very
long chain fatty acid contents were increased by nearly 30% and 40% respectively (Han et al., 2001). Under the
genetic background of high erucic acid content (more than 35%), the up regulation of FAE1 gene can increase the
erucic acid content by more than 10% (Katavic et al., 2000; Kanrar et al., 2006; Mietkiewska et al., 2007), while its
antisense down regulation can reduce the erucic acid content by 30% (Kanrar et al., 2006). Silencing the expression
of FAEI gene by RNA interference technology can reduce the erucic acid content by nearly 40%, while the content
of oleic acid increased by nearly 38% (Tian et al., 2011a). In Brassica napus and Brassica juncea, the expression
of FAD2 gene was down regulated by co-inhibition, antisense and RNA interference. The content of oleic acid
generally increased by about 20%, and the low increase was more than 10% as well, while the contents of linoleic
acid and linolenic acid decreased correspondingly (Stoutjesdijk et al., 2000; Sivaraman et al., 2004; Chen et al.,
2006; Chen et al., 2009; Jung et al., 2011). In this study, the AtFAE 1 gene was specifically expressed in the seeds of
Brassica napus receptor varieties containing 43.9% erucic acid, and the content of erucic acid and very long chain
fatty acids increased by 16.3% and 11.9% respectively; the endogenous BnFAE1 gene in this variety was silenced
by RNA interference, the content of erucic acid and very long chain fatty acids decreased by 42.6% and 50.7%,
while the content of oleic acid increased by 41%; the endogenous BnFAD?2 gene was silenced in the same way, and
the content of oleic acid increased by 11.5%, while the content of linoleic acid and linolenic acid decreased by
14.8%. These data showed that the results of this study were basically consistent with the previous studies. Based
on the existing research results, it can be seen that the main fatty acid components affected by the regulation of
FAE] and FAD?2 genes were different. The former regulation mainly changed the content of oleic acid and very long
chain fatty acids with erucic acid as the main body, while the latter regulation mainly changed the content of three
C18 unsaturated fatty acids, namely oleic acid, linoleic acid and linolenic acid; Based on the change ranges of main
fatty acid content affected by regulation, the effect of FAEI gene regulation on fatty acid synthesis was greater than
that of FAD2 gene regulation.

Under the genetic background of high erucic acid in Brassica napus, although the down-regulation of FAEI and
FAD?2 genes would significantly increase the content of oleic acid, the effect of F4D2 gene down-regulation on
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promoting oleic acid accumulation was not as good as that of FAEI gene down-regulation, and the effect of FAD2
gene down-regulation on the relative ratio of C18 unsaturated fatty acids was greater than that of FAE] gene down-
regulation. When the two genes were down-regulated at the same time, not only the oleic acid was highly
accumulated to more than 80%, but also the relative ratio of oleic acid, linoleic acid and linolenic acid was increased
to a higher level than that down-regulated by F4D2 gene alone. As the three main fatty acid components in double-
low rapeseed oil, oleic acid, linoleic acid and linolenic acid have their own nutrition and health care functions.
Among them, oleic acid can reduce the content of harmful cholesterol and maintain the level of beneficial
cholesterol, so as to slow down atherosclerosis, prevent cardiovascular diseases such as coronary heart disease and
protect the heart (Chang and Huang, 1998; Nicolosi et al., 2004; Gillingham et al., 2011). Moreover, as a
monounsaturated fatty acid, oleic acid has stronger antioxidant capacity and thermal stability than polyunsaturated
linoleic acid and linolenic acid. It is relatively not easy to oxidize and deteriorate under long-term storage and high-
temperature cooking conditions. Therefore, high oleic acid has become an important goal of Brassica napus quality
breeding. Two strategies can be adopted for genetic regulation aiming at high oleic acid in Brassica napus. One is
to silence the endogenous BnFAD?2 gene in double-low Brassica napus, and the other is to silence the endogenous
BnFAE1 and BnFAD?2 genes at the same time in double-low or non-double-low receptor varieties. Both strategies
can achieve high enrichment of oleic acid and increase the relative ratio of oleic acid to linoleic acid and linolenic
acid, so as to improve the nutritional quality of rapeseed oil and extend the shelf life of products. However, compared
with the former strategy, the latter strategy has a potential advantage, that is, the content of low linoleic acid, low
linolenic acid and low erucic acid in seeds of high oleic acid transgenic Brassica napus with two target genes
silenced at the same time can remain basically unchanged even if cross pollination occurs with foreign pollen (Peng
etal., 2010; Shietal., 2015; Lang etal., 2016), which can better ensure the high oleic acid quality of Brassica napus.

In this study, while the AtFAE1 gene was specifically expressed in seeds, the expression of the BnFAD?2 gene was
down-regulated. The purpose was to inhibit the oleic acid desaturation reaction to accumulate oleic acid, provide
more substrates for the oleic acid carbon chain extension reaction, and further promote the synthesis of very long
chain fatty acids. From the analysis data of fatty acid component, the oleic acid in BnFAD2-Ri/AtFAE1-SE double
expression seeds did accumulate, and its content even exceeded that of the receptor parents, but the contents of
eicosenoic acid, erucic acid and total very long chain fatty acids were similar to those in the seeds with single
expression of AtFAE1, and there was no statistically significant difference. From this result, it was speculated that
the FAE1 activity in the seeds of the receptor parent itself was the rate-limiting factor for the carbon chain extension
reaction to synthesize more very long chain fatty acids. After the AtFAEI gene was specifically expressed in the
seeds, the total FAE1 activity in the seeds was enhanced and part (only part) of the oil acids were transformed into
erucic acid, at this time, the enhanced FAE1 activity had become the rate-limiting factor for the further synthesis of
more very long chain fatty acids. Therefore, when the total FAE1 activity in the seeds with single expression of
AtFAE had been in the state of speed limit, it was difficult to extend more oleic acid into very long chain fatty acids
such as erucic acid by increasing the number of oleic acid substrates through RNA interference expression of
BnFAD? gene.

It is generally believed if the delta-12 fatty acid desaturase encoded by the F4D2 gene in seeds has strong activity,
more oleic acid will convert into linoleic acid and linolenic acid, and the oleic desaturation proportion (ODP) will
be relatively higher. On the contrary, if the delta-12 fatty acid desaturase has low activity, less oleic acid will convert
into linoleic acid and linolenic acid, and the ODP will be correspondingly lower. Based on this cognition, some
researchers have evaluated the effect of F4D2 down-regulation on inhibiting the activity of delta-12 fatty acid
desaturase by calculating ODP (Cartea et al., 1998; Sivaraman et al., 2004; Chen et al., 2009; Tian et al., 2011b;
Belide et al., 2012). However, it was worth noting that under certain circumstances, the increase of ODP did not
necessarily mean that it was the result of increased activity of delta-12 fatty acid desaturase. For example, the content
of linoleic acid and linolenic acid in the seeds with grain-specific expression of AtFAE1 decreased in this study, but
ODP increased significantly. This phenomenon was obviously not caused by the increased activity of delta-12 fatty
acid desaturase, but because the grain-specific expression of AtFAEI gene enhanced the total FAE1 activity, so that

6



Molecular Plant Breeding 2022, Vol.13, No.3, 1-9
MolBrecd ublishr http://genbreedpublisher.com/index.php/mpb

the content of oleic acid decreased significantly after part of oleic acid extending into very long chain fatty acids.
Similarly, the decline of ODP did not necessarily mean that it was result of decreased activity of delta-12 fatty acid
desaturase. For example, the content of linoleic acid and linolenic acid in the seeds with interference expression of
BnFAE] gene increased significantly, while ODP decreased significantly. The fundamental reason was that BnFAE]
gene silencing led to a large accumulation of oleic acid, which greatly increased its content, not because the activity
of delta-12 fatty acid desaturase was inhibited.

Oils are formed by the combination of glycerol and fatty acids. Since enhancing or silencing the expression of the
key enzyme genes FAEI and FAD2 in fatty acid biosynthesis can significantly regulate the synthesis and
accumulation of various fatty acids, theoretically it will also have a certain impact on the assembly and accumulation
of oil. Previous studies have found that the up-regulation of FAE! gene expression can increase the oil content of
Brassica napus transgenic seeds by 1.5% to 10.9%, compared with the untransformed control (Katavic et al., 2000;
2001; Kanrar et al., 2006). However, the impact of down-regulation of these two key enzyme genes on oil content
of Brassica napus seeds is still rarely reported. In this study, the single interference and double interference
expression of BnFAEI and BnFAD?2 genes reduced the oil content of transgenic seeds, among which the seeds with
double interference expression decreased the most, up to 6.7%, while the oil content of transgenic seeds with grain-
specific expression of AtFAE] increased by 3.4%. Based on these results, it is preliminarily believed that the
regulation of these two key enzyme genes of fatty acid synthesis will indeed affect the oil content of seeds.
Enhancing their expression can promote the synthesis of fatty acids and their combination with glycerol, so as to
improve the oil content of seeds, while silencing their expression will inhibit the synthesis of fatty acids and reduce
the assembly with glycerol, resulting in the decrease of oil content of seeds. Therefore, it is suggested that in the
practical application research of down-regulating FAEI and FAD?2 gene expression, varieties with high-oil content
should be selected as receptor parents as far as possible, and transformed to produce more transgenic plants for
future generations to identify and screen, and then to obtain transgenic materials that can achieve the goal of fatty
acid synthesis regulation and maintain a high level of oil content.

3 Materials and Methods

3.1 Experimental materials

The test materials included the interference expression of endogenous FAE! gene BnFAEI in Brassica napus
(BnFAE-Ri), the interference expression of endogenous FAD2 gene BnFAD?2 in Brassica napus (BnFAD2-Ri), the
interference expression of BnFAEI/BnFAD2 double genes (BnFAEI-Ri/BnFADZ2-Ri), the positive expression of
FAE] gene AtFAEI in Arabidopsis thaliana (AtFAE1-SE) and the interference expression of BnFAD?2 gene/ positive
expression of AtFAE1 gene (BnFAD2-Ri/AtFAEI-SE). There were 5 types of transgenic lines of Brassica napus and
their common receptor parent CY2. These five types of transgenic lines had been independently transformed by the
author’s laboratory. At present, they had reached more than 8 generations. The transgenic lines were pure and had
stable inheritance and expression.

3.2 Material planting and harvesting

The experimental materials were planted completely randomly in the same field, and we repeated for 3 times with
40 plants for each repetition. The cultivation management during the whole growth period was the same as that in
the general field. During flowering, normal plants were selected for bagging the main inflorescence to avoid the
influence of foreign pollen. After maturity, the bagged main inflorescence seeds were harvested for quality analysis.

3.3 Analysis of fatty acid composition

The capillary gas chromatography of fatty acid methyl ester (Shi et al., 2016) was used to analyze the fatty acid
composition in the seeds of each test material on the TRACE 1300 gas chromatograph produced by THERMO
FISHER in the United States. Each material was repeated 3 times (that is, 3 cells), and the measurement was
performed 3 times for each repetition (cell). The relative content of each fatty acid component was calculated
according to the peak area normalization method, which was expressed as the percentage of single fatty acid to total
fatty acid.
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3.4 Determination of oil content
The Soxhlet extraction method (Wang et al., 2011) was used to determine the oil content in the seeds of each test
material, and the 3 cells of each material were independently sampled and determined 3 times.

3.5 Calculation of oleic desaturation proportion

The oleic desaturation proportion (ODP) was calculated according to the relative contents of three kinds of C18
unsaturated fatty acids, namely oleic acid, linoleic acid and linolenic acid. The formula was as follows: ODP =
(linoleic acid content + linolenic acid content) / (oleic acid content + linoleic acid content + linolenic acid content)
% 100% (Chen et al., 2009; Belide et al., 2012).

3.6 Data statistical analysis

In Microsoft Office Excel 2007, F-test and t-test methods were used to statistically compare and analyze the data of
fatty acid composition, relative ratio of C18 unsaturated fatty acid, oleic desaturation proportion and oil content in
the seeds of various transgenic lines and common receptor parents.

Authors’ contributions

LCX was responsible for genetic transformation, molecular identification and writing the first draft of this manuscript; WFL
participated in molecular identification and quality analysis; LRH participated in quality analysis; ZT participated in molecular
identification; HZH participated in some genetic transformation work; WXL was responsible for the construction of expression vectors;
WGT participated in various research work throughout the whole process, mainly responsible for experimental design, transgenic
material planting and screening, data statistical analysis and manuscript finalization. All authors read and approved the final manuscript.

Acknowledgments
This study was jointly funded by Key Project of Zhejiang Provincial Natural Science Foundation (Z306077) and Key Agricultural
Projects of Major Scientific and Technological Special in Zhejiang Province (2006C12029).

References

Belide S., Petrie J.R., Shrestha P., and Singh S.P., 2012, Modification of seed oil composition in Arabidopsis by artificial microRNA-mediated gene silencing,
Front. Plant Sci., 3: 1-6
https://doi.org/10.3389/fpls.2012.00168
PMid:22866055 PMCid:PMC3408671

Cartea MLE., Migdal M., Galle A.M., Pelletier G., and Guerche P., 1998, Comparison of sense and antisense methodologies for modifying the fatty acid

composition of Arabidopsis thaliana oilseed, Plant Sci., 136(2): 181-194
https://doi.org/10.1016/S0168-9452(98)00089-2

Chang N.W., and Huang P.C., 1998, Effects of the ratio of polyunsaturated and monounsaturated fatty acid to saturated fatty acid on rat plasma and liver lipid
concentrations, Lipids, 33(5): 481-487
https://doi.org/10.1007/s11745-998-0231-9
PMid:9625595

Chen S., Pu HM., Zhang J.F., Gao J.Q., Chen F., Long W.H., Hu M.L., and Qi C.K., 2009, Identification of high oleic acid germplast from the T2 progeny of the
transgenic Brassica napus L., Jiangsu Nongye Xuebao (Jiangsu Journal of Agricultural Sciences), 25 (6): 1234-1237

Chen W., LiJ.F., Dong Y.S., Li G.Z., Cun S.X., and Wang J.Q., 2006, Obtaining new germplast of Brassica napus with high oleic acid content by RNA interference

and marker-free transformation of Fad?2 gene, Zhiwu Shengli Yu Fenzi Shengwuxue Xuebao (Journal of Plant Physiology and Molecular Biology), 32 (6):
665-671

Gillingham L.G., Gustafson J.A., Han S.Y., Jassal D.S., and Jones P.J.H., 2011, High-oleic rapeseed (canola) and flaxseed oils modulate serum lipids and
inflammatory biomarkers in hypercholesterolaemic subjects, Brit. J. Nutr., 105(3): 417-427
https://doi.org/10.1017/S0007114510003697
PMid:20875216

Han J., Liths W., Sonntag K., Zdhringer U., Borchardt D.S., Wolter F.P., Heinz E., and Frentzen M., 2001, Functional characterization of B-ketoacyl-CoA synthase
genes from Brassica napus L., Plant Mol. Biol., 46(2): 229-239
https://doi.org/10.1023/A:1010665121980
PMid: 11442062

Jadhav A., Katavic V., Marillia E.F., Giblin E.M., Barton D.L., Kumar A., Sonntag C., Babic V., Keller W.A., and Taylor D.C., 2005, Increased levels of erucic
acid in Brassica carinata by co-suppression and antisense repression of the endogenous FAD?2 gene, Metab. Eng., 7(3): 215-220
https://doi.org/10.1016/j.ymben.2005.02.003
PMid: 15885619



https://doi.org/10.3389/fpls.2012.00168
https://doi.org/10.1016/S0168-9452(98)00089-2
https://doi.org/10.1007/s11745-998-0231-9
https://doi.org/10.1017/S0007114510003697
https://doi.org/10.1023/A:1010665121980
https://doi.org/10.1016/j.ymben.2005.02.003

Molecular Plant Breeding 2022, Vol.13, No.3, 1-9
MolBrecd ublishr http://genbreedpublisher.com/index.php/mpb

Jung J.H., Kim H., Go Y.S., Lee S.B., Hur C.G., Kim H.U., and Suh M.C., 2011, Identification of functional BrFAD2-1 gene encoding microsomal delta-12 fatty
acid desaturase from Brassica rapa and development of Brassica napus containing high oleic acid contents, Plant Cell Rep., 30(10): 1881-1892
https://doi.org/10.1007/s00299-011-1095-x
PMid:21647637

Kanrar S., Venkateswari J., Dureja P., Kirti P.B., and Chopra V.L., 2006, Modification of erucic acid content in Indian mustard (Brassica juncea) by up-regulation
and down-regulation of the Brassica juncea FATTY ACID ELONGATIONI (BjFAEI) gene, Plant Cell Rep., 25(2): 148-155
https://doi.org/10.1007/s00299-005-0068-3
PMid:16322995

Katavic V., Friesen W., Barton D.L., Gossen K.K., Giblin E.M., Luciw T., An J., Zou J., MacKenzie S.L., Keller W.A., Males D., and Taylor D.C., 2000, Utility
of the Arabidopsis FAEI and yeast SLCI-1 genes for improvements in erucic acid and oil content in rapeseed, Biochem. Soc. Trans., 28 (6): 935-937
https://doi.org/10.1042/bst0280935
PMid:11171262

Katavic V., Friesen W., Barton D.L., Gossen K.K., Giblin E.M., Luciw T., AnJ., Zou J., MacKenzie S.L., Keller W.A., Males D., and Taylor D.C., 2001, Improving
erucic acid content in rapeseed through biotechnology: what can the Arabidopsis FAEI and the yeast SLCI-1 genes contribute? Crop Sci., 41(3): 739-747
https://doi.org/10.2135/cropsci2001.413739x

Lang C.X., Wang F.L., Wu X.L., Shi J.H., Chen J.Q., and Wu G.T., 2016, Establishment of a technique for stable maintenance of low linoleic and linolenic acid
contents in outcrossed seeds of rapeseed, Henongxue Bao (Journal of Nuclear Agricultural Sciences), 30(9): 1716-1721

Mietkiewska E., Brost J.M., Giblin E.M., Barton D.L., and Taylor D.C., 2007, Cloning and functional characterization of the fatty acid elongase 1 (FAEI) gene
from high erucic Crambe abyssinica cv. Prophet, Plant Biotechnol. J., 5 (5): 636-645
https://doi.org/10.1111/§.1467-7652.2007.00268.x
PMid:17565584

Nicolosi R.J., Woolfrey B., Wilson T.A., Scollin P., Handelman G., and Fisher R., 2004, Decreased aortic early atherosclerosis and associated risk factors in

hypercholesterolemic hamsters fed a high- or mid-oleic acid oil compared to a high-linoleic acid oil, J. Nutr. Biochem., 15(9): 540-547
https://doi.org/10.1016/j.jnutbio.2004.04.001
PMid: 15350986

Peng Q., Hu Y., Wei R., Zhang Y., Guan C., Ruan Y., and Liu C., 2010, Simultaneous silencing of FAD2 and FAEI genes affects both oleic acid and erucic acid
contents in Brassica napus seeds, Plant Cell Rep., 29 (4): 317-325
https://doi.org/10.1007/s00299-010-0823-y
PMid:20130882

Shi J., Lang C., Wang F., Wu X., Liu R., Zheng T., Zhang D., Chen J., and Wu G., 2017, Depressed expression of FAEI and FAD2 genes modifies fatty acid
profiles and storage compounds accumulation in Brassica napus seeds, Plant Sci., 263: 177-182
https://doi.org/10.1016/j.plantsci.2017.07.014
PMid:28818373

ShiJ., Lang C., Wu X,, Liu R., Zheng T., Zhang D., Chen J., and Wu G., 2015, RNAi knockdown of fatty acid elongasel alters fatty acid composition in Brassica
napus, Biochem. Bioph. Res. Co., 466(3): 518-522
https://doi.org/10.1016/1.bbrc.2015.09.062
PMid:26381181

Shi J.H., Lang C.X., Wang F.L., Wu X.L., Chen J.Q., and Wu G.T., 2016, Development of high oil and high erucic acid transgenic rapeseed lines for industrial
use, Fenzi Zhiwu Yuzhong (Molecular Plant Breeding), 14(3): 586-592

Sivaraman 1., Arumugam N., Sodhi Y.S., Gupta V., Mukhopadhyay A., Pradhan A K., Burma P.K., and Pental D., 2004, Development of high oleic and low linoleic
acid transgenics in a zero erucic acid Brassica juncea L. (Indian mustard) line by antisense suppression of the fad2 gene, Mol. Breeding, 13(4): 365-375
https://doi.org/10.1023/B:MOLB.0000034092.47934.d6

Stoutjesdijk P.A., Hurlestone C., Singh S.P., and Green A.G., 2000, High-oleic acid Australian Brassica napus and B. juncea varieties produced by co-suppression
of endogenous A12-desaturases, Biochem. Soc. Trans., 28(6): 938-940
https://doi.org/10.1042/bst0280938
PMid: 11171263

Tian B., Sun D., Lian Y., Shu H., Ling H., Zang X., Wang B., and Pei Z., 2011b, Analysis of the RNAi targeting F4D2 gene on oleic acid composition in transgenic
plants of Brassica napus, Aft. J. Microbiol. Res., 5(7): 817-822
https://doi.org/10.5897/AJMR10.823

Tian B., Wei F., Shu H., Zhang Q., Zang X., and Lian Y., 2011a, Decreasing erucic acid level by RNAi-mediated silencing of fatty acid elongase 1 (BnFAEI.1) in
rapeseeds (Brassica napus L.), Aft. J. Biotechnol., 10(61): 13194-13201

Wang F.L., Lang C.X., Liu R.H., Wu G.T., Feng D.H., Chen J.Q., and Shi C.H., 2011, Escherichia coli acetyl-CoA carboxylase (ACCase) accD subunit gene
expression vector construction and genetic transformation, Henongxue Bao (Journal of Nuclear Agricultural Sciences), 25 (6): 1129-1134

Wang L.M., Fu Z.Z., Gao J., Dong X.Y., Zhang J., Yuan Xi., Jiang H., Wang H.J., Li Y.M., Shi M., and Zhang H.C., 2020, Molecular mechanism of unsaturated
fatty acids synthesis and regulation in plant, Jiyinzuxue Yu Yingyong Shengwuxue (Genomics and Applied Biology), 39(1): 254-258



https://doi.org/10.1007/s00299-011-1095-x
https://doi.org/10.1007/s00299-005-0068-3
https://doi.org/10.1042/bst0280935
https://doi.org/10.2135/cropsci2001.413739x
https://doi.org/10.1111/j.1467-7652.2007.00268.x
https://doi.org/10.1016/j.jnutbio.2004.04.001
https://doi.org/10.1007/s00299-010-0823-y
https://doi.org/10.1016/j.plantsci.2017.07.014
https://doi.org/10.1016/j.bbrc.2015.09.062
https://doi.org/10.1023/B:MOLB.0000034092.47934.d6
https://doi.org/10.1042/bst0280938
https://doi.org/10.5897/AJMR10.823

