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Abstract

An important alternative source of fish oil is its production by plants through metabolic engineering. To produce eicosapen-
taenoic acid (EPA, 20:5n-3) in peanut through the alternative A8-pathway, a plant expression vector containing five heter-
ologous genes driven by the constitutive 35S promoter respectively, namely, A9-elongase (Isochrysis galbana), A8-desatu-
rase (Euglena gracilis), A5-desaturase (Mortierella alpina), A15-desaturase (Arabidopsis thaliana) and Al17-desaturase
(Phytophthora infestans) were transferred into peanut through Agrobacterium-mediated transformation method. The gas
chromatography results indicated that the average content of EPA in the leaves of the transgenic lines was 0.68%, and the
highest accumulation of EPA in an individual line reached 0.84%. This finding indicates that it is feasible to synthesize EPA
in peanut through metabolic engineering and lays the foundations for the production of very-long-chain polyunsaturated

fatty acids (VLCPUFAs) in peanut seeds.
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ALA a-Linolenic acid

6-BA 6-Benzyl aminopurine

NAA 1-Naphthylacetic acid

MCS Multiple cloning site

CTAB Cetyltrimethyl ammonium bromide
Elo Elongase

Des Desaturase

GC Gas chromatography

FAMEs Fatty acid methyl esters

GC-MS Gas chromatograph—mass spectrometer
ETrA Eicosatrienoic acid
Introduction

Eicosapentaenoic acid (EPA, 20:5n-3) is an important com-
ponent of fish oil and plays a beneficial role in many pro-
cesses, including inflammation, immunity, blood pressure
control, platelet aggregation, and gene regulation [1-4].
Therefore, it is important to obtain a sufficient amount
of EPA from the daily diet because the human body has
a very limited capacity to synthesize this very-long-chain
polyunsaturated fatty acid (VLCPUFA) [5, 6]. Currently,
the major dietary source of VLCPUFAs is oily marine fish;
however, the declining fish stocks as a result of over-fishing
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and ever-increasing serious environmental pollution forced
us to search for novel alternative sources.

An appealing alternative source of fish oil production
is higher plants with the capacity to synthesize these fatty
acids effectively through metabolic engineering. There
are two main aerobic biosynthetic pathways (the conven-
tional A6-pathway and the alternative A8-pathway) for the
biosynthesis of VLCPUFAs (Fig. 1). In the conventional
A6-pathway, arachidonic acid (AA, 20:4n-6) and EPA are
synthesized from two C18 fatty acids, linoleic acid (LA,
18:2n-6) and a-linolenic acid (ALA, 18:3n-3) by A6 desatu-
ration, A6 elongation and A5 desaturation. In the alterna-
tive A8-pathway, the elongation and desaturation steps are
inverted with respect to the traditional A6-pathway, wherein
LA and ALA are first elongated to yield eicosadienoic acid
(EDA, 20:2n-6) and eicosatrienoic acid (ETrA, 20:3n-3) by
a A9 elongation, and then desaturated by two consecutive
steps catalysted by a A8-desaturase and a A5-desaturase
respectively to finally produce AA and EPA. Compared
with the A6-pathway, the alternative A8-pathway mitigates
the frequency of acyl exchanges between the phosphati-
dylcholine (PC) and acyl-CoA pool; thus, the alternative
A8-pathway may be more efficient to synthesize EPA [7,
8]. During the last 10 years, various transgenic plants that
produce VLCPUFAs through the A6-pathway have been
obtained, and these plants include Linum usitatissimum
(EPA, 0.8%) [9], Glycine max (EPA, 13.3%) [10], G. max

a

o6-pathway
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(EPA, 19.6%) [10], G. max (EPA, 5.2%; DHA, 3.3%) [11],
Brassica juncea (EPA, 8.1%; DHA, 0.2%) [12], Brassica
carinata (EPA, 20.4%) [13], Nicotiana benthamiana (EPA,
10.7%) [14], Arabidopsis thaliana (EPA, 1.8%; DHA,
15.1%) [15], Camelina sativa (EPA, 3.3%; DHA, 12.4%),
and C. sativa (EPA, 31% and EPA, 12%; DHA, 14%) [16].
The conventional A6-pathway has been studied earlier, but
there was no distinctive progress. The first examples of the
utilization of the A8-pathway for VLCPUFA synthesis in
plants have been reported by Qi et al. [17]; EPA was accu-
mulated to a significant level of 3% of total fatty acids in
leaf tissues of A. thaliana. In our recent studies, the level
of EPA in the leaves was up to 5.0% in transgenic cotton
through expression of four genes under the control of the
constitutive 35S promoter via the A8-pathway [18]. So far,
the highest accumulation of EPA in transgenic plants was
up to 14.6% via the A8-pathway, which was obtained in the
seeds of an oilseed crop, C. sativa [19]. However, there have
been few other examples reported that production of EPA in
transgenic plants through A8-pathway except above studies
until now.

Peanut is one of the most important oil crops in the world
and its leaves and stalks are good sources of livestock feed.
It has a high average oil content of 50%, depending on the
variety and agronomic conditions [20]. At present, the
genetic transformation of peanut has been achieved through
both the Agrobacterium-mediated transformation method

\
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Fig.1 Schematic representation of the EPA biosynthetic pathway
involving the A8-pathway. LA and ALA can first be elongated by /1.
galbana A9-elongase and then by Euglena gracilis A8-desaturase and
then further desaturated by Mortierella alpine A5-desaturase to pro-
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duce AA and EPA, respectively. The w6 fatty acids LA and AA can
be converted to ALA and EPA by the w3 desaturases A. thaliana A15
and Phytophthora infestans A17 desaturase, respectively
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using peanut seedling leaves or seed leaf as explants [21]
and through the biolistic-mediated transformation method
using embryonic callus as the transformation material [22].
However, both the Agrobacterium-mediated transformation
method and the biolistic-mediated transformation method
have the problems of low transformation and regeneration
efficiencies as well as poor repeatability [23-26]. These fac-
tors limit the development and utilization of peanut as a
“bioreactor” and the use of transgenic technology for trait
improvement.

In this study, both a regeneration system and the Agrobac-
terium tumefaciens-mediated genetic transformation system
were optimized using young leaves of peanut as explants.
The alternative A8-pathway for the synthesis of EPA in
peanut was fully reconstituted using the constitutive 35S
promoter to drive the expression of five independent genes,
namely, A9 elongase (Isochrysis galbana), A8-desaturase
(Euglena gracilis), A5-desaturase (Mortierella alpina),
Al5-desaturase (A. thaliana) and Al7-desaturase (Phytoph-
thora infestans) respectively, which were transferred into
peanut through the Agrobacterium-mediated transformation
method. EPA was successfully produced in peanut leaves
utilizing LA (18:24%12) and ALA (18:3%% 12 15) a5 the pri-
mary substrates which are found at high concentrations in
the leaves.

Materials and methods
Plant materials

Three peanut cultivars were used: Shanhua 7, Luhua 8 and
Huayu 9616. These peanut cultivars were carefully selected
and sown in the field at the farm station of the Crops
Research Institute, Shandong Agricultural University, Taian,
China.

Sterilization and culture establishment

The seeds were washed with tap water, surface-steri-
lized in 70% ethanol (v/v) for 1 min, treated with 0.1%
HgCl, (w/v) for 15 min, and rinsed five times in sterile
distilled water. The cotyledons were then cut into two
halves, and the seed coats were removed and cultured
on MSBS5 basal medium (MS salts and B5 vitamins).
The young leaves, which emerged after 4 days, were cut
into 2 X 2 mm pieces and then transferred to MSBS5 basal
medium supplemented with 6-BA and NAA to induce
bud formation. After 4-5 weeks, when the length of the
buds was approximately 1 cm, they were transferred to
MSBS5 basal medium supplemented with 6-BA for shoot
elongation and transferred to MSB5 basal medium for
rooting under the same conditions. All growth media were

supplemented with 3% sucrose and 0.6% (w/v) agar. The
cultures were incubated at 25 +2 °C under a 16-h photo-
period with cool white fluorescent lights (80 1 mol/m?/s).

EPA expression vector and pCambia2300GFP vector
construction

Using the multiple gene expression vector construction tech-
nology developed in our laboratory [27] to construct a plant
binary vector containing five genes, we first transformed each
gene from the PUC-T Simple cloning vector into the pAUX2
auxiliary vector (-Xbal-35S-MCS-Tnos-AvrII-Xbal-),
which contains a 35S promoter, a multi-cloning site (MCS),
and a Nos terminator (Tnos). Each target gene was sub-
cloned into the MCS of the vector to generate an individual
expression cassette. Because Xbal (T/CTAGA) and Avrll
(C/CTAGG) can produce compatible cohesive ends, the
five expression cassettes were cascaded together through
repeated digestion and ligation with Xbal and AvrIl. After
these steps, a single large DNA fragment that contained the
five gene cassettes was digested from this auxiliary vector
with Xbal and ligated into the pCambia2300 plant binary
vector pre-digested with Xbal to obtain a plant transforma-
tion vector (Fig. 2).

The pCambia2300GFP vector was constructed via the
pCambia2300 plant expression vector, which was reformed
by adding an expression EC box.

Agrobacterium-mediated peanut transformation

The EPA expression vector and the pCambia2300GFP vec-
tor were introduced into the A. tumefaciens strain GV3101.
The kanamycin-resistance clone that contains all five genes
or GFP was cultured to an ODygj, of 0.8-1.0. The explants
were incubated in the Agrobacterium suspension for 10 min.
The leaf segments were then briefly blotted onto filter paper,
placed onto MSB5 medium supplemented with 6.0 mg/l BA
and 1.0 mg/l NAA and cultured in the dark at 22 °C for
3 days for co-culture. The cultures were then washed with
sterile distilled water, briefly blotted onto filter paper and
transferred into the resting medium (MSBS5 medium sup-
plemented with 6.0 mg/l 6-BA and 1.0 mg/l NAA, 500 mg/1
cefotaxime, and 50 mg/l kanamycin).

DNA extraction and polymerase chain reaction
(PCR)

Genomic DNA samples were obtained from plants using
CTAB and were analyzed by PCR amplification using
primers for A9-Elo, A8-Des, A5-Des, A15-Des and A17-
Des (Table 1). The PCR amplification conditions con-
sisted of pre-denaturation at 94 °C for 3 min, 40 cycles of
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Fig.2 Recombinant plasmids PCAMBIA2300-A9A8A5A15A17. A single large DNA fragment that contains the five gene cassettes from the
PAUX?2 auxiliary vector was digested by Xbal and ligated into the pCambia2300 plant binary vector

Table 1 Primer for genes amplification detection

Gene Primer sequence (5'-3") The length of
the amplifica-
tion (bp)
A9 ATGGCCCTCGCAAACGAC 559
AGAAGACCGAGCCGACGTAT

A8 GATGCCACTGATGCCTTC 1095
ATAGCGCAGCAGGATGACC

AS CAAGATGGGAACGGACCAAGG 685

CTACTCTTCCTTGGGACGGAG

Al5 ATGGCGAACTTGGTCTTATCAG 1353
GCCTGCTTCATTTCAATCTGCTC

Al7 ATGGCGACGAAGGAGGCGTA 1086
TTACGTGGACTTGGTCTTGGCC

denaturation at 94 °C for 1 min, annealing at an appropriate
temperature and extension at 72 °C for 1 min, and a final
extension at 72 °C for 10 min.

@ Springer

Fatty acid analysis

The total fatty acids from peanut were extracted and trans-
methylated with methanolic HCI according to a previ-
ously described procedure. The fatty acid methyl esters
(FAMESs) were analyzed by gas chromatography (GC) on
a25 mx0.25 mm, 0.20 mm, fused silica CP-Wax 52CB
capillary column (Chrompack UK Ltd, London UK) using
a split/splitless injector (230 °C, split ratio=150:1) and
a flame ionization detector (300 °C). After exposure to
an initial temperature of 170 °C for 3 min, the column
temperature was increased at a rate of 4 °C/min-220 °C
and then maintained at 220 °C for 15 min. Hydrogen was
used as the carrier gas at an initial flow rate of 1 ml/min.
The FAMESs were identified through comparisons of their
retention times with those of known standards. Their iden-
tities were further validated by GC-mass spectrometry
(GC-MYS) as previously described.
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Results

Optimization of peanut genetic transformation
system mediated by A. tumefaciens

In order to produce EPA in peanut by using the Agrobac-
terium-mediated transformation method, the regeneration
system of peanut leaves was firstly optimized. Because
shoot differentiation of callus is crucial for the estab-
lishment of a peanut regeneration system, and in which,
the hormone concentration and peanut genotype have an
important effect on shoot induction [21]. So, we screened
the peanut genotypes and detected a proper hormone con-
centration for the shoot induction using 4 day-old young
leaves derived from Shanhua 7, Luhua 8 and Huayu 9616
as explants, which were cultured on the induction culture
medium supplemented with different concentration of
6-BA and NAA. After 4 weeks on the induction culture
medium, the leaf sections became greenish, and buds were
formed. The induction results indicated that the highest
shoot induction rates for all three species were 63.8%,
70.9% and 51.8% on medium supplemented with 6.0 mg/1
6-BA and 1.0 mg/l NAA (Table Sland Fig. S1). In addi-
tion, the shoot induction rate of Luhua 8 was higher than
that of the other species in almost all concentrations and
reached 70.9% in the medium supplemented with 6.0 mg/1
6-BA and 1.0 mg/l NAA (Table S1 and Fig. S1). Thus, the
hormone concentrations of 6.0 mg/l 6-BA and 1.0 mg/I
NAA for the induction culture medium and Luhua 8 were
chosen in our next research.

The infection time of Agrobacterium has an important
effect on transformation rate. A long infection will lead to
browning and little budding, whereas a short infection will
reduce the conversion rate. The explants were incubated
into the A. tumefaciens strain GV3101 suspension, which
contains the pCambia2300GFP vector, for 5, 10, 15 and
20 min. After 5-7 weeks of cultivation, the number of
fluorescent explants was counted. As shown in Table S2,
the highest 8.16% conversion rate was obtained 10 min
after infection, and the transformation rate reduced with
an increase or decrease of infection duration. These results
suggested that the Agrobacterium infection time has a sig-
nificant influence on the conversion rate.

Kanamycin is commonly used to select for adventitious
transformants. The explants of Luhua 8 were cultured on
the induction culture medium containing 0, 50, 80, 100
and 150 mg/l kanamycin. No callus was found after cul-
ture in the medium containing 80 mg/l kanamycin, and 9%
callus was regenerated with a kanamycin concentration of
50 mg/1 (Table S3). In addition, no shoots were found after
cultured with 50 mg/l and 80 mg/l kanamycin, indicat-
ing that the wild-type shoots cannot generate on medium

containing 50 mg/l kanamycin even though there was a
small amount of callus. Therefore, 50 mg/l kanamycin was
used to screen transgenic transformants.

Regeneration of EPA transgenic plantlets

A peanut regeneration system was established using the
young leaves of Luhua 8 as explants under the above-
described optimal conditions. Subsequently, to produce EPA
via the alternative A8-pathway, five independent genes under
the control of the constitutive 35S promoter were trans-
formed into peanut by Agrobacterium-mediated transforma-
tion method (Figs. 1, 2). The procedure for transgenic plant-
let regeneration includes the whole tissue culture process
as shown in Fig. 3a—i (Fig. 3a, b refer to the stages before
and after the regeneration of the young leaves, and Fig. 3c
refers to the pre-culture stage), after infection with A. tume-
faciens, the explants were cultured on the selected medium
for bud induction (Fig. 3d, e), and when the buds grew to
1 cm (Fig. 3e), they were transferred to the shoot elongation
medium (Fig. 3f) and then to the rooting medium (Fig. 3g),
where some coarse and lateral roots were observed. After
the hardening-seedling step (Fig. 3h), the seedlings were
transplanted to flowerpots (Fig. 3i), where the transgenic
plants could flower and bear fruit.

Identification of EPA transgenic lines by PCR

To identify the EPA transgenic lines in these transfor-
mants, the DNA from the putative transgenic plants was
prepared and subjected to PCR amplification. Using gene-
specific primers (Table 1), the target genes A9-elongase (1.
galbana), A8-desaturase (E. gracilis), AS5-desaturase (M.
alpina), Al15-desaturase (A. thaliana) and Al7-desaturase
(P. infestans), which are 559, 1095, 685, 1353 and 1086 bp
in length, respectively, were amplified in the transgenic lines
5,7, 10, 15 and 16 (Fig. 4). Therefore, these five lines were
used for fatty acid analysis.

Fatty acid analysis of EPA transgenic lines by GC

To verify whether the target genes were expressed in the
transgenic plants, the total fatty acids from leaves of the
above-mentioned lines were extracted and analyzed by GC
(Table 2; Fig. 5a, b). Compared with the fatty acids analy-
sis of the wild type strain, two types of new fatty acids,
namely, ETrA (20:34!1:1417) and EPA (20:5458111417)
were found in the transgenic plants with mean contents of
1.24% and 0.68%, respectively. These finding indicated that
it is feasible to produce EPA in peanut leaves. However, no
20:4(n-3) was found in the transgenic plants, which indi-
cated that the enzyme activity of A5-desaturase may be
higher than that of A8-desaturase. Therefore, almost all of
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Fig.3 Regenerative process of leaf material of peanut. a Seeds of
mature peanut germination on shoot induction medium. b Regenera-
tion of young leaves from seeds after 4 days of culture on medium.
¢ Leaf segments of 2x2 mm cut from leaf explants. d Cluster buds

the intermediate products were translated into final products.
In addition, compared with the wild type, the fatty acid con-
tents of 18:2(n-6) and 18:3(n-3) were decreased. Moreover,
the total contents of ®6 VLCPUFAs were lower than those
of ®3 VLCPUFAs, indicating that the heterologous genes
Al5-desaturase and Al7-desaturase play a role in the trans-
genic plants.

Discussion

With the development of biotechnology, more and more
nutrition enrichment transgenic crops with were produced,
such as “Golden Rice”, “Purple Embryo Maize” and “Purple
Endosperm Rice” [28-30]. The peanut seeds were rich in oil,
especially oleic acid (OA, 18:1n-9) and LA, accounting for
80%, which are the precursors of EPA. The peanut is ideal
organism to produce EPA as bioreactor, but no study has
been attempted to produce EPA in peanut so far, although

@ Springer

formed in callus induction medium. e, f Elongation of cluster buds
in shoot elongation medium. g Regenerated seedlings in rooting
medium. h Rooted plantlet. i Transgenic seedling transplanted to a
flowerpot

many examples for the synthesis of EPA in different varieties
of plant via the conventional A6-pathway or the alternative
A8-pathway have been reported. Our present study provides
the first demonstration of the production of EPA in peanut
through the alternative A8-pathway.

In the present study, protocols for efficient regeneration
of multiple adventitious shoot buds from cotyledon explants
of peanut has been reported [21, 24]. From these protocols,
we learned that the hormone concentration and peanut gen-
otype have an important effect on shoot induction. Thus,
in this study, we first optimized the regeneration system of
peanut using young leaves as explants. Our results showed
that the highest bud induction rate was obtained with the
medium supplemented with 1.0 mg/l NAA and 6.0 mg/l
6-BA. Therefore, 1.0 mg/l NAA and 6.0 mg/l 6-BA were
added to the bud induction medium, and these may be the
optimal concentrations for the induction of peanut buds of
different genotypes. We used three peanut cultivars, namely
Shanhua 7, Luhua 8 and Huayu 9616. The shoot induction
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Fig.4 PCR analysis of resistant plant lines 5, 6, 7, 10, 15 and 16.
Lane M: molecular weight marker; lane C: DNA from untransformed
plant (negative control); lane P: pCAMBIA2300 plasmid DNA with
A9, A8, A5, A15 and A17 genes (positive control); lane line 5-line
16: DNA from independently transformed plants

rate of Luhua 8 was higher than those obtained with the
other two species at almost all concentrations, and the high-
est rate obtained was 70.9%.

Using the young leaves of Luhua 8§ as transgenic recep-
tors, five heterologous genes under control by the constitu-
tive 35S promoter respectively were introduced into peanut
through Agrobacterium-mediated transformation method
for the synthesis of EPA via the alternative A8-pathway.
The target product could be detected in the leaves and the
feasibility of producing EPA by peanut as a reactor could be
verified in a short time. In addition, EPA could be produced
through 35S promoter driving these genes expression in all
parts of transgenic peanut which could be used as green feed
for livestock. Then human can get EPA from these animals
by ingesting their meat and milk, which avoids eating GM
foods directly. The GC results showed that the average con-
tent of EPA in the leaves of the transgenic lines was 0.68%,
and the highest accumulation of EPA in an individual line
reached 0.84%. In addition, some new fatty acids, which are
intermediates in the biosynthetic pathway, such as 20:3(n-3),
20:2(n-6) and 20:3(n-6), but not 20:4(n-3), were found in the
GC profile of the transgenic plants. Because the five genes
in the alternative A8-pathways for the synthesis of EPA
were cascaded closely together in an independent expres-
sion cassette and were driven by the same promoter, they
exhibited the same expression levels. In the A8-pathway,
A9 elongase, which catalyzes the first reaction, is usually
the rate-limiting enzyme, and the activities of other enzymes
are relatively higher than that of this enzyme [31]. Thus, it is
reasonable that no or few intermediate products were found
in the leaves of the transgenic peanut, which is similar to
the results obtained in some microalgae and fungi that are
rich in EPA, such as P. infestans, where the EPA content
is 15.2%, but the EPA synthetic intermediate contents are
either very low or undetectable [32]. The production of fish
oil with low levels of intermediates is markedly closer to the
components of natural oils and is more likely to be accepted
by the population.

Table 2 Total fatty acids

. Fatty acid (mol% Wild type Transgenic plants

compos.mon of peanut 1eave§ of total) . ' . ' .

from wild type and transgenic Line 5 Line 7 Line 10 Line 15 Line 16

plant 16:0 46.79 71.75 66.62 70.64 70.93 70.86
18:0 9.10 12.30 15.94 12.09 16.53 12.16
18:1(n-9) 7.66 3.57 291 2.30 1.95 2.60
18:2(n-6) 11.40 3.10 3.13 3.90 3.21 5.64
18:3(n-3) 22.58 3.93 6.20 4.78 1.29 2.95
20:0 0.75 0.99 1.14 1.16 1.56 1.06
20:2(n-6) 0.00 0.00 0.00 0.00 0.00 0.00
20:3(n-6) 0.00 0.00 0.00 0.00 0.00 0.29
20:4(n-6) 0.00 0.00 0.00 0.00 0.00 0.00
20:3(n-3) 0.00 1.24 1.45 143 0.99 1.07
20:4(n-3) 0.00 0.00 0.00 0.00 0.00 0.00
20:5(n-3) 0.00 0.71 0.53 0.64 0.70 0.84
22:0 1.73 2.42 2.08 3.05 2.85 2.53
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Fig.5 Fatty acid analysis of wild type and EPA transgenic lines by gas chromatography. a Gas chromatography result of Luhua 8 wild type

leaves. b Gas chromatography result of transgenic plant line 16

In previous studies about the production of EPA via the
alternative A8-pathway in transgenic plants, 3% EPA was
obtained in the leaves of Arabidopsis which were sequential
transformed with I. galbana A9-elongase, E. gracilis A8-
desaturase and M. alpine AS-desaturase under the control
of the constitutive 35S promoter [17], and the level of EPA
was up to 5.0% in transgenic cotton [18] through expression
of four enzyme genes include above three genes and an extra
Arabidopsis A15-desaturase under the control of the consti-
tutive 35S promoter. In this study, using the similar construct
contained above four enzyme genes and an extra P. infestans
A17-desaturase, the transgenic peanut leaves accumulated
relatively low EPA level, and the highest accumulation of
EPA was only 0.84%. Using the alternative A8-pathway
for VLCPUFASs synthesis through expressing the different
combinations of genes and promoters on the accumulation
of EPA in an oilseed crop, C. sativa by Ruiz-Lopez et al.
[19], the accumulation of EPA in the seeds was up to 14.6%,

@ Springer

which was the highest accumulation of EPA in transgenic
plants so far. For these differences of the EPA accumulation
in different examples, a possible reason may be that differ-
ent host plants have different lipid metabolic pathways and
different relative levels of endogenous enzymes [33, 34].
Otherwise, the strong construct design obtained by engi-
neering complex multi-gene pathways in a single construct
has a marked effect on the expression of each gene [35].
The codon bias between the transgene donor and the host
crop is one of the major contributing factors [36]. In other
words, the judicious selection of host species and promoters,
together with the inclusion of genes that enhance the basic
VLCPUFA biosynthetic pathway, can greatly influence the
production of EPA in plants.

In the process of the genetic modification of the fatty
acid biosynthesis pathways in plants, the inefficiency of acyl
exchanges between the PC and acyl-CoA pool is a major
limiting factor that has a significant influence on the yield
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of VLCPUFAs [7, 8]. In theory, the existence form of fatty
acid substrates acted on chain elongase and desaturase that
involved in EPA synthesis pathway are different, in which
elongase acts on the form of fatty acid-CoA and desatu-
rase acts on the form of fatty acid-acyl [9]. The A6-pathway
needs to undergo a chain desaturation—elongation—desatura-
tion process, requiring two transformations of the substrate.
However, the A8-pathway undergo a chain elongation—desat-
uration—desaturation process, so that there is only one trans-
formation of the substrate. Therefore, the A8-pathway may
be more conducive to the production of fish oil than the
A6-pathways [17]. However, in this study, the low efficiency
of producing fish oil using the A8-pathway may be related
to the selection of promoters with the same sequence. It
has been reported that the same promoter is liable to cause
transgene silencing, which makes the efficiency of gene
translation into protein low. It may also be related to the
use of genes from lower organisms, whose codons are too
different from the one used preferentially in peanut, which
resulted in low yield of EPA [36]. In addition, compared
with the transgenic plants with higher levels of EPA accu-
mulation, the lower yield of EPA we studied here may be due
to the number of transformed genes and the synthetic leaves
for detection, but not seeds.

In practice, during the last ten years, various transgenic
plants that produce VLCPUFAs have been generated via
the conventional A6-pathway rather than the alternative
A8-pathway, and the highest EPA content obtained in trans-
genic plants was 31% through the A6-pathway [16] and only
14.6% through the A8-pathway [19] respectively. The lower
content of the target product in transgenic plants by using
the alternative A8-pathway suggested that the production of
EPA via the A8-pathway in transgenic plants may be more
seriously limited by the source of substrates, the activity of
enzymes and other elements compared with the A6-pathway.
Thus, it is necessary to further understand how to best inte-
grate the endogenous and transgene-derived metabolism.

Conclusions

In conclusion, this study provides the first demonstration of
the possibility of synthesizing EPA through the A8-pathway
in peanut and lays the foundation for the heterologous bio-
synthesis of fish oil through the A8-pathway in plants.
However, the lower production of EPA obtained proves that
many limited elements need to be resolved before the peanut
can be used as a bioreactor for the alternative production of
EPA. So, to further improve the EPA content in peanut, it
should be necessary to choose highly active enzymes and
favorable promoter, and to optimize the structure of genes
in a more effective cascading order or increase the efficiency
of the exogenous genes through codon usage optimization

according to the host plant. Moreover, the expression of
transcription factors, such as WRI1 and LEC1 [37], is vital
in directing the carbon flux that enters the seed toward the
synthesis of FAs. Thus, increasing the expression levels of
endogenous transcription factors is another avenue that can
be assessed in future studies to perfect our vision.
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