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Abstract The synthesis and accumulation of long

chain polyunsaturated fatty acids such as eicosapen-

taenoic acid has previously been demonstrated in the

seeds of transgenic plants. However, the obtained

levels are relatively low, indicating the need for

further studies and the better definition of the interplay

between endogenous lipid synthesis and the non-

native transgene-encoded activities. In this study we

have systematically compared three different trans-

genic configurations of the biosynthetic pathway for

eicosapentaenoic acid, using lipidomic profiling to

identify metabolic bottlenecks. We have also used

genetic crossing to stack up to ten transgenes in

Arabidopsis. These studies indicate several potential

approaches to optimize the accumulation of target

fatty acids in transgenic plants. Our data show the

unexpected channeling of heterologous C20 polyun-

saturated fatty acids into minor phospholipid species,

and also the apparent negative metabolic regulation of

phospholipid-dependent D6-desaturases. Collectively,

this study confirms the benefits of iterative approaches

to metabolic engineering of plant lipid synthesis.
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Introduction

The nutritional value of omega-3 long chain polyun-

saturated fatty acids (LC-PUFAs) in reducing risk of

cardiovascular disease is now widely appreciated, and

validated by epidemiological, genetic and dietary

intervention studies (reviewed by Saravanan et al.

2010). Equally, the decline in global fish stocks, which

represent the primary dietary source of these fatty

acids, is also well-established and compounded by the

increased use of fish oils in aquaculture and also

increases in human populations and the associated

consumption of animal-derived products (Cressey

2009; Garcia and Rosenberg 2010). Collectively,

these factors serve as strong drivers for the develop-

ment of alternative sustainable sources of these
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‘‘marine’’ oils. For several years, we and others have

suggested that transgenic oilseeds metabolically engi-

neered with the heterologous capacity to synthesis

omega-3 LC-PUFAs represents a novel (terrestrial)

production system which could substitute for some or

all of the applications currently using fish oils

(Domergue et al. 2005a; Napier et al. 2004; Robert

2006). Recently, proof-of-concept studies have indi-

cated the viability of such an approach (reviewed in

Venegas-Calerón et al. 2010; Napier and Graham

2010) yet it is also clear that some endogenous

metabolic bottlenecks need to be overcome to enable

transgenic plants to synthesize and accumulate

omega-3 LC-PUFAs such as eicosapentaenoic acid

(20:5 D5,8,11,14,17; abbreviated to EPA) and docosa-

hexaenoic acid (22:6 D4,7,10,13,16,19) to levels equiva-

lent to those found in the marine environment (Abbadi

et al. 2004; Qi et al. 2004; Sayanova and Napier 2004).

Several different metabolic engineering rationales

to increase omega-3 LC-PUFA production in trans-

genic seed oils have been suggested. One approach is to

identify superior desaturases that have desirable sub-

strate specificity and/or can efficiently use acyl-CoA

substrates. For example, D6-desaturases from liver-

wort, Marchantcia polymorpha and microalgae

Ostreococcus tauri, Mantoniella squamata and Mi-

cromonas pusilla have been suggested to act as acyl-

CoA-dependent desaturases, potentially bypassing the

‘‘substrate-dichotomy’’ acyl-exchange bottleneck (Ka-

jikawa et al. 2004; Domergue et al. 2005b; Graham

et al. 2007; Hoffmann et al. 2008; Petrie et al. 2010).

Alternatively, to favor the production of omega-3 LC-

PUFAs over omega-6 LC-PUFAs, x3-desaturases that

are able to specifically convert omega-6 substrates to

their omega-3 forms could be used (Wu et al. 2005;

Cheng et al. 2010) (represented schematically in

Fig. 1a). A second iteration to enhance levels of

omega-3 substrates for conversion to LC-PUFAs is to

use bi-functional D12- and D15-desaturases, such as

D12/D15-desaturases from Fusarium moniliforme and

Acanthamoeba castellanii (Damude et al. 2006; Saya-

nova et al. 2006a, b). In order to investigate the impact

of different metabolic configurations on accumulation

of LC-PUFAs, Arabidopsis plants were transformed

with a number of recombinant binary plasmids,

expressing a range of different genes from a variety

a

b

Fig. 1 Pathways and constructs. a Schematic representation of

LC-PUFA biosynthesis. Different activities are identified with

different colours, also used in (b). b Simplified maps of the

vector constructs used for Arabidopsis transformation. Cnl,

conlinin 1promoter for the gene encoding the flax 2S storage

protein conlinin; LeB4, promoter of the legumin gene from

Vicia faba; USP, promoter region of the unknown seed protein

of V. faba; BnGLP, promoter of the globulin-like protein gene of

Brassica napus; LPXR, promoter of peroxiredoxin gene from

Linum usitatissimum; PiD6 and OtD6 represent D6-desaturases

from P. irregulare and O. taurii respectively; TcD5- a D5-

desaturase from Thraustochytrium sp.; LuD15- a D15-desatur-

ase from L. utitatissimum; AcD12/15- a bi-functional D12/15

desaturase from A. castellanii; Pi x3- an x3 desaturase from P.
infestans; PsD12- a D12-desaturase from P. sojae; PSE1 and

TpElo6- represent D6-elongases from P. patens and T.
pseudonana; OCS, Leb, Aglp, 35S, Apxr – represent terminators
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of organisms under control of seed-specific promoters.

In addition, the flexibility of using Arabidopsis as a

model system allowed the further stacking of trans-

genes through conventional sexual crosses, resulting in

transgenic lines containing up to ten independent

transcription units in two unlinked T-DNA loci.

Here we demonstrate the reconstitution of arachi-

donic acid (20:4D5,8,11,14; abbreviated to ARA) and

EPA biosynthesis in transgenic Arabidopsis and discuss

the advantages of expressing an acyl-CoA dependent

D6-desaturase activity instead of phospholipid-depen-

dent D6–desaturases due to the circumvention of the

well-documented ‘‘substrate- dichotomy’’ bottleneck.

In addition our data indicates that the accumulation in

triacylglycerols of non-native omega-3 LC-PUFAs is

primarily via the PC-to-DAG route (Bates et al. 2007),

analogous to that recently shown for hydroxylated fatty

acids (Bates and Browse 2011). This has consequences

for the efficient accumulation of EPA synthesised by the

acyl-CoA pathway (Venegas-Calerón et al. 2010).

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana, Columbia (Col-0) ecotype, were

grown for analyses in a controlled environment

chamber at 23�C day/18�C night, 50–60% humidity,

and kept on a 16-h, 250 lmol m-2s-1, photoperiod

(long day).

Generation of transgenic plants

Transgenic Arabidopsis lines were generated as pre-

viously described (Sayanova et al. 2006a).

Vector construction

To build the first four-gene construct named as JB7 a

similar approach was used as described in Cheng et al.

(2010). The JB7 contained PiD6, a D6-desaturase from

Pythium irregular (Hong et al. 2002), TcD5, a D5-

desaturase from Thraustochytrium sp. (Qiu et al.

2001), PSE1, a D6 fatty acid elongase from Physc-

omitrella patens (Zank et al. 2002) and LuD15, a D15-

desaturase gene from Linum usitatissimum (Vrinten

et al. 2005). Each gene was under control of the

conlinin1 promoter (Cnl) (Cheng et al. 2010) and

linked to a terminator region of OCS, octopin synthase

gene of A. tumefaciens (Fig. 1b).

The construct JB352 containing six gene cassettes

was built using the Gateway� recombination system

(Invitrogen). Respective genes were inserted as NcoI/

PacI or AscI/PacI fragments into the promoter/termi-

nator cassettes and three pENTR vectors A, B and C

were constructed to receive the promoter/terminator

cassettes containing the gene of interest, with insertion

mediated by conventional restriction endonuclease

digestion and ligation of specific target sites intro-

duced into both vectors. Specifically, pENTRY-A

vector was built by inserting two cassettes containing

(1) BnGLP promoter ?, a D12/15 bi-functional

desaturase gene from Acanthamoeba castellanii

(AcD12/15, Sayanova et al. 2006a) linked to the

AtGLP terminator and (2) Cnl promoter ? x3-

desaturase gene from Phytophtora infestans (Pix3,

Wu et al. 2005) linked to the OCS terminator. The

pENTR-B vector consisted of two cassettes containing

(1) USP promoter ? the D6-elongase gene from

Thalassiosira pseudonana (TpElo6, Meyer et al.

2004), linked to the 35S terminator, and (2) Cnl

promoter ? Thraustochytrium D5-desaturase (TcD5),

linked to the OCS terminator (Qiu et al. 2001).

pENTRY C vector contained two cassettes comprising

(1) Legumin LeB4 promoter ? the P. irregulare D6-

desaturase (PiD6) (Hong et al. 2002), linked to the LeB

terminator and (2) the USP promoter ? the D6-

elongase from P.patens (PSE1, Zank et al. 2002),

linked to the AtGLP terminator.

A similar approach was used for the construct

JB289. For that purpose two pENTRY vectors were

designed containing two cassettes. The pENTRY-A2

construct contained (1) LXPR promoter ? the D12-

desaturase gene from Phytophtora sojae (PsD12),

linked with Atpxr terminator and (2) Legumin LeB4

promoter ? the Ostreococcus tauri D6-desaturase

(OtD6) (Domergue et al. 2005b), linked to the the LeB

terminator. The pENTRY-B2 construct comprised (1)

BnGLP promoter ? the D6-elongase TpElo6 gene

from T. pseudonana (Zank et al. 2002), linked to the

AtGLP terminator and (2) Cnl promoter ? Thrausto-

chytrium D5-desaturase (TcD5), linked to the OCS

terminator (Qiu et al. 2001).

Final T-plasmids were obtained by recombination

of the respective pENTRY vectors with the bespoke

destination vector pSUN2. All binary vectors con-

tained the NPTII gene with the NOS promoter as a
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selection marker. Binary vectors were transferred into

Agrobacterium tumefaciens strain GV3101 by

electroporation.

Lipid extraction and separation

Three hundred milligrams of seeds were heated for

10 min at 95�C in 1 mL of isopropanol and homog-

enized using a mortar and pestle. The homogenate was

centrifuged, supernatant collected, and the pellet re-

extracted with isopropanol : chloroform (1:1, v/v).

Both extracts were pooled, evaporated, and dissolved

in chloroform: acetic acid (100:1, v/v). The lipid

extract was loaded on a Sep-pack column and

prefractionated into neutral lipids, glycolipids, and

phospholipids adding chloroform : acetic acid (100:1,

v/v), acetone : acetic acid (100:1), and methanol

respectively. These fractions were further resolved on

thin-layer chromatography silica gel plates, thickness

0.25 mm. Neutral lipids were developed with hexane :

ethyl ether : formic acid (75:25:1, by volume), and

polar lipids with chloroform : methanol : ammonia :

water (70:30:4:1, by volume). The individual lipid

classes were identified under UV light after a prim-

uline spray (0.05% [w/v] in acetone : water, 80:20,

v/v), scraped from the plate, and used directly for

methylation or extracted for further analysis.

Fatty-acid analysis

Fatty acids were extracted and methylated as described

(Sayanova et al. 1997). Methyl ester derivatives of

total fatty acids (FAMEs) extracted were analysed by

GC and GC–MS. Data presented as representative

numbers derived from replicated analysis.

Acyl-CoA profiling

Twenty-milligrams of developing (15 days after flow-

ering) seed material were collected, frozen in liquid

nitrogen and extracted for subsequent quantitative

analysis of fluorescent acyl-etheno-CoA derivatives

by HPLC. HPLC (Agilent 1100 LC system; Phenom-

enex LUNA 150 9 2 mm C18(2) column) was per-

formed using the methodology and gradient conditions

described previously (Larson and Graham 2001). For

the purpose of identification, standard acyl-CoA esters

with acyl chain lengths from C14 to C20 were

purchased from Sigma as free acids or lithium salts.

Results and discussion

Reconstitution of omega-3 LC-PUFA biosynthesis

in transgenic arabidopsis

Three constructs, JB7, JB352 and JB289 (described in

detail below and also represented schematically in

Fig. 1b) were used to transform Arabidopsis plants via

floral dip and the resulting progeny were identified

by selection of seedlings on kanamycin-containing

agar plates. Mature seeds from such KanR-plants

were collected and samples from individual lines

analysed by GC-FID for total fatty acid composition.

Fatty acid analysis of transgenic Arabidopsis seeds

confirmed that transgenic plants expressing these

constructs (JB7, JB352 and JB289) accumulated

significant levels of LC-PUFAs in the form of ARA

and EPA (Table 1). Depending on the combination of

transgenes used, we could identify lines with appre-

ciable ARA (5.2%, line JB7) or EPA (2.5%, line

JB352) content.

The first construct, designated JB7, contained the

minimal set of genes (PiD6, PSE1 and TcD5) required

to direct the production of omega-3/omega-6 LC-

PUFAs via the conventional D6-desaturase pathway.

To increase the available substrates for the synthesis of

EPA, a D15-desaturase gene from Linum usitatissi-

mum (Vrinten et al. 2005; designated LuD15) was also

included in this construct (Fig. 1a, b). All the lipid

biosynthetic genes in construct JB7 were under the

control of individual seed-specific promoters (conli-

nin1). Twenty T1 Arabidopsis lines for JB7 were taken

forward and several new fatty acids were detected in

seeds. The fatty acid analysis of the T2 seeds from four

representatives of these T1 plants showed that the most

abundant non-native species was the D6-desaturated

C18 omega-6 fatty acid c-linolenic acid (18:3D6,9,12;

abbreviated to GLA) with an average value of 20% of

total seed fatty acids (Table 1)—this fatty acid is

completely absent from wildtype Arabidopsis and

represents the first committed product of the D6-

pathway (Fig. 1a). Other non-native fatty acids

detected in these transgenic seeds were the C18

omega-3 stearidonic acid (18:4D6,9,12,15; abbreviated

to SDA) (*6.1%), C20 omega-6 ARA (5.2%) and the

C20 omega-3 EPA averaged 1.3% of total fatty acids.

The inclusion of the LuD15 FAD3 C18 x3-desaturase

in construct JB7 would be predicted to have generated

higher levels of a-linolenic acid (18:3D9,12,15;
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abbreviated to ALA) through the D15-desaturation of

linoleic acid (18:2D9,12; abbreviated to LA), which in

turn would undergo D6-desaturation to SDA. How-

ever, although T2 progeny of JB7 showed a dramatic

decrease of LA levels (from the average 27.7% in WT

to 6.5% in transgenic lines) there was no statistically

significant positive effect on the levels of ALA and the

modest SDA levels displaying a stoichiometric rela-

tionship with the decrease in LA. The accumulation of

omega-6 fatty acids in JB7 was more efficient than for

omega-3 products, despite the presence of the LuD15

FAD3 desaturase (Table 1). Overall levels of new

omega-6 fatty acids were much higher than that of

omega-3 fatty acids (ratio of 3.4:1).

In an attempt to engineer the conversion of these

omega-6 fatty acids into the more desirable omega-3

form, and also to test available seed-specific regula-

tory elements (e.g. promoters and terminators) in

combinations with different desaturase and elongase

genes, we designed a second construct, BJ352

(Fig. 1b). Previous studies have indicated that a x3-

desaturase from Phytophora infestans (Pix3) (Hong

et al. 2002; Wu et al. 2005.) efficiently converted ARA

to EPA in B. juncea. Similarly, a D6-elongase from the

diatom Thaliossira pseudonana (TpElo6) was shown

to have activity only towards C18-PUFA substrates in

yeast (Meyer et al. 2004). Bi-functional desaturases,

such as D12/D15-desaturase from A. castellanii, and

F. moniliforme have been shown to have significant

potential to increase the production of omega-3

substrates through the ‘‘skewing’’ of the LC-PUFA

biosynthetic pathway (Damude et al. 2006; Sayanova

et al. 2006a). Therefore, to the core LC-PUFA

biosynthetic pathway set of transgenes (PiD6, TcD5

and PSE1; Fig. 1a, b) we added the x3 desaturase

from P. infestans, a bi-functional D12/15 desaturase

from A. castellanii and a second D6-elongases from T.

pseudonana to generate expression cassette JB352.

Fatty acid analysis of transgenic plants revealed that a

decrease of LA levels was not as pronounced as

observed in the JB7 plants (most likely due to the

stronger D12-desaturase activity of bi-functional

AcD12/15 [Sayanova et al. 2006a]) and averaged

17.2% while the ALA levels remained the same (11%)

as seen in JB7 plants (Table 1). The addition of a

second D6-elongase seemingly contributed to the

reduced levels of GLA and SDA (from 20 and 6.1%

in JB7 lines to 13.3 and 3% in JB352 plants). Most

strikingly, the presence of the Pix3 activity resulted in

the efficient conversion of C20 omega-6 fatty acids to

the omega-3 form, generating a decrease of ARA from

5.2% in JB7 plants to 1.0% in JB352 plants and

consequently, an increase in EPA levels from 1.3 to

2.5%. The expression of new activities had a positive

effect on the omega-6/omega-3 ratio (reducing it to

2.5/1). However, both JB7 and JB352 lines accumu-

lated very high levels of omega-6 pathway interme-

diates such as GLA (up to 20% for JB7).

Although both iterations (JB7, JB352) demon-

strated the successful biosynthesis of EPA using

Table 1 Total fatty acids composition of seeds from transgenic Arabidopsis lines

Wt JB7
(F2)

JB352
(F2)

JB289
(F2)

JB352xJB7
(F1)

JB289xJB7
(F1)

N = 4 N = 4, n = 8 N = 5, n = 18 N = 4, n = 16 N = 86, n = 90 N = 28, n = 30

16:0 6.2 ± 0.2 6.6 ± 0.4 8.8 ± 0.7 6.6 ± 0.6 6.8 ± 0.6 6.2 ± 0.4

18:0 3.3 ± 0.2 3.5 ± 0.3 3.6 ± 0.3 3.7 ± 0.3 4.0 ± 0.2 3.6 ± 0.2

18:1 14.5 ± 0.5 13.0 ± 1.3 16.4 ± 1.1 16.6 ± 0.6 15.7 ± 1.3 13.0 ± 1.4

18:2 27.9 ± 0.6 6.5 ± 1.2 17.2 ± 3.0 29.3 ± 1.7 10.3 ± 3.3 26.7 ± 1.5

GLA – 20.0 ± 4.0 13.3 ± 3.5 1.0 ± 0.3 17.7 ± 1.9 1.7 ± 0.3

ALA 15.7 ± 0.4 11.2 ± 2.1 11.0 ± 1.7 13.9 ± 0.9 8.1 ± 0.7 12.9 ± 1.1

SDA – 6.1 ± 2.1 3.1 ± 0.6 0.6 ± 0.2 3.8 ± 0.3 0.8 ± 0.1

20:1 20.5 ± 0.2 19.1 ± 0.9 17.8 ± 0.9 17.6 ± 0.9 20.7 ± 0.9 18.5 ± 1.1

DHGLA – 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 0.3 ± 0.2 0.2 ± 0.1

ARA – 5.2 ± 0.2 1.0 ± 0.2 2.8 ± 0.6 2.1 ± 0.9 6.2 ± 1.5

EPA – 1.3 ± 0.4 2.5 ± 0.6 2.0 ± 0.5 4.1 ± 1.0 4.0 ± 0.8

Others 11.9 ± 0.4 7.3 ± 1.0 5.1 ± 0.5 5.8 ± 0.6 6.4 ± 0.6 6.2 ± 1.2

The mean fatty acid composition (expressed as mol. %) is shown, along with standard errors

N the number of independent transgenic lines

n the number of positive transgenic plants analysed
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combinations of different genes and promoters, the

levels of this target fatty acid resulting from either

construct were modest (\3%), though an improve-

ment on earlier studies in Arabidopsis (Hoffmann et al.

2008). Biochemical studies on the lower eukaryote

front–end desaturases which underpin LC-PUFA

biosynthesis indicate that these enzymes utilize glyc-

erolipid-linked substrates, which can (in transgenic

hosts) generate the metabolic bottleneck between

desaturation and elongation known as ‘‘substrate

dichotomy’’ (Domergue et al. 2003; Abbadi et al.

2004; Napier et al. 2004; Domergue et al. 2005a). The

use of acyl-CoA dependent desaturases is proposed to

circumvent this limitation (Hoffmann et al. 2008;

Petrie et al. 2010; Sayanova et al. 2012) and can result

in the significant reduction in the accumulation of C18

D6-desaturated intermediates such as GLA and SDA.

However, such studies failed to observe a notable

concomitant increase in EPA (Robert 2006; Hoffmann

et al. 2008; Sayanova et al. 2012). To determine if

acyl-CoA–dependent EPA biosynthesis in plants

could be optimized we designed an expression cassette

containing the O. tauri D6-desaturase (Domergue

et al. 2005b) which we have recently demonstrated to

act as an acyl-CoA-dependent D6-desaturase in trans-

genic plants (Sayanova et al. 2012), in combination

with TpElo6 and TcD5 under control of independent

seed-specific promoters. To enhance the levels of LA-

CoA (as substrate for the OtD6 enzyme) we also

included a D12-desaturase from Phytophthora sojae

(PsD12), generating the construct JB289 (Fig. 1b). In

agreement with previous results obtained with the

expression of acyl-CoA D6-desaturases in transgenic

plants, only minor accumulation of D6-desaturated

fatty acids was observed (1% of GLA and 0.6% of

SDA). However, the content of ARA was higher than

in JB352 construct (2.8%), most likely due to the

absence of a C20 x3 specific desaturase and reflecting

the bias in Arabidopsis seeds towards the synthesis of

omega-6 fatty acids. The average EPA content in

JB289 plants was 2.0% of total seed fatty acids and

was similar to those observed in JB352 plants.

Interestingly, unlike JB7 and JB352, the levels of

LA in JB289 were not reduced, and remained similar

to those in WT (Table 1). From the perspective of

trying to engineer plant seed oils with a composition

similar to that found in fish oils, the observation that

construct JB289 produced similar levels of C20 LC-

PUFAs, but no C18 pathways intermediates such as

GLA or SDA is relevant. The basis of this improve-

ment was likely the presence of the O. tauri acyl-CoA

dependent D6-desaturase generating substrates for the

elongase which are rapidly converted to C20 forms,

thus avoiding becoming trapped in metabolic dead-

ends.

Stacking of metabolic pathways via genetic

crossing

In order to study the effect of additional enzyme

activities on the expression of LC-PUFAs pathway in

Arabidopsis plants lines JB7, 352 and 289 were used in

genetic crossing experiments. Transgenic Arabidopsis

events JB352 and JB289 were used as males in crosses

with event JB7—in all cases the parental lines were

homozygous for the transgene, based on 100% resis-

tance to kanamycin in T3 of selected lines. The F1

progeny of a cross between JB352 and JB7 had

reduced levels of LA compared to JB352 (10.3% of

total fatty acids), probably due to activity of LuD15

Fad3 and reduced levels of ARA compared to JB7

(2.1%) which is more likely due to the presence of

Pix3, x3-specific desaturase from P. infestans

(Table 1). Fatty acid analysis of F1 seeds detected

elevated levels of EPA (4.1%). The levels of accu-

mulation of D6-desaturated intermediates like GLA

and SDA were similar to parental lines. The F2

progeny derived from self-fertilization of several F1

plants were grown and the fatty acid composition

determined from seeds of 40 plants. The Mendelian

inheritance pattern and the co-segregation of reduced

LA with reduced ARA but increased EPA in the F1/F2

populations indicate that the altered fatty acid com-

position is caused by the presence of new LuD15 and

Pix3 activities.

The fatty acid analysis of F1 seeds derived from

$JB7xJB289# cross showed that ARA was most

abundant among the newly produced fatty acids, with

a mean of 6.2% (Table 1). EPA levels were increased

in comparison with parental lines to 4.0% of total fatty

acids, most likely as a result of the x3-desaturase

present in JB7. Conversely, the very low levels of D6-

unsaturated intermediates detected in this cross were

synonymous with the fatty acid composition of the

parental JB289 line. Collectively, these data indicate

that in general, the acyl-CoA D6–desaturase and x3-

desaturase were identified as major influencing factors

on flux to EPA in Arabidopsis.

1238 Transgenic Res (2012) 21:1233–1243

123



Lipid analysis of transgenic Arabidopsis

accumulating omega-3 LC-PUFAs

In order to gain further insight into the synthesis and

channeling of transgene-derived fatty acids in Ara-

bidopsis, lipid analyses was carried out on developing

(17 daf) and mature seeds of JB7, JB352 and JB289

lines. FAMEs were prepared from the neutral,

phospholipid and glycolipid fractions, with the differ-

ent lipid classes separated by TLC. Three main

fractions of neutral lipids corresponding to triacylgly-

cerols (TAG), diacylglycerols (DAG) and free fatty

acids (FFA) and the main fractions of phospholipids,

phosphatidylcholine (PC), phosphatidylethanolamine

(PE) and a fraction designated PI&PS containing both

phosphatidylinositol (PI) and phosphatidylserine (PS)

were separated, methylated and resolved by GC-FID.

The comprehensive fatty acid compositions of each

individual fraction were analyzed and the results are

presented in Supplementary Tables 1–3, with the

accumulation and distribution of non-native GLA,

ARA and EPA highlighted graphically in Fig. 2a, b,

and c, respectively.

Accumulation of GLA (Fig. 2a) and SDA in JB7

and JB352 lines was spread across all lipid classes

with no obvious precursor-product relationship visible

in neither line nor developmental stages. The highest

percentage of D6-desaturated fatty acids occurred in

the neutral lipids of mature seeds of line JB7 (23.6% [=

the sum of GLA and SDA] of total fatty acids)

(Supplementary Table 1) and in PE fraction of mature

seeds in line JB352 (22.5%) (Supplementary Table 2).

High levels of D6-desaturated fatty acids were also

present in the TAGs of mature seeds (JB7 = 23.5%,

JB352 = 21.6%) and also the neutral lipid intermedi-

ate DAG (JB7 = 19.3%, JB352 = 20.8%) (Supple-

mentary Table 3). For line JB289, accumulation of

GLA and SDA in all lipid classes was very low

(\1.8% for GLA and \0.6% for SDA), as would be

predicted for this acyl-CoA-dependent desaturase

(Supplementary Tables 2, 3).

Further analysis of the accumulation of the non-

native fatty acids in these transgenic lines provided

some unexpected insights into their distribution. For

example, in lines JB7 and JB289 the C20 omega-6

ARA accumulated predominantly in phospholipids,

especially in PI&PS fractions of mature seeds

(JB7 = 11.3%; JB289 = 7.2%) (Supplementary

Table 2; Fig. 2a). The mechanistic basis for this

phenomena is currently unknown but may reflect the

accumulation of endogenous (saturated and monoun-

saturated) very long chain fatty acids in these phos-

pholipids, meaning that the biosynthetic enzymes are

more amenable to accepting C20 substrates. Similarly,

we observed that EPA in all three lines was present in

greater proportions in mature seeds and concentrated

in polar lipids (mainly in PE and PI&PS fractions—

Fig. 2c). In the PI&PS fraction of mature seeds of

Fig. 2 Distribution of non-native fatty acids within the lipid

fractions of transgenic Arabidopsis seeds. The distribution and

accumulation of GLA (a), ARA (b) and EPA (c) in the mature

seeds of the three primary transgenic lines (JB7, JB289, JB352)

and crosses ($JB7xJB289#, $JB7xJB352#) is shown for PC,

PE, PI&PS, TAG, DAG and free fatty acids (FFA). These non-

native fatty acids are absent from WT Arabidopsis
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JB352 levels of EPA reached 10.5% of total fatty acids

(Supplementary Table 2), a threefold enrichment to

the levels of this fatty accumulating in the neutral

lipids of this line (Supplementary Table 1). Interest-

ingly, lipid analysis of neutral classes demonstrated

that EPA was more abundant in DAG as opposed to

TAG (Supplementary Table 2). Analysis of glycolip-

ids in mature seeds of the JB7 and JB352 lines

indicated moderate levels of GLA (8.5%; 5.3%) and

lower levels of ARA (2.8%; 0.4%) and EPA

(1.0–2.3%) in these lipids (Supplementary Table 1).

Analysis of JB289 lines revealed a similar picture for

the accumulation of ARA and EPA (1.4 and 1.3%).

However, GLA was again almost absent from the

glycolipids.

In terms of the endogenous fatty acid composition,

the most striking alteration was observed in the

phospholipids of lines JB7 and JB352, in which not

only were significant levels of D6-unsaturated fatty

acids accumulated, but also a pronounced reduction in

the levels of LA, counter-balanced by an increase in

oleic acid (18:1D9; abbreviated to OA) (Supplemen-

tary Table 2). This pattern (:OA, ;LA) was seen in

both PC and PE for both JB7 and JB352, and was

coincident with the accumulation of non-native GLA

in these lipids. Notably, this was not seen in the JB289

lines, ruling out the cause of the perturbation as due to

the synthesis of C20 LC-PUFAs (Fig. 3). A more

logical explanation is that the phospholipid-dependent

D6-desaturase present in JB7 and JB352 generates

high levels of the non-native fatty acid GLA at the sn-2

position of PC, as previously described (Domergue

et al. 2003). The accumulation (and lack of acyl-

exchange) of this fatty acid would result in a reduced

flux of substrate for the endogenous FAD2 oleate D12-

desaturase, generating a decrease in LA (product) and

increase in OA (substrate). Thus, in this study, the

pattern (:OA, ;LA) is similar to that observed for

transgene-derived activities of other phospholipid-

dependent acyl-modifying enzymes, including the

FAD2-like family involved in the synthesis of unusual

fatty acids (Cahoon et al. 2006; Napier 2007; Dyer

et al. 2008).

Lipid analysis of genetic crosses

Having established the acyl-composition of lipids

from the three parental lines, similar analysis was also

carried out on the different classes of lipids from

mature seeds of the $JB7xJB352# and $JB7xJB289#

crosses. Accumulation of GLA was maximal in the

neutral lipids fraction (20.8% of total fatty acids) of

the JB7xJB352 cross (Supplementary Table 1), indi-

cating an additive effect most likely arising from the

presence of two phospholipid-dependent D6-desatu-

rases. Surprisingly, GLA was almost absent from the

neutral and phospholipid fractions of JB7xJB289 in

comparison with parental lines (Supplementary

Tables 1–3)—this phenomena is discussed below.

In terms of target C20 PUFAs, levels of the omega-

6 ARA were generally markedly decreased and

equally distributed among all main lipid fractions

arising from the JB7xJB352 cross, reflecting the

presence of the x3-desaturase in the JB352 parent.

A concomitant increase in the levels of EPA was seen

in the JB7xJB352 cross, with maximal levels of 17.5%

being detected in the PI&PS fraction (Supplementary

Table 2). In contrast, cross JB7xJB289 displayed a

maximal level of 5.4% EPA in DAGs (Supplementary

Table 3), although this was higher than that observed

in either parental line.

Thus, the presence of phospholipid-dependent D6-

desaturases (JB7, JB352) can drive target levels of

EPA higher, compared to the acyl-CoA-dependent

D6-desaturase. However, this C20 PUFA appears to

accumulate in unexpected lipids, specifically the

Fig. 3 The ratio of oleic acid to linoleic acid within different

lipid fractions of transgenic Arabidopsis seeds. The absolute

ratio of oleic acid and linoleic acid present in different lipid

fractions is shown for the three primary transgenic lines (JB7,

JB289, JB352), compared with WT. Lipid classes are NL

(neutral lipids), PL (phospholipids), PC (phosphatidylcholine),

PE (phosphatidylethanolamine) and PI&PS (phosphatidylinosi-

tol and phosphatidylserine)
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PI&PS fraction (which represents a minor pool of total

seed lipids). In addition, the presence of a phospho-

lipid-dependent desaturase results in the high level

accumulation of undesired biosynthetic intermediates

such as GLA and SDA. In contrast, these intermedi-

ates are present at only very low levels in the lines

containing the acyl-CoA-dependent D6-desaturase.

Determination of acyl-CoA pool composition

The composition of the acyl-CoA pool was deter-

mined for the Arabidopsis JB7, JB352 and JB289

transgenic lines and crosses JB7xJB352 and JB7x289

at mid-stage of seed development. As shown in Fig. 4,

the acyl-CoA profiles from the developing seeds of

WT Arabidopsis and JB7 and JB352 lines expressing

the lipid-dependent P. irregular D6-desaturase show

no significant difference in acyl-CoA composition,

except for SDA, which was present as a very minor

component in the acyl-CoA pool of both lines. In

contrast, SDA-CoA was clearly present in JB289, as

was ARA-CoA and also 20:2-CoA. Unfortunately,

GLA-CoA co-migrates with ALA-CoA on this chro-

matographic system, so it was not possible to

determine the levels of that D6-desaturation prod-

uct—however, the presence of SDA-CoA is entirely

consistent with the action of the O. tauri acyl-CoA

D6-desaturase (Domergue et al. 2005b; Sayanova

et al. 2012).

Acyl-CoA analysis of the two crosses revealed that

progeny of the JB7xJB289 cross contained elevated

levels of ARA-CoA, compared to that observed in the

parental JB289 (JB7 contained no ARA-CoA). Inter-

estingly, the levels of the C18 D6-desaturation prod-

uct, SDA-CoA, were unchanged in the JB7xJB289

compared with the JB289 parent, whereas the levels of

20:2-CoA were reduced to levels similar to that seen in

the JB7 parent (Fig. 4). Thus, the acyl-CoA profile of

this cross clearly indicates the contribution of both

parents to their progenies’ metabolic composition,

generating a profile which is distinct from that of either

parent or WT. This is in contrast to the situation for the

JB7xJB352 cross which contains only phospholipid-

dependant desaturases and does not result in any

significant perturbation to the acyl-CoA profile com-

pared to the two parental lines, which themselves are

very similar to WT (Fig. 4). In that respect, the

presence of C18 D6-desaturated fatty acids in the

acyl-CoA pool of the JB7xJB289 may provide an

explanation for the apparent dominance of the O. tauri

D6-desaturase over the phospholipid-dependent P.

irregulare D6–desaturase: we hypothesis that the

presence of SDA-CoA and GLA-CoA act as inhibitors

of the latter enzyme, most likely via metabolic

feedback, resulting in the absence of any significant

D6-desaturation products present in the phospholipids

or neutral lipids of this cross.
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Fig. 4 Acyl-CoA profiles of developing seeds from transgenic

Arabidopsis lines. Acyl-CoAs were extracted, derivatised,

resolved and identified by HPLC-FLD as previously described.

The acyl-CoA profiles for all the different lines described in this

study are shown (WT, JB7, JB289, JB352, $JB7xJB289#,

$JB7xJB352#). The identify of peaks is shown, and the

presence of non-native products of the LC-PUFA biosynthetic

pathway indicated (*). The internal standard (istd) was 17:0-

CoA
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Conclusions

In this study we have adopted an iterative approach to

optimizing the accumulation of C20 omega-3 LC-

PUFAs in the seeds of transgenic Arabidopsis plants.

These studies re-affirmed very recent studies which

showed the benefits of using the O. tauri acyl-CoA

dependent D6-desaturase to avoid the accumulation of

unwanted C18 intermediates (such as GLA and SDA)

without significantly reducing the final level of target

C20 LC-PUFAs. When the O. tauri D6-desaturase was

co-expressed with the phospholipid dependent P.

irregulare D6-desaturase, the former activity was

dominant, with no obvious evidence of phospholipid-

depedent D6-desaturation. In transgenic plants

expressing only the P. irregulare D6-desaturase, not

only did we detect the accumulation in phospholipids

of products GLA and SDA, we also observed a strong

reduction in LA and accumulation of OA specifically

in these lipids. This lipid ‘‘fingerprint’’ may therefore

serve as a convenient marker for phospholipid-

dependent front-end desaturases, similar as to that

seen for FAD2-like enzymes. We also observed, in the

case of the P. irregulare D6-desaturase activity,

indirect evidence of the desaturation products fluxing

from PC into TAG via DAG, as indicated by the

relative accumulation of GLA in these lipids (10.7% in

PC, 15.6% in DAG, 19.3% in TAG; Supplementary

Tables 2, 3, [JB7]). Thus, for the phospholipid-

dependent D6-desaturase, GLA-containing PC (i.e.

the site of synthesis for this D6-unsaturated fatty acid)

would undergo remodeling (most likely by the reverse

reaction choline-phosphotransferase or specific phos-

pholipases) to generate GLA-containing DAG, which

is then acylated at the sn-3 position to generate a GLA-

containing TAG species. Such a scenario would agree

with the recent models of Bates (Bates et al. 2007;

Bates and Browse 2011) for the accumulation of

hydroxyl-fatty acids in Arabidopsis seed oil, in which

the authors used metabolic labeling to demonstrate

that the bulk of extraplastidial fatty acids enter TAG

via PC and DAG, as opposed to a direct acylation route

via the Kennedy pathway (reviewed in Venegas-

Calerón et al. 2010). Thus, our observations have

important implications for subsequent attempts to

engineer LC-PUFA accumulation via phospholipid-

dependent desaturases. Similarly, the enrichment of

target fatty acids (EPA) in minor phospholipid pools

(such as PI&PS) indicates that multiple activities

likely generate competing fluxes to direct the accu-

mulation of non-native fatty acids into different sinks.

In this particular case, it may be that since these

phospholipid species are known to contain endoge-

nous VLCFAs, their biosynthetic acyltransferases

have an increased preference for non-native LC-

PUFAs.

In the case of the acyl-CoA dependent D6-desatur-

ase, no such widespread accumulation of either

biosynthetic intermediates or end products was

observed, indicative of the more minor role for direct

acylation of fatty acid-CoAs as an entry point for flux

to TAG (Bates and Browse 2011). However, as noted

above, the benefits of using such a desaturase likely

outweigh the lower rate of TAG synthesis by this

pathway. In addition, it is clear that whilst a

PC?DAG?TAG pathway is predominant in Arabid-

opsis seeds, this may well not be the case for some

other oilseeds (Bates and Browse 2011). Thus, further

work needs to be done to optimize the synthesis of

omega-3 LC-PUFAs in transgenic plants, and this will

require a detailed analysis of TAG synthesis, most

likely on a species-by-species basis.
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