Provided by Rothamsted Repository

l@ © 2004 Nature Publishing Group  http://www.nature.com/naturebiotechnology

nature
biotechnology

Metadata, citation and similar papers at core.ac.uk

ARTICLES

Production of very long chain polyunsaturated
omega-3 and omega-6 fatty acids in plants

Baoxiu Qi"4, Tom Fraser!, Sam Mugford?>, Gary Dobson?, Olga Sayanova®®, Justine Butler!,
Johnathan A Napier2’6, A Keith Stobart! & Colin M Lazarus!

We report the production of two very long chain polyunsaturated fatty acids, arachidonic acid (AA) and eicosapentaenoic acid
(EPA), in substantial quantities in a higher plant. This was achieved using genes encoding enzymes participating in the w3/6
A8-desaturation biosynthetic pathways for the formation of C20 polyunsaturated fatty acids. Arabidopsis thaliana was transfor-
med sequentially with genes encoding a A%-specific elongating activity from Isochrysis galbana, a A8-desaturase from Euglena
gracilis and a A3-desaturase from Mortierella alpina. Instrumental in the successful reconstitution of these C20 polyunsaturated
fatty acid biosynthetic pathways was the /. galbana C18-A%-elongating activity, which may bypass rate-limiting steps present in
the conventional A®-desaturase/elongase pathways. The accumulation of EPA and AA in transgenic plants is a breakthrough in

the search for alternative sustainable sources of fish oils.

The very long chain polyunsaturated fatty acids (VLCPUFAs) AA
(C20:4 A>S1L14) "EPA (C20:5 A>3111417) and docosahexaenoic acid
(DHA, C22:6 A%710,13,16,19) are the subject of much interest, because
of their important roles in human health and nutrition. These include
neonatal retinal and brain development, as well as cardiovascular
health and disease prevention!. AA and EPA are components of
mammalian cell membranes and are also precursors of the
eicosanoids, including the prostaglandins, a family of biological effec-
tors involved in inflammatory responses, blood pressure regulation,
blood clotting and cell signaling®. These fatty acids also inhibit
methane production from rumen fermentation, and could help reduce
greenhouse gas emissions if used in animal feed”.

The diet of most modern societies is nowadays relatively low in w3
PUFAs with a concomitant increased level of w6 PUFA intake, largely
resulting from a preference for plant-seed oils and food products from
intensively bred animals. The w3 PUFAs, EPA and DHA, for example,
are usually obtained from oily fish, the consumption of which has
decreased significantly in recent years?. Fish stocks are also declining,
and the oils derived from fish are sometimes contaminated with a
range of pollutants. Heavy metals such as methylmercury, for example,
have been detected in some fish, and these compounds are known to
affect neuropsychological function in adults®. A recent global study on
farmed salmon revealed high levels of toxins including polychlori-
nated biphenyls, dioxins and other organochlorine compounds®. The
production of fish (and fish oils) via aquaculture also requires the sup-
plementation of fish feeds with EPA/DHA, putting additional strain
on this diminishing resource!?. Alternative sources of VLCPUFAs are

therefore desirable, and the concept of obtaining them from higher
plants in commercial and sustainable quantities is particularly attrac-
tive. However, no oil-seed species produces such products naturally, so
there is a need to genetically engineer the capacity to synthesize these
fatty acids in agronomically viable oil-seed species.

Humans can synthesize VLCPUFAs from the so-called essential fatty
acids, linoleic acid (LA, C18:2 A%12) and a-linolenic acid (ALA, C18:3
A%1215) which must be obtained from the diet. However, biosynthesis
of VLCPUFASs is somewhat limited and is regulated by dietary and hor-
monal changes!!. VLCPUFA synthesis in mammals proceeds predomi-
nantly by a A®-desaturation pathway, in which the first step is the
A®-desaturation of LA and ALA to yield y-linolenic acid (GLA, C18:3
A%%12) and stearidonic acid (STA, C18:4 A*12:15) respectively. Further
fatty acid elongation and desaturation steps give rise to AA and EPA
(Fig. 1a). Accordingly, genes encoding A°-desaturases'>~!'8, A®-elongase
components'®2! and A’-desaturases?’~?” have been cloned from a
variety of organisms including higher plants, algae, mosses, fungi,
nematodes and humans.

However, an alternative pathway for the biosynthesis of AA and
EPA operates in some organisms. Here, LA and ALA are first elon-
gated specifically to eicosadienoic acid (EDA, C20:2 A'b1#) and
eicosatrienoic acid (EtrA, C20:3 AlL417)) respectively. Subse-
quent A% and A® desaturation of these products yields AA and EPA
(Fig. 1b). We have recently cloned and functionally identified a speci-
fic C18-A%-elongating activity (responsible for the first committed
step of this pathway) from the DHA-producing marine microalga,
I galbana®®. A A8-desaturase cDNA has also been characterized from
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Figure 1 Conventional and alternative desaturation pathways for AA

and EPA. (a) The conventional A®-desaturation pathways start with the
Nb-desaturation of LA and ALA, followed by 2-carbon elongation catalyzed
by a A®-elongase and further desaturation. (b) In the alternative A8-pathways,
LA and ALA are first elongated by a C18-A%specific fatty acid elongase
(A%-elongase) to EDA and ETrA, respectively. A A8-desaturase is required

to introduce a double bond at the A8 position of the carbon chains to
generate DGLA and ETA. Further desaturation by a AS-desaturase results

in AA and EPA.

the alga, E. gracilis®*. We now report the reconstitution of the AS-
desaturation pathways for VLCPUFA synthesis in A. thaliana, and the
accumulation of appreciable quantities of AA and EPA in the trans-
genic plants.

RESULTS

Expression of IgASE1 in A. thaliana

A. thaliana plants were transformed to express IgASEI, the gene
encoding elongating activity from I. galbana. Visual inspection (for a
number of different parameters such as growth stature, height, flower-
ing time, number of flowers and seed-set) of all the transgenic plants
cultivated revealed no morphological or physiological alteration
resulting from transgene expression. Transformed plants were self-
fertilized, and lines demonstrating the 3:1 ratio of Liberty-herbicide-
resistant to sensitive progeny indicative of a single transformation
event were taken through a further round of self-fertilization to estab-
lish homozygous single-copy lines. Figure 2 shows the gas chromato-
graphy (GC) profile of total fatty acids extracted from leaves of
wild-type and transgenic plants. LA and ALA, the substrates for the
L galbana C18-A°-elongating activity IgASE1, are major fatty acids
in the leaves of wild-type plants (Fig. 2a). Two additional fatty
acid species are apparent in the transgenic plants expressing IgASE]
(Fig. 2b). Their retention times are identical to those of the standards
EDA and ETrA, the expected C20 elongation products of LA and ALA.
These results were similar to those observed previously for IgASEI
expression in yeast?®. C20:2 and C20:3 accumulated to 8.4 mol% and
10.4 mol% of total fatty acids, representing conversions of 51% and
22% of their C18 substrates, respectively (Table 1).

Coexpression of EuA8 and IgASE1 in A. thaliana

Kanamycin resistance was used as a selectable marker in transfor-
mation of the Liberty-herbicide-resistant IgASEI-expressing line
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Figure 2 GC profiles of A. thaliana leaf fatty acid methyl esters. Fatty acids
were extracted from an untransformed plant (a); a single-transgenic plant
expressing the /. galbana A%-elongating activity IgASE1 (b); a double
transgenic plant expressing IgASE1 and the E. gracilis A8-desaturase (EuA8)
(c); a triple transgenic plant expressing IgASE1, EuA8 and the M. alpina
AS-desaturase (MortA5) (d). The peaks in the boxed region are designated

1 to 8 in the order of increasing retention time; peaks 4 and 8 are 20:4 and
20:5, respectively.

with a construct containing the E. gracilis AS-desaturase (FulA8)% cod-
ing region under the control of the CaMV 35S promoter. Double-
transgenic A. thaliana plants, which again exhibited normal
morphology (as defined above), were both Liberty- and kanamycin-
resistant. Homozygous line D3, an apparent single-copy transformant,
had ceased segregating kanamycin-sensitive progeny after two rounds
of self-fertilization, and was selected for fatty acid analysis. Two addi-
tional peaks are apparent in the GC profile of the leaf fatty acids of the
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Table 1 Total fatty acid composition of leaves from wild type, single,

transgenic A. thaliana plants

ARTICLES

double and triple (see below). The total C20 PUFA content was

some 22 mol% of total fatty acids (Table 1).

Plant source

Confirmation of C20 PUFA identities in

Fatty acid Wild type IgASE1 IgASE1 + EuA8  IgASEL + EuA8 + Morta5  triple transgenic A. thaliana plants

(mol% of total) Single transgenic  Double transgenic Triple transgenic Nitrogen-containing derivatives of fatty acids
16:0 17.5+0.3 15.9 405 15.5+0.2 16.2 + 0.4 give informative mass spectra because the
16:1 47 4803 3.9+0.2 22:0.1 31:0.1 nitrogen atom carries the charge during ion-
16:3 A7,10,13 12.3+0.3 13.5+0.3 19.4+0.3 14.1 +0.8 ization, resulting in radical-induced cleavage
18:0 0.9+0.1 0.8+0.1 0.8+0.04 15+0.1 at every carbon-carbon bond along the alkyl
18:1 A9 2.9+0.3 2.5+0.3 1.8+0.1 3.5+0.2 chain. In the mass spectra obtained by gas
18:2 7912 13704 8.20.5 4301 7.2£0.3 chromatography-mass spectrometry (GC-
18:3 A%1215 48.0+0.4 36.5+1.0 35.6+0.1 32.0+0.4 MS) of 4,4-dimethyloxazoline (DMOX)
20:2 AlL14 - 8.4+0.2 1.2+0.1 2.6+0.03 derivatives of unsaturated fatty acids, if a
20:3 Al114,17 - 10.4+0.4 3.9+0.2 4.6+0.1 double bond occurs between carbons n and n
20:3 A8/11.14 - - 8.7+0.3 1.3+0.02 + 1 then a gap of 12 atomic mass units (amu)
20:4 A81L1417 - - 6.5+0.2 1.2+0.1 between ions corresponding to fragments
20:3 p51114 - - - 1.4+0.1 containing 7 — 1 and n carbons is observed3".
20:4 p> 111417 - - - 1.8+0.1 In saturated parts of the chain there are gaps
20:4 p58111% (AR) - - - 6.6+0.1 of 14 amu because of cleavage of adjacent
20:5 A58 1L1417 (EPA) - - - 3.0+0.02 methylene groups.

Total C20 PUFAs - 18.8 20.3 22.5 Figure 3 shows the mass spectra of six of

Single transgenic plants were Liberty-herbicide resistant, expressing the /. galbana IgASE1 elongating activity. Double
transgenic plants were produced by transforming the single transgenic plants with a T-DNA containing a kanamycin-
resistance gene and a A8-desaturase gene from E. gracilis. Triple transgenic plants were produced by transforming
the double transgenic plants with a T-DNA containing a hygromycin-resistance gene and a AS-desaturase gene from
M. alpina. Triple transgenic plants were hemizygous for hygromycin resistance and the linked A®-desaturase gene;
with this exception, all transgenes in all plants selected for analysis were in the homozygous state. Leaf tissue from
rosette stage plants was analyzed, and each value represents the mean + standard error from two separate

measurements of three plants.

double transgenic line (Fig. 2c) compared to its single transgenic par-
ent (Fig. 2b). These were identified as dihomo-y-linolenic acid (DGLA,
C20:3 A®1LI4) and eicosatetraenoic acid (ETA, C20:4 A$1LI4IT)
respectively, on the basis of the retention times of known standards.
DGLA and ETA are the expected products of A8-desaturation of the
precursors EDA and ETrA, respectively. DGLA and ETA accounted for
some 8.7 mol% and 6.5 mol% of the total fatty acids and represented a
conversion of 88% and 63% of their respective substrates. The total
C20 PUFA content in this double transgenic line was some 20 mol% of
the total fatty acids (Table 1).

Coexpression of MortA5) + IgASE1 + EuA8 in A. thaliana

The relatively high content of C20 fatty acids in the double-transgenic
plants indicated that it might be possible to obtain AA and EPA by fur-
ther transformation. In order to assess this, the coding region of the
M. alpina A>-desaturase gene (MortA5)?® was placed under the control
of the CaMV 35S promoter in the binary vector pPCAMBIA 1300, and
the Liberty- and kanamycin-resistant homozygous line D3 was trans-
formed to hygromycin resistance. The triple-transgenic plants
obtained remained phenotypically indistinguishable from the wild
type. Leaf fatty acids were determined in 24 plants, and the results
for the highest C20 PUFA producers are presented in Figure 2d and
Table 1. Compared to the double transgenic plants, a further four fatty
acid peaks are apparent. Two of these, peaks 4 and 8, correspond to AA
and EPA, the expected NA3-desaturation products of DGLA and ETA,
respectively. The yields of AA and EPA were 6.6 mol% and 3.0 mol% of
the total fatty acids, or 29% and 13% of the total C20 PUFA products,
respectively, representing 84% conversion of substrate DGLA and
71% of ETA. Small amounts (3.2 mol% of total fatty acids) of two
other C20 fatty acids were also present and these were identified as
sciadonic acid, C20:3 A>1L14 and juniperonic acid, C20:4 A>11L14,17

NATURE BIOTECHNOLOGY VOLUME 22 NUMBER 6 JUNE 2004

the eight peaks indicated in Figure 2d that
were putatively identified as the intermedi-
ates and final products of the reconstituted
6/3 A% pathways. In the mass spectrum of
the DMOX derivative of peak 1 the molecular
ion at m/z 361 indicates a diunsaturated
20-carbon acid, whereas gaps of 12 amu
between m/z 264 and 276, and between
m/z 224 and 236 indicate double bonds at A* and Al respectively.
This confirms peak 1 as EDA. In the mass spectrum of the DMOX
derivative of peak 3, the molecular ion at m/z 359 indicates a triunsat-
urated 20-carbon acid, whereas the gaps of 12 amu between m/z 182
and 194, 262 and 274, and 222 and 234 indicate a double bond at the
A8 position, in addition to the double bonds at A!* and A!l. Peak 3 is
thus confirmed as DGLA. The molecular ion at m/z 357 in the mass
spectrum of the DMOX derivative of peak 4 indicates a tetraunsatu-
rated 20-carbon acid; an odd-mass peak at m/z 153 is characteristic of
a /\> double bond, whereas additional double bonds at A8, Al and Al*
confirm peak 4 as AA. Similarly, the mass spectra of the DMOX deriv-
atives of peaks 5,7 and 8 confirm them to be the products of the w3 A3
desaturation pathway, namely ETrA, ETA and EPA, respectively.

Figure 4 shows the mass spectra of the remaining two peaks indi-
cated in Figure 2d, which do not appear to be components of the
w3/6-A% desaturation pathways. In the mass spectrum of the DMOX
derivative of peak 2, the molecular ion at m/z 359 indicates a triunsat-
urated 20-carbon acid, whereas gaps of 12 amu between m/z 262 and
274, and between m/z 222 and 234 indicate double bonds at A'* and
A, respectively. The odd-mass peak at m/z 153 is characteristic of a
2 double bond, so this confirms peak 2 as sciadonic acid. The molec-
ular ion at m/z 357 in the mass spectrum of the DMOX derivative of
peak 6 indicates a tetraunsaturated 20-carbon acid. The gaps of
12 amu between m/z 302 and 314, m/z 262 and 274, and m/z 222 and
234 indicate double bonds at Al7, Al and All, whereas the odd-mass
peak at m/z 153 is characteristic of a A’ double bond. This confirms
peak 6 as juniperonic acid.

All the mass spectra shown in Figures 3 and 4 have been described
previously (C20:3 A>!114 in ref. 30 and C20:4 A>!L1%17 in ref. 31).
All eight are similar to mass spectra, as described (http://www.
lipid.co.uk/infores/masspec.html).
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Figure 3 Positional analysis (by GC-MS) of the carbon double bonds of the C20 PUFAs (as their DMOX derivatives) in triple transgenic A. thaliana leaf
tissues. Peaks 1, 3, 4, 5, 7 and 8 correspond to the peaks indicated in Figure 2d. The fatty acids are presented in their order of formation in the w6/3

N8-desaturation pathways.

DISCUSSION

The biosynthesis of appreciable quantities of the important
VLCPUFAs, AA and EPA, has been achieved in the model higher plant
A. thaliana by transformation and constitutive expression of three
genes that encode components of the alternative A®-desaturation
pathways (Fig. 1b). The genes used encode a specific C18-A°-fatty acyl
elongating activity from the microalga I. galbana®®, a A% desaturase
from E. gracilis®® and a A%-desaturase from the filamentous fungus
M. alpina®®. Although the first two of these genes originated in organ-
isms in which the A8-desaturation pathways may operate, M. alpina
produces AA perhaps exclusively via the A®-desaturation pathway.
D-desaturation is however the point of convergence of both the con-
ventional A°- and alternative A8-pathways (Fig. 1). Agrobacterium
tumefaciens—mediated gene transfer to A. thaliana was sequential, with
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selectable resistance markers used in the order of Liberty herbicide,
kanamycin and hygromycin. Plants expressing only IgASE] accumu-
lated appreciable amounts of EDA and ETrA (Fig. 2b and Table 1), and
these C20 PUFAs were converted to DGLA and ETA in the double
transgenic plants also expressing EuA8 (Fig. 2¢). Triple-transgenic
A. thaliana plants, additionally expressing MortA5, accumulated
appreciable quantities of AA and EPA in their leaf tissues, and the sum
of these two fatty acids accounted for 43% of the total C20 PUFA
products (Fig. 2d and Table 1).

Besides the predicted fatty acids of the w3/6 A8-pathways (Fig. 1b)
two other products were observed in GC analysis (Fig. 2d, peaks 2 and
6). GC-MS of the DMOX derivatives identified them as 20:3 A>!1:14
and 20:4 AL regpectively (Fig. 4). It is most probable that these
arose by NAS-desaturation of EDA and ETrA, since the AS-desaturase
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Figure 4 Positional analysis (by GC-MS) of the carbon double bonds of the two nonmethylene-interrupted C20 PUFAs (as their DMOX derivatives) in triple
transgenic A. thaliana leaf tissues. Peaks 2 and 6 correspond to the peaks indicated in Figure 2d.

has previously been observed to display promiscuity in heterolo-
gous systems®4?’. This may account, therefore, for these unusual prod-
ucts in the transgenic A. thaliana plants. However no significant A’-
desaturation of C18 fatty acids was apparent in transgenic A. thaliana
leaves, which is in contrast to the production of taxoleic acid (C18:2
A>%) and pinolenic acid (C18:3 A>%12) in canola transformed with the
same gene?’. It is likely that the two unusual C20 fatty acids are end
products and not used in further fatty acid biosynthesis. It is also inter-
esting that they are not observed in I. galbana, the source of the A°-
specific elongase component?®. I. galbana is an EPA/DHA-producing
microalga and we have suggested that these products are synthesized
via the so-called w3 A3-desaturation pathway?$32 (Fig. 1b).

Our results demonstrate that both the w3 A%- and w6 AS-
desaturation biosynthetic pathways for VLCPUFA production can
operate in higher plants, yielding the potentially valuable products AA
and EPA. The key step would appear to be the C18-A°-PUFA-specific
elongating activity IgASE1 from I. galbana, which specifically catalyzes
the elongation of the essential C18-A%-PUFAs, LA and ALA. These
fatty acids are in abundance in green vegetative tissues of higher
plants, and in A. thaliana their elongation resulted in appreciable levels
of EDA and ETrA. The efficiency of this alternative pathway may hinge
on the presence of available cytoplasmic pools of LA-CoA and ALA-
CoA, which have previously been shown to be present in A. thaliana
leaf tissue®. Since microsomal fatty acid elongation commences with
the condensation of malonyl-CoA with an acyl-CoA primer, these
LA- and ALA-CoAs are suitable substrates for elongation to EDA and
ETrA by the I galbana A’ elongase. In contrast, recent attempts to
reconstitute the conventional w6 and w3 A®-desaturation pathways in
yeast, using genes encoding A®-desaturase, A®-elongating activity and
A>-desaturase met with limited success!®34, Elongation uses ‘cytosolic’
acyl-CoA, whereas most plant PUFA desaturases use acyl substrates
esterified to glycerolipids, especially microsomal phosphatidyl-
choline®®, where acyl substrate is channeled into the sn-2 position for
subsequent desaturation and the products returned to the acyl-CoA
pool via an acyl exchange process®®. To explain their relatively low
yield of AA in yeast, it has been argued®® that insufficient GLA
substrate was made available from the site of A% desaturation to the

NATURE BIOTECHNOLOGY VOLUME 22 NUMBER 6 JUNE 2004

acyl-CoA pool for elongation, and that this explained a similar poor
activity of the reconstituted conventional pathway in transgenic
plants. This does not appear to present a problem in the reconstituted
alternative pathway, but whether it is the different sequence of elonga-
tion and desaturation events found in the A-pathways that circum-
vent these perceived defects remains to be determined.

The fact that the total C20 PUFA content was almost the same in all
the transgenic lines generated suggests that elongation was the rate-
limiting step in AA and EPA production. However this conclusion
assumes that the level of IgASEI expression was constant in single-,
double- and triple-transgenic lines. Although some 20 mol% of the
total C20 PUFAs accumulated in the transgenic plants, it appears to
have no effect on the growth and morphology. This is in contrast to the
dramatic morphological abnormalities observed?” in ectopic expres-
sion of the seed-specific Fatty Acid Elongationl (FAEI) gene using the
CaMV 35S promoter in transgenic A. thaliana. Such abnormalities
were ascribed to the incorporation of very long chain fatty acids
(VLCFAs), including saturated and monounsaturated fatty acids, into
glycerolipids, although these phenotypic effects were only observed in
a few highly expressing lines. Analysis of our transgenic plants has also
shown substantial incorporation of C20 fatty acids into chloroplast
and extraplastidic glycerolipids*%; however, here they are all polyunsat-
urated. Thus, although a very similar constitutive promoter was used
in both studies on the accumulation of VLCFAs in plants, it is clear
that the incorporation of C20 PUFAs into membrane glycerolipids is
benign, as distinct from the incorporation of C20 saturated and
monounsaturated fatty acids.

The results reported here demonstrate clearly that ‘pathway engi-
neering’ for the viable production of VLCPUFAs in plants is possible.
In order to exploit these observations more fully it will be necessary to
express the genes in question in a seed-specific manner and in a lipid
background rich in the fatty acid substrates that are specific for the
elongase component, IgASE1. To this end, oilseed species such as soy
and linseed should provide appropriate experimental material for fur-
ther study.

We have successfully reconstituted the A8-desaturation pathways for
both w6 and w3 VLCPUFA biosynthesis in a higher plant. This has
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been achieved by sequential transfer and expression of three genes in
the model plant A. thaliana. Our data indicate that the use of these
alternative A3-desaturation pathways is likely to be more appropriate
for genetic modification of oilseeds than the previously described con-
ventional A°-desaturase/elongase route. The triple-transgenic plants
accumulate both AA and EPA in amounts that suggest that, if their
incorporation into seed storage oils can be achieved, the production of
these fatty acids in oil seed crops could become an economically viable
proposition.

METHODS

Plasmid constructs for expressing fatty acid metabolism genes in transgenic
plants. All coding regions used were placed in CaMV 35S promoter—nos ter-
minator expression cassettes. The coding region of I. galbana elongating activ-
ity, IGASE1?8, was inserted as a Kpnl fragment into pBlueBac 4.5 (Invitrogen)
and excised with PstI plus EcoRI for insertion into pCB302-1 (ref. 39). The
M. alpina I\°-desaturase coding region?® was inserted as a Kpnl-Sacl fragment
into the expression site of pPCAMBIA-1300EC, a plasmid that had been con-
structed by replacing the pUCI8 polylinker of pCAMBIA-1300 (CAMBIA)
with an expression cassette (HindIII-EcoRI fragment) from pBI220. The E. gra-
cilis A8-desaturase coding region® was amplified from total RNA extracted
from cultures of E. gracilis strain Z by RT PCR using the following primers
(restriction site extensions underlined, initiating and stop codons in bold): for-
ward primer (BamHI) 5'-ATGGATCCACCATGAAGTCAAAGCGCCAA-3'
and reverse primer (Xhol) 5'-ATCTCGAGTTATAGAGCCTTCCCCGC-3'". The
PCR product was cloned and sequenced, revealing the presence of an open
reading frame of 1,266 base pairs, encoding a protein of 421 amino acid
residues and a stop codon. This differs slightly from the sequence presented
elsewhere?®, which describes a polypeptide of 422 residues. The difference
results from a small frame shift at the 5" end of the open reading frame, but it is
unclear whether this represents an earlier sequencing error or a bona fide poly-
morphism between different accessions of E. gracilis strain Z. However, func-
tional characterization of this new (421 residue) form of the E. gracilis
A8-desaturase expressed in yeast confirmed an identical function to that
described earlier?®. The cDNA was excised from vector pESC-Trp (Stratagene)
with BamHI plus Xhol, passaged through pBlueBac 4.5 (Invitrogen) and
excised as a BgllI-BamHI fragment for insertion into the BamHI site of
PBECKS; 4.6 (ref. 40).

Plant transformation. Binary plasmids were transferred to A. tumefaciens
strain GV3101 by electroporation and kanamycin-resistant colonies were
selected in all cases. A. thaliana ecotype Columbia 4 plants were transformed by
the floral dipping method of Clough and Bent*!, with two rounds of dipping at
5-d intervals. To select for transformants harboring the elongase component
approximately 10,000 seeds from dipped wild-type plants were germinated on
compost. Seedlings at the 2—4 true-leaf stage were sprayed with 0.5% Liberty
herbicide (0.5 g glufosinate-ammonium I"'; Aventis), and spraying was
repeated 1 week later. Twelve herbicide-resistant plants (T1) were selected and
potted on and after two rounds of self-fertilization T3 seed was germinated on
Liberty plates (half-strength Murashige and Skoog (MS) medium containing
5 mg glufosinate-ammonium I!) to identify homozygous lines that had ceased
segregating herbicide-sensitive progeny. The line with the greatest C20 fatty
acid content was selected for transformation with the AS-desaturase gene.
A. tumefaciens—mediated transformation was performed as described above,
and [2,000 seeds from dipped plants were spread on half-strength MS medium
containing 50 pg ml~! kanamycin. Twelve kanamycin-resistant plants were
selected and line D3, which had the greatest content of A3-desaturated
products, was self-fertilized to T3 to obtain homozygous transformants for fur-
ther transformation with the A’-desaturase gene. Hygromycin (10 pg ml™!)-
resistant plants were selected, transplanted to soil and grown for fatty acid
analysis.

Fatty acid analysis. Fatty acids were extracted and methylated as described*2.
The fatty acid methyl esters were analyzed by GC on a 30 m X 0.25 mm
fused silica DB-23 column (J and W Scientific) using heptadecanoic acid
(C17:0) as internal standard and quantified by flame ionization detection. The
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chromatograph was programmed for an initial temperature of 140 °C for 5 min
followed by a 20 °C min~! temperature ramp to 185 °C and a secondary ramp
of 1.5 °C min™! to 220 °C. The final temperature was maintained for 2 min.
Injector and detector temperatures were maintained at 230 °C and 250 °C,
respectively. The initial head pressure of the carrier gas (He) was 90 kPa; a split
injection was used.

For positional analysis of carbon double bonds, fatty acid methyl esters were
hydrolyzed with 0.1 M potassium hydroxide in 90% aqueous ethanol at 22 °C
for 16 h. After acidification and addition of water, the free fatty acids were
extracted with diethyl ether-isohexane (1:1 by vol). The free fatty acids were
converted to DMOX derivatives by heating with 2-amino-2-methyl-1-propanol
at 190 °C for 16 h. On cooling, water was added and the DMOX derivatives
were extracted with diethyl ether-isohexane (1:1 by vol). The solvent extract
was washed with water and dried over anhydrous sodium sulphate. The fatty
acid DMOX derivatives were subjected to GC-MS on a Hewlett Packard 5890
Series II Plus gas chromatograph fitted with an on-column injector and a
Supelcowax 10 (0.25 mm % 30 m, 0.25 pm) capillary column, connected to a
Hewlett Packard 5989B MS Engine quadrupole mass spectrometer. The col-
umn temperature was held at 80 °C for 3 min, temperature-ramped to 170 °C
at 20 °C min~!, then to 240 °C at 2 °C min~! and finally to 280 °C at 5 °C min~".
Helium was the carrier gas, at a flow rate of 1.4 ml min~!, and pressure pro-
gramming was used in constant flow mode. The mass spectrometer was oper-
ated in electron impact mode at an ionization energy of 70 eV.
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