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The seed oil of meadowfoam (Limnanthes alba) and other Limnanthes spp. is enriched in the unusual fatty acid A®-eicosenoic
acid (20:1A°). This fatty acid has physical and chemical properties that make the seed oil of these plants useful for a number
of industrial applications. An expressed sequence tag approach was used to identify cDNAs for enzymes involved in the
biosynthesis of 20:1A%). By random sequencing of a library prepared from developing Limnanthes douglasii seeds, a class of
cDNAs was identified that encode a homolog of acyl-coenzyme A (CoA) desaturases found in animals, fungi, and
cyanobacteria. Expression of a cDNA for the L. douglasii acyl-CoA desaturase homolog in somatic soybean (Glycine max)
embryos behind a strong seed-specific promoter resulted in the accumulation of A>-hexadecenoic acid to amounts of 2% to
3% (w/w) of the total fatty acids of single embryos. A>-Octadecenoic acid and 20:1A° also composed <1% (w/w) each of the
total fatty acids of these embryos. In addition, cDONAs were identified from the L. douglasii expressed sequence tags that
encode a homolog of fatty acid elongase 1 (FAE1), a B-ketoacyl-CoA synthase that catalyzes the initial step of very long-chain
fatty acid synthesis. Expression of the L. douglassi FAE1 homolog in somatic soybean embryos was accompanied by the
accumulation of C,, and C,, fatty acids, principally as eicosanoic acid, to amounts of 18% (w/w) of the total fatty acids of
single embryos. To partially reconstruct the biosynthetic pathway of 20:1A% in transgenic plant tissues, cDNAs for the
L. douglasii acyl-CoA desaturase and FAE1 were co-expressed in somatic soybean embryos. In the resulting transgenic

embryos, 20:1A° and A®-docosenoic acid composed up to 12% of the total fatty acids.

The seed oil of Limnanthes spp. is distinct from that
of other plants because of its high content of C,, and
C,, fatty acids with A® unsaturation (Miller et al.,
1964; Phillips et al., 1971). The most abundant com-
ponent of the seed oil of these plants is A’-eicosenoic
acid? (20:1A°), which accounts for 60% of the total
fatty acids (Miller et al., 1964). The close position of
the double bond of this fatty acid to the carboxy
terminus results in chemical and physical properties
that are not found in oleic acid (18:1A°), the primary
monounsaturated fatty acid of the seed oil of most
plant species. For example, 20:1A° is more oxida-
tively stable than 18:1A% (Isbell et al., 1999) and can be
used as a precursor for the synthesis of industrial
compounds such as é-lactones (Erhan et al., 1993).
The novel properties associated with 20:1A° make the
seed oil of Limnanthes sp. desirable for use in cosmet-
ics, surfactants, and lubricants (Hirsinger, 1989; Burg
and Kleiman, 1991). Because its seed oil has these
unique properties, meadowfoam (Limnanthes alba) is
grown as an oilseed crop on limited acreage in the
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2 A%, Double bond is positioned at the zth carbon atom relative
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Pacific Northwest of the United States (Hirsinger,
1989).

The biosynthesis of 20:1A° has been studied previ-
ously by radiolabeling of developing meadowfoam
seeds as well as by assay of cell-free homogenates of
these seeds (Pollard and Stumpf, 1980; Moreau et al.,
1981). From these studies, Pollard and Stumpf (1980)
proposed a biosynthetic pathway for 20:1A° that con-
sists of three metabolic steps: (a) a large flux of
palmitic acid (16:0) from the plastid to the endoplas-
mic reticulum; (b) microsomal elongation of 16:0,
presumably as a coenzyme A (CoA) ester, to eico-
sanoic acid (20:0); and (c) A® desaturation of 20:0 to
form 20:1A°. The latter two steps of this pathway are
distinct from fatty acid elongation and desaturation
reactions described in other species. For example, the
elongation of 16:0 to a C,, fatty acid contrasts with
the synthesis of C,, and C,, fatty acids commonly
found in seeds of the Brassicaceae family, including
Arabidopsis and oilseed rape (Brassica napus) (Kunst
et al., 1992; Taylor et al., 1992). In these seeds, 18:1A°
is used instead as the primary fatty acid substrate for
the synthesis of very long-chain fatty acids (Kunst et
al., 1992). This difference likely reflects the substrate
specificity of fatty acid elongase 1 (FAEl), a
B-ketoacyl-CoA synthase that catalyzes the initial
condensation reaction in the synthesis of very long-
chain fatty acids (Millar and Kunst, 1997). Therefore,
the pathway proposed for 20:1A° formation in Lim-
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nanthes sp. seeds is most consistent with the presence
of an FAE1L polypeptide that has greater specificity
for CoA esters of 16:0 than for 18:1A°.

In addition, based on in vitro assays of Limnanthes
sp. seed extracts, Moreau et al. (1981) suggested that
20:0-CoA is the substrate for the A>-desaturase. Al-
though acyl-CoA desaturation is the major route of
monounsaturated fatty acid synthesis in animals and
fungi (Bloomfield and Bloch, 1960; Strittmatter et al.,
1974), the use of acyl-CoAs as substrates for fatty acid
desaturases has yet to be demonstrated in plants. In
this regard, cDNAs for acyl-CoA desaturase-related
polypeptides have been identified in several plant
species; however, their functions have not been es-
tablished (Fukuchi-Mizutani et al.,, 1995, 1998). In-
stead, plant desaturases have only been shown to
date to use fatty acids bound to glycerolipids or acyl
carrier protein as substrates (Shanklin and Cahoon,
1998). Therefore, the involvement of an acyl-CoA
desaturase in the synthesis of 20:1A° would represent
a novel pathway for unsaturated fatty acid formation
in plants.

To further characterize the biosynthetic pathway of
20:1A° and to explore the possibility of producing
20:1A5—containing oil in a domestic oilseed crop, an
expressed sequence tag (EST) approach was under-
taken. As described here, random sequencing of a
cDNA library prepared from Limnanthes douglasii
seeds resulted in the identification of cDNAs for a
saturated fatty acid-specific FAE1 homolog and a
A°-desaturase that is most closely related to known
acyl-CoA desaturases. Consistent with the predic-
tions of Pollard and Stumpf (1980), we further dem-
onstrate that the pathway for 20:1A° synthesis can be
transferred to somatic soybean (Glycine max) embryos
by co-expression of cDNAs for the L. douglasii A>-
desaturase and FAE1 homolog.

RESULTS
EST Analysis of Developing L. douglasii Seeds

An EST approach was used to identify cDNAs for
enzymes involved in the biosynthesis of 20:1A°. As
part of this effort, nucleotide sequence was obtained
from 400 to 500 bp of 1,145 random cDNAs in a
library prepared from developing L. douglasii seeds.
Given the pathway for 20:1A° synthesis proposed by
Pollard and Stumpf (1980), homology searches of
sequences from the L. douglasii cDNA library focused
on the identification of ESTs for fatty acid desatu-
rases and FAEl-related enzymes. In this regard, a
class of cDNAs was identified that encodes portions
of a polypeptide that is most related to acyl-CoA
desaturases from animal, fungal, and cyanobacterial
sources. This class was represented by five cDNAs of
varying lengths. The partial 5’ sequences of these
cDNAs shared 98% identity in regions of at least 100
bp of overlap. The longest cDNA of this class en-
coded a polypeptide of 356 amino acids, but con-
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tained no in-frame stop codon in its 5" terminus. This
polypeptide was found to share 20% to 25% amino
acid sequence identity with A%-acyl-CoA desaturases
from rat (Thiede et al., 1986), human (Zhang et al.,
1999), and Saccharomyces cerevisiae (Stukey et al.,
1990) and 43% identity with the A’-desaturase from
the cyanobacteria Anabaena variabilis (Sakamoto et al.,
1994) (Fig. 1). The L. douglassi polypeptide, however,
was most related (45%-50% identity) to acyl-CoA
desaturase-like polypeptides of unknown function
from rose (Fukuchi-Mizutani et al., 1995) and Arabi-
dopsis (Fukuchi-Mizutani et al., 1998). No other class
of fatty acid desaturase ESTs was detected among the
random sequences generated from the L. douglasii
cDNA library.

In addition, three cDNAs encoding an FAEI1-
related polypeptide were detected among the ran-
dom L. douglasii sequences. The 5’-terminal portions
of these cDNAs from the raw EST data shared =97%
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Figure 1. Comparison of the amino acid sequences of the L. dou-
glasii acyl-CoA desaturase homolog (LimDes; accession no.
AF247133) with those of related polypeptides from plant, mamma-
lian, cyanobacterial, and fungal sources. The alignment contains the
sequences of Arabidopsis (AraDes1 and AraDes2) desaturase ho-
mologs as well as the sequences of A%-acyl-CoA desaturases from
human (HomoDes), S. cerevisiae (SacDes), and A. variabilis (AnaDes).
Colons indicate residues that are identical to those in the LimDes
sequence and alignment gaps are indicated by dashes. The GenBank
accession numbers for the sequences shown are AF247133 (LimDes),
D88536 (AraDes1), D88537 (AraDes2), D14581 (AnaDes), AF097514
(HomoDes), and J05676 (SacDes). (The C-terminal cytochrome bg
domain is not included in the S. cerevisiae sequence.)
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identity over more than 200 bp of overlapping se-
quence. The longest of these cDNAs encoded a
polypeptide with 506 amino acids that was most
related to an FAE1 from seeds of jojoba (Simondsia
chinensis) (66% amino acid sequence identity) (Lass-
ner et al., 1996) (Fig. 2). The L. douglasii polypeptide
also shared 50% identity with FAE1 from Arabidop-
sis (James et al., 1995) and oilseed rape (Clemens and
Kunst, 1997) seeds and approximately 55% identity
with the Arabidopsis KCS1 (Todd et al., 1999) and
CUT1 (Millar et al., 1999) polypeptides. The latter
enzymes are f3-keotacyl-CoA synthases that are in-
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Figure 2. Comparison of the amino acid sequences of the L. dou-
glasii FAE1 homolog (LimFAE; accession no. AF247134) with those
of FAET polypeptides and related B-ketoacyl-CoA synthases from
other plant species. The alignment contains the sequences of the
Arabidopsis (AraFAE), oilseed rape (BrasFAE), and jojoba (SimFAE)
FAE1 polypeptides. Also shown are two Arabidopsis B-ketoacyl-CoA
synthases whose activities are associated with epicuticular wax syn-
thesis (AraKCS and AraCUT1). Colons indicate residues that are
identical to those in the LimFAE sequence, and sequence alignment
gaps are maintained with dashes. The GenBank accession numbers
for the sequences shown are AF247134 (LimFAE), U29142 (AraFAE),
AF009563 (BrasFAE), U37088 (SimFAE), AF053345 (AraKCS), and
AF129511 (AraCUT1).
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volved in the synthesis of very long-chain fatty acids
for leaf cuticular wax (Millar et al., 1999; Todd et al.,
1999).

Expression of L. douglasii Acyl-CoA Desaturase and
FAE1 Homologs in Somatic Soybean Embryos

To establish their functional identity, cDNAs for
the acyl-CoA desaturase- and FAE1-related polypep-
tides obtained from the EST screen were expressed in
somatic soybean embryos. Like seeds, somatic soy-
bean embryos accumulate triacylglycerols, and the
fatty acid composition of transgenic embryos has
been shown to be completely predictive of the fatty
acid composition of seeds from plants regenerated
from embryos (Kinney, 1996). For these experiments,
expression of cDNAs was placed under the control of
the strong seed-specific promoter of the a'-subunit of
B-conglycinin (Doyle et al., 1986).

In the case of the L. douglasii acyl-CoA desaturase
homolog, the coding sequence for amino acids 31
through 356 (as shown in Fig. 1) was expressed in
somatic soybean embryos. This expression resulted
in the accumulation of several monounsaturated
fatty acids that were not detected in untransformed
embryos (Fig. 3). These fatty acids were identified by
GC-MS analysis of dlmethyl disulfide derivatives of
their methyl esters as the A® isomers of hexadecenoic
(16:1), octadecenoic (18:1), and eicosenoic (20:1) acids
(results not shown). The most abundant of these fatty
acids was 16:1A°, which accounted for 2% to 3%
(w/w) of the total fatty acids of single embryo sam-
ples (Table I). The A® isomers of 18:1 and 20:1 each
composed <1% of the total fatty acids of the trans-
genic soybean embryos. Trace amounts of A’-
docosenoic acid (22: 1A5) were also detected (as con-
firmed by GC-MS) in some of the transgenic
embryos. However, no A’-polyunsaturated fatty ac-
ids were found in extracts of transgenic embryos.
Overall, the identification of a series of A’-
monounsaturated fatty acids in transgenic somatic
soybean embryos provided conclusive evidence that
the L. douglaszz acyl-CoA desaturase homolog func-
tions as a A°-desaturase.

Expression of a full-length cDNA for the L. dou-
glasii FAE1 homolog in somatic soybean embryos
resulted in the accumulation of C,, and C,, fatty
acids (Fig. 3C). These fatty acids were found to col-
lectively account for 18% (w/w) of the total fatty
acids of single transgenic embryos (Table I). In con-
trast, C,y and C,, fatty acids typically compose <1%
of the fatty acids of untransformed somatic soybean
embryos. The major component of the mixture of
very long-chain fatty acids in transgenic embryos
was 20:0, which composed nearly 13% (w/w) of the
fatty acids of single embryos. In addition, lesser
amounts of 20:1 (A™- and A'®-isomers), eicosadienoic
acid (20:2), and docosanoic acid (22:0) were detected
in embryos transformed with the L. douglasii FAE1
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Figure 3. Gas chromatographic analyses of fatty
acid methyl esters prepared from an untrans- e
formed somatic soybean embryo (A) and trans- A
genic embryos expressing the L. douglasii acyl-
CoA desaturase homolog (B) and the L. douglasii
FAE1 homolog (C). D contains a gas chromato- a
gram of fatty acid methyl esters prepared from a f
transgenic somatic soybean embryo cotrans- c
formed with cDNAs for the L. douglasii acyl- b
CoA and FAE1 homologs. Peaks labeled a | U A Ld ;,A *
through f correspond to fatty acids found in all
samples. The identities of these fatty acids are: a, e
16:0; b, stearic acid (18:0); ¢, 18:1A% d, cis- B
vaccenic acid (18:1A'"); e, linoleic acid (18:
2A%12): and f, a-linolenic acid (18:3A%12:15),
The peak labeled with an asterisk corresponds to 18:1 f
phytol, as determined by gas chromatography- T AS
mass spectrometry (GC-MS) analysis. Amounts 16:1 20:1
of this compound detected in extracts of somatic o AS b Cd Aé
soybean embryos correlate with their chloro- 5 - *
phyll content. by e
K C
8
[34
L
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homolog. It is interesting that the accumulation of
C,y and C,, fatty acids appeared to occur at the
expense of 16:0 in transgenic embryos. In this regard,
amounts of 16:0 declined from approximately 15%
(w/w) in untransformed embryos to as little as 6% to
7% (w/w) in transgenic embryos with the highest
content of C,, and C,, fatty acids (Fig. 4).

Co-Expression of L. douglasii Acyl-CoA Desaturase and
FAE1 Homologs in Somatic Soybean Embryos

The alterations in fatty acid composition resulting
from the expression of the L. douglasii acyl-CoA de-
saturase and FAE1 strongly suggested that these en-
zymes are components of the 20:1A° biosynthetic
pathway. To further examine the involvement of
these enzymes in 20:1A° biosynthesis, cDNAs encod-
ing the acyl-CoA desaturase and FAE1l homologs
were co-expressed in somatic soybean embryos. In
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this experiment, the coding sequences for the two
polypeptides were placed behind the promoter of the
gene for the o’-subunit of B-conglycinin on separate
plasmids. The plasmid carrying the FAE1 cDNA con-
tained a hygromycin resistance gene for selection of
transgenic plant material, while the plasmid contain-
ing the acyl-CoA desaturase cDNA lacked a plant
selection marker. The two expression plasmids were
then cobombarded into somatic soybean embryos,
using a 10:1 molar ratio of plasmid carrying the
acyl-CoA desaturase cDNA:plasmid carrying the
FAE1 cDNA. One of the resulting transgenic events
(MS251-2-11) displayed a phenotype consistent with
the activities of both enzymes (Fig. 3D). In addition,
expression of both cDNAs in this event was con-
firmed by PCR amplification using sequence-specific
primers and first-strand cDNA prepared from total
RNA isolated from transgenic embryos. In single em-
bryos from event MS251-2-11, A®-monounsaturated
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Figure 4. Comparison of the content of 20:0 and 16:0 acids in
transgenic somatic soybean embryos expressing the L. douglasii
FAE1 homolog. Amounts of 16:0 and 20:0 are expressed as their
weight % of the total fatty acids of single embryo samples. The
plotted values are derived from fatty acid compositional analyses of
122 single embryos from 30 transformation events (R = 0.82).

fatty acids were found to accumulate to nearly 13% of
the total fatty acids. In addition, C,, and C,, fatty
acids accounted for approximately 19% of the total
fatty acids of these embryos. Nearly all of the A°-fatty
acids were detected in the form of 20:1A% (10.8% of
the total fatty acids) and 22:1A° (1.3% of the total fatty
acids) (Table I). The double-bond position of these
fatty acids was confirmed by GC-MS analysis as
shown in Figure 5. No A’ polyunsaturated fatty acids
were detected in extracts from the transgenic em-
bryos. Similar to what was observed with the expres-
sion of the FAE1 homolog alone, the 16:0 content
decreased from approximately 15% in untransformed
embryos to 9% in soybean embryos co-expressing the
acyl-CoA desaturase and FAE1 cDNAs.

DISCUSSION

The pathway for 20:1A° synthesis in Limnanthes sp.
seeds was previously proposed to contain a fatty acid
elongation system that converts 16:0, presumably as
a CoA ester, to 20:0 and a A’-acyl-CoA desaturase
that converts 20:0-CoA to 20:1A%-CoA (Pollard and
Stumpf, 1980; Moreau et al., 1981). Using an EST
strategy, we have identified cDNAs from L. douglasii
that when expressed in somatic soybean embryos
yield alterations in fatty acid composition consistent
with this pathway. In this regard, a class of cDNAs
was identified among the L. douglasii ESTs for a
B-ketoacyl-CoA synthase with close relation to FAE1
from seeds of the Brassicaceae family (James et al.,
1995; Clemens and Kunst, 1997) and jojoba (Lassner
et al., 1996). The in vivo activity of the L. douglasii
enzyme, however, differed from that previously de-
scribed for FAE1 polypeptides from Brassicaceae
seeds, which are associated with the preferential
elongation of monounsaturated fatty acids (Kunst et
al., 1992; Taylor et al., 1992). In contrast, expression of
the L. douglasii FAE1 homolog resulted primarily in
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the accumulation of saturated very long-chain fatty
acids, principally in the form of 20:0. In addition, the
relative content of 16:0 in transgenic embryos accu-
mulating the greatest amounts of 20:0 was more than
2-fold lower than that detected in untransformed
embryos. These findings are thus consistent with 16:0
serving as the initial substrate for 20:1A° synthesis in
L. douglasii seeds via an elongation pathway that
contains a saturated fatty acid-specific FAEL, as pre-
viously proposed (Pollard and Stumpf, 1980).

In addition, we have identified cDNAs among the
pool of ESTs from developing L. douglasii seeds for a
polypeptide that is structurally related to acyl-CoA
desaturases from animals, yeast, and cyanobacteria.
Expression of this polypeptide in somatic soybean
embryos was found to result in the accumulation of
A’-monounsaturated fatty acids. Therefore, this re-
sult agrees with the suggestion of Moreau et al.
(1981) that the A°-desaturase in Limnanthes sp. seeds
is an acyl-CoA-type fatty acid desaturase. Our find-
ing that the acgl—CoA—like desaturase of L. douglasii is
a functional A-desaturase is the first demonstration
of the activity of an acyl-CoA-related desaturase in
plants. In this regard, the occurrence of cDNAs for
acyl-CoA desaturase-like polypeptides has been re-
ported in several plant species, including Arabidop-
sis and rose, but functions have not yet been demon-
strated for these enzymes (Fukuchi-Mizutani et al.,
1995; Fukuchi-Mizutani et al., 1998). It remains to be
confirmed experimentally that the actual substrate of
the L. douglasii acyl-CoA desaturase-related enzyme
is indeed acyl-CoA and not, for example, a polar
lipid. However, in terms of the acyl group itself, our
results from transgenic soybean embryos do confirm
that the L. douglasii A>-desaturase has a marked sub-
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Figure 5. Mass spectral identification of 20:1A® from somatic soy-
bean embryos co-expressing the L. douglasii acyl-CoA desaturase
and FAET homologs. The mass spectrum shown was obtained by
GC-MS analysis of the dimethyl disulfide derivatives of unsaturated
fatty acid methyl esters prepared from transgenic soybean embryos.
The mass spectrum of the dimethyl disulfide derivative of methyl
22:1A° from extracts of these embryos contained a molecular ion
(M+) of 446 m/z as well as X, X-32, and Y fragments of 161, 129, and
285 m/z, respectively (data not shown).
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strate specificity for 20:0. This specificity is evidenced
by the higher amounts of A°-fatty acids, principally
in the form of 20:1A° obtained by co-expression of
the A°-desaturase and FAE1. Results obtained from
the expression of the L. douglasii A>-desaturase alone
indicate that this enzyme is also capable of function-
ing on other saturated fatty acids, including 16:0 and
18:0, in the absence of significant substrate pools of
20:0. Overall, the in vivo properties of the L. douglasii
A’-desaturase are in general agreement with the in
vitro substrate specificity profile previously reported
for this enzyme in L. alba seed extracts (Moreau et al.,
1981).

In spite of our demonstration of cDNAs for two
enzymatic components of the 20:1A° biosynthetic
pathway, it is likely that other metabolic factors are
required for high levels of synthesis and accumula-
tion of this fatty acid. Foremost among these factors
is likely to be an enzyme(s) that generates a large
microsomal pool of 16:0 to drive flux into the 20:1A°
biosynthetic pathway. A candidate for such an en-
zyme is an acyl-ACP thioesterase such as FatB that
releases 16:0 from de novo fatty acid synthesis in the
plastid for export to the cytosol (Dérmann et al.,
1995). It would be predicted that the overexpression
of a FatB-type enzyme would result in an increased
flux of 16:0 into the synthesis of 20:1A°. The com-
bined effect of the over-expression of FatB, together
with the L. douglassi A>-desaturase and FAE1, would
thus likely yield amounts of 20:1A° in excess of the
amount reported here. It is also conceivable that to
achieve the highest amounts of 20:1A° in soybean,
additional L. douglasii enzymes, such as acyltrans-
ferases, might be necessary. Finally, it should also be
noted that the A°-desaturase cDNA expressed in
transgenic soybean embryos in this study is probably
not full-length. We subsequently cloned a longer
c¢DNA which encoded a Met-20 upstream of Met-31
in the truncated clone. It is likely that Met-20 is the
actual start Met of this gene. Although the truncated
A’-desaturase was clearly active in transgenic soy-
bean embryos, it is possible that the absence of a
complete polypeptide might result in some reduction
in the in vivo specific activity of this enzyme.

Limnanthes sp. seed oil also contains significant
proportions of erucic acid (22:1A"%) (15%-20%) and
an unusual diene 22:2 A>*® (10%-20%) (Miller et al.,
1964; Phillips et al., 1971). Because of the large dis-
tance between its double bonds, 22:2A>'3 has poten-
tial industrial utility in the production of novel estol-
ides and hydroxy fatty acids (Burg and Kleiman,
1991; Erhan et al., 1993). As proposed by Pollard and
Stumpf (1980), the pathway of 22:2A>'® synthesis
appears to involve elongation of 18:1A%-CoA to pro-
duce 20:1A" and 22:1A" in a manner similar to that
found in Brassicaceae seeds (Kunst et al., 1992; Taylor
etal., 1992). The A>'? isomer of 22:2 was suggested to
be formed by further desaturation of 22:1A™ at the
A®-position, presumably by the same acyl-CoA de-
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saturase responsible for the synthesis of 20:1A° (Pol-
lard and Stumpf, 1980). The lack of significant 22:1A"
accumulation upon expression of the L. douglasii
FAE1 homolog described here suggests the likeli-
hood of a second FAE1 in L. douglasii seeds that is
more specific for the elongation of 18:1A°. Based on
this, we would predict that production of 22:1A%" in
a transgenic plant would require the additional ex-
pression of a Brassicaceae-type FAELI to generate suf-
ficient substrate pools of 22:1A" for the A°-
desaturase. In summary, the results described here
show that the pathway for 20:1A° biosynthesis may
be transferred to other species and demonstrate the
possibility of producing a meadowfoam-type seed oil
in transgenic crops.

MATERIALS AND METHODS

Construction of a cDNA Library from Developing
Seeds of Limnanthes douglasii

Cotyledons dissected from developing seeds of L. dou-
glasii were used for the construction of a cDNA library. For
isolation of total RNA, 1.4 g of frozen L. douglasii cotyle-
dons were ground to a fine powder and transferred to 12
mL of an extraction buffer containing 1 m Tris [tris(hydroxy-
methyl)aminomethane]-HC1 (pH 8.0), 1% (w/v) sodium
dodecyl sulfate, 20 mm EDTA (pH 8.0), and 5% (v/v)
B-mercaptoethanol and an equal volume of phenol:chloro-
form (1:1, v/v). Following centrifugation, the aqueous
layer was re-extracted with phenol:chloroform (1:1, v/v)
and subsequently extracted with chloroform:isoamyl alco-
hol (24:1, v/v). Lithium chloride was then added to the
recovered aqueous layer to a final concentration of 2 m.
Following precipitation on ice for 2 h, total RNA was
collected by centrifugation and resuspended in water. The
total RNA was reprecipitated with the addition of sodium
acetate (pH 5.0) to a concentration of 300 mm and 2.5
volumes of ethanol. The resulting total RNA obtained by
centrifugation was used for the isolation of poly(A™)-
enriched RNA using the PolyATract mRNA Isolation Kit
(Promega, Madison, WI) according to the manufacturer’s
protocol.

First strand cDNA was prepared from L. douglasii sp.
poly(A™)-enriched RNA using avian myeloblastosis virus
reverse transcriptase (Invitrogen, Carlsbad, CA) and an
oligo(dT) primer that contained NotI recognition sequence
at its 3’ terminus. Following synthesis of second strand
cDNA with DNA polymerase I and blunting with T4 DNA
polymerase, BstXI/EcoRI adaptors (Invitrogen) were li-
gated onto the double-stranded cDNAs. The cDNAs were
then selected by size on an agarose gel to remove cDNAs
that were <500 bp. The size-selected cDNAs were then
ligated bidirectionally into the BstXI sites of the vector
pcDNA2.1 (Invitrogen). The resulting cDNA library in
plasmid form was maintained in the Escherichia coli strain
TOP10F'" and stored as glycerol stocks at —80°C until used
in expressed sequence tag (EST) analysis.
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EST Analysis of cDNAs from Developing
L. douglasii Seeds

Plasmids for EST analysis were prepared from randomly
picked colonies from the Limnanthes sp. cDNA library in E.
coli TOP10F’ cells using the R.E.A.L. Prep 96 System (Qia-
gen USA, Valencia, CA) according to the manufacturer’s
protocol. The sequencing methodology and public data-
base sequence comparisons of the resulting ESTs were the
same as described elsewhere (Cahoon et al., 1999), except
that the T7 primer was used for sequencing of cDNAs.

Expression of Limnanthes sp. cDNAs in Somatic
Soybean Embryos

A cDNA encoding amino acids 31 through 357 of the L.
douglasii acyl-CoA desaturase homolog (see Fig. 1) was
used for the preparation of plasmids for expression in
somatic soybean embryos. The cDNA insert was initially
cloned into the Smal/Xbal sites of the vector pCST2 behind
the promoter for the a’-subunit of B-conglycinin (Doyle et
al., 1986). The resulting plasmid was designated pKS61. In
addition to the promoter elements, the vector pCST2 con-
tains a phaseolin termination sequence that flanks the 3’
end of cDNA inserts. A cassette from pKS61 containing the
promoter fused with the L. douglasii cDNA and the flanking
termination sequence was inserted as a HindIll fragment
into the corresponding sites of pZBL100 to generate the
plasmid pKS77. The vector pZBL100 contains a hygromy-
cin B phosphotransferase gene behind the T7 RNA poly-
merase promoter for bacterial selection. This vector also
contains a second hygromycin B phosphotransferase gene

Production of Meadowfoam Fatty Acids in Transgenic Soybean

behind the cauliflower mosaic virus 35S promoter for se-
lection of transgenic plant material.

For experiments involving the co-expression of cDNAs
for the L. douglasii acyl-CoA desaturase and FAEl ho-
mologs, the HindlIIl expression cassette from pKS61 was
inserted into the corresponding sites of pKS17 to generate
the plasmid pKS92. The vector pKS17 is essentially the
same as pZBL100 except that it lacks the hygromycin re-
sistance marker for transgenic plant selection.

A cDNA encoding a full-length L. douglasii FAE1 ho-
molog from the EST analysis was cloned as a NotI fragment
into the soybean expression vector pKS67 behind the pro-
moter for the a’-subunit of B-conglycinin to generate the
plasmid pLimFAE1. The vector pKS67, which has been
described previously (Cahoon et al., 1999), contains hygro-
mycin resistance markers for both bacterial and plant
selection.

Somatic embryos of soybean (Glycine max cv Asgrow
A2872) were transformed with expression constructs con-
taining the cDNAs for the L. douglasii acyl-CoA desaturase
and FAE1 homologs using particle bombardment as de-
scribed previously (Finer and McMullen, 1991; Cahoon et
al., 1999). Experiments involving the co-expression of cD-
NAs for L. douglasii acyl-CoA desaturase and FAE1 ho-
mologs were conducted by simultaneously bombarding
somatic soybean embryos with plasmids pKS17 and pLim-
FAE1 at a molar ratio of 10:1. Transgenic embryos were
selected and maintained as described (Finer and Mc-
Mullen, 1991; Cahoon et al., 1999).

Expression of the L. douglasii acyl-CoA desaturase and
FAE1 c¢cDNAs in the reported transformation events was

Table I. Fatty acid composition of somatic soybean embryos of untransformed lines and transgenic lines expressing cDNAs for the L. dou-
glasii acyl-CoA desaturase (+Acyl-CoA desaturase), fatty acid elongase 1 (+FAET1), or co-expressing cDNAs for both the acyl-CoA desaturase

and fatty acid elongase 1 (+Acyl-CoA Desaturase/+ FAET)

Compositional data were obtained from three to five separate measurements (£sD) of single embryos from transformation events described in

“Materials and Methods.”

Fatty Acid Untransformed I;Qs?ttzzg +FAE1 +Acyl-CoA Desaturase/
(n=3) (n=15) +FAET (n = 3)
(n=3)
% total fatty acid (w/w)

16:0 15.6 £ 1.4 11.9 £ 0.6 7.0 1.2 9.2 *1.38
16:1A° ND* 2.4+ 0.1 ND 0.3 0.1
18:0 2.8+0.3 2.1 +0.2 33+04 3.7*0.8
18:1A° ND 0.6 = 0.1 ND 0.3 £ 0.1
18:1A%A'™ 8.2 1.4 7.9 0.7 7.3 0.9 6.3+0.8
18:2A%12 51.4 3.5 49.9 * 0.6 484 +1.8 44.5 = 1.1
18:3A91215 20.1 £ 4.2 219+ 0.6 15.7 £ 1.6 15.2 £35
20:0 0.5 £ 0.1 0.3 £ 0.1 12.5 £ 0.7 3.2*+0.8
20:1A° ND 0.7 = 0.1 ND 10.8 £ 1.6
20:TAM/A"3C ND ND 29*03 2.0=x03
20:2AM114 ND ND 1.2 0.2 1.1 0.4
22:0 0.4 = 0.1 0.3 = 0.1 1.3 0.2 0.7 = 0.1
22:1A° ND <0.2 ND 1.3 0.1
Total A®-fatty acids ND 3.8 ND 12.7

Total =C,,, fatty acids 0.9 1.4 17.9 19.1

2 ND, Not detected.

b Total amount of 18:1TA? and 18:1A"".

© Total amount of 20:TA"" and 20:1A"3.
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confirmed by PCR amplification using sequence specific
primers and first-strand cDNA prepared from total RNA
isolated from the transgenic somatic soybean embryos.

Fatty Acid Analysis of Transgenic Somatic
Soybean Embryos

Fatty acid methyl esters were prepared from transgenic
soybean embryos by homogenization of single embryos in
400 uL of a 1% (w/v) solution of sodium methoxide in
methanol as previously described (Hitz et al., 1994). Fol-
lowing 20 min of incubation at room temperature, fatty
acid methyl esters were recovered by the addition of 500
nL of 1 M sodium chloride and extraction with 500 uL of
heptane and analyzed using a gas chromatogram (model
5890, Hewlett-Packard, Palo Alto, CA). Fatty acid methyl
esters were resolved using an Omegawax 320 column
(30-m X 0.32-mm i.d.) (Supelco, Bellefonte, PA), and the
oven temperature was programmed from 185°C (3-min
hold) to 215°C at a rate of 2.5°C/min. Carrier gas was
supplied by a hydrogen generator (Whatman, Clifton, NJ).
Fatty acid compositional data presented in Table I were
obtained from the analysis of single embryos from the
following transformation events: MS185-6-27 (expression
of acyl-CoA desaturase), MS190-2-7 (expression of FAE1
homolog), and MS251-2-11 (co-expression of acyl-CoA de-
saturase and FAE1 homolog).

For the determination of double bond positions, fatty
acid methyl esters were converted to dimethyl disulfide
derivatives using the method described by Yamamoto et al.
(1991). Dimethyl disulfide derivatives were analyzed by
GC-MS using a gas chromatograph (model 6890, Hewlett-
Packard) interfaced with a mass selective detector (model
5973, Hewlett-Packard). Samples were resolved with a HP-
INNOWax column (30-m X 0.25-mm i.d., Hewlett-
Packard), and the oven temperature was programmed
from 185°C (5-min hold) to 237°C at a rate of 7.5°C/min.
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