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The polyunsaturated fatty acid content is one of the major factors
influencing the quality of vegetable oils. Edible oils rich in monoun-
saturated fatty acid provide improved oil stability, flavor, and nu-
trition for human and animal consumption. In plants, the microso-
mal w-6 desaturase-catalyzed pathway is the primary route of
production of polyunsaturated lipids. We report the isolation of two
different cDNA sequences, FAD2-1 and FAD2-2, encoding micro-
somal w-6 desaturase in soybeans and the characterization of their
developmental and temperature regulation. The FAD2-1 gene is
strongly expressed in developing seeds, whereas the FAD2-2 gene is
constitutively expressed in both vegetative tissues and developing
seeds. Thus, the FAD2-2 gene-encoded w-6 desaturase appears to
be responsible for production of polyunsaturated fatty acids within
membrane lipids in both vegetative tissues and developing seeds.
The seed-specifically expressed FAD2-71 gene is likely to play a
major role in controlling conversion of oleic acid to linoleic acid
within storage lipids during seed development. In both soybean seed
and leaf tissues, linoleic acid and linolenic acid levels gradually
increase as temperature decreases. However, the levels of tran-
scripts for FAD2-1, FAD2-2, and the plastidial -6 desaturase gene
(FAD 6) do not increase at low temperature. These results suggest
that the elevated polyunsaturated fatty acid levels in developing
soybean seeds grown at low temperature are not due to the en-
hanced expression of w-6 desaturase genes.

Lipids are the major structural components of all cellular
membranes of living organisms. Oil-producing crop plants
such as soybeans (Glycine max L.) and rapeseeds also syn-
thesize and store energy in the form of TAGs, which are
composed of a glycerol backbone molecule esterified by
three saturated and/or unsaturated fatty acyl groups. The
relative composition of saturated and unsaturated fatty
acids in seed TAGs is one of the major factors influencing
the quality of edible oils. For example, oils high in 18:1 and
low in polyunsaturated fatty acids appear to have im-
proved nutritional benefits and increased stability (Liu and
White, 1992; Yadav, 1995). Therefore, the food industry has
a major commercial interest in understanding how to reg-
ulate desaturation of fatty acids within storage lipids in oil
seed crops.

Although both plastidial and cytosolic desaturase-medi-
ated pathways leading to synthesis of unsaturated fatty
acids are known, the regulation of these pathways is poorly
understood. Because of recent successes using genetically
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based approaches to clone several plant membrane-bound
desaturase genes (Arondel et al.,, 1992; Yadav et al., 1993;
Okuley et al., 1994), the question of regulation of these
pathways may now be readily addressed. The plastid-
soluble stearoyl-CoA desaturase carries out the first de-
saturation reaction and forms oleoyl-ACP (18:1*°-ACP);
the second (18:24%'%) and third (18:3*%'%1%) double bonds
are introduced into 18:1 by both plastidial and microsomal
w-6 and w-3 desaturases, respectively, after incorporation
of the fatty acid into lipids (Somerville and Browse, 1991).

The composition of saturated and unsaturated fatty acids
of both membrane and storage lipids also varies depending
on environmental temperature. There is a general inverse
relationship between polyunsaturation of fatty acids and
growth temperature; polyunsaturated fatty acids increase
with decreasing temperature in membrane as well as seed
storage lipids (Neidleman, 1987; Rennie and Tanner, 1989;
Thompson, 1993). Several low-18:3 and/or high-18:1 soy-
bean mutants have been isolated (Ohlrogge et al., 1991;
Kinney, 1994), but many of these mutants appear to be
temperature sensitive so that the 18:3 content of these
plants increased when they were grown at lower temper-
atures. This might be due to the presence of the second
locus of the microsomal w-3 desaturase gene, expression of
which is induced by cold temperature (Kinney, 1994). In-.
deed, a cold-inducible plastid w-3 desaturase gene (FAD?)
has been isolated from Arabidopsis (Gibson et al., 1994).
Expression of the cold-inducible desaturase gene may al-
low plants to make more trienoic fatty acid of the mem-
brane lipids, which is required for plants grown at low
temperatures. Similar to the low-18:3 mutants, the high-
18:1 soybean mutant A5 is also temperature sensitive (Ren-
nie and Tanner, 1989), indicating potential regulation of
-6 desaturase genes by growth temperature. In Arabidop-
sis, microsomal w-6 desaturase is encoded by a single FAD2
gene, and expression of this gene is not regulated by low
growth temperature (Okuley et al., 1994).

In this paper we report the existence of two different
microsomal w-6 desaturase genes, FAD2-1 and FAD2-2, in
soybeans. The ¢cDNA sequences of FAD2-1 and FAD2-2
have significant  homology with the Arabidopsis FAD2
gene (Okuley et al, 1994). The two soybean sequences
share 73% identity at the deduced amino acid sequence

Abbreviations: 18:1, oleic acid; 18:2, linoleic acid; 18:3 linolenic
acid; ACP, acyl carrier protein; CaMV, cauliflower mosaic virus;
TAG, triacylglycerol.
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level. The functional identity of the two sequences was
confirmed by genetic complementation of Arabidopsis
fad2-1 mutation. The FAD2-1 gene is specifically induced
during seed development when the rate of storage lipid
synthesis is at a maximum. In contrast, the FAD2-2 gene
was constitutively expressed in both vegetative tissues and
throughout seed development, although the highest ex-
pression level was found in leaf tissues. The composition of
fatty acids in developing seeds is regulated by develop-
mental stage and growth temperature; however, expres-
sion of FAD2-1 and FAD2-2 genes controlling the fatty
acid desaturation was not induced or enhanced by cold
temperature. Thus, we suggest that the decrease in 18:1
content in seed lipids at low temperature may not be due to
the transcriptionally induced or enhanced expression of
w-6 desaturase genes in soybean plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Soybeans (Glycine max L. cv Rye) were grown in growth
chambers with a day/night cycle of 32/28, 28/22, 22/18,
and 18/12°C. The light/dark cycle was 12/12 h. Develop-
ing seeds were harvested 6 to 10 (5-10 mg), 13 (11-30 mg),
17 (31-60 mg), 19 (61-100 mg), 21 (101-150 mg), and 26
(200-300 mg) DAF and stored at —70°C. These seéds rep-
resented developing seeds ranging from very young to
mature embryos. Leaf, stem, and root tissues were col-
lected from young germinating soybean seedlings.

Isolation of cDNA Sequences Encoding Microsomal
-6 Desaturases

The soybean FAD2-1 ¢DNA clone was isolated by
screening a developing soybean embryo library (Yadav et
al., 1993) using an [a-**P]dCTP-labeled Arabidopsis FAD2
cDNA fragment (Okuley et al.,, 1994). Many strongly hy-
bridizing plaques were recovered from a total of 6 X 10°
recombinant phages. The clone containing the longest in-
sert, designated pSF2-169K, was fully sequenced from both
stands. To isolate other members of the FAD2 gene family,
two oligonucleotide primers, OP1, 5'-TTCCACCTCCTTC-
CTCAACCC-3’, and OP5, 5-TGCAACTTTGGATTTTG-
GTTT-3' (see also “Results”), were made to amplify the
highly conserved region in soybean FAD2-1 and Arabidop-
sis FAD2 cDNA sequences. The PCR-amplified fragment
was gel isolated and labeled with [a->’P]JdCTP as a probe
for screening a soybean epicotyl cDNA library constructed
in AZAP II (Statagene). Hybridization was carried out over-
night at 50°C as described by Yadav et al. (1993). Several
positive plaques were identified and their cDNA inserts
were characterized by nucleotide sequence determination
in pBluescript following excision from the phagemids.

Genomic DNA Gel Blot Analysis

Genomic DNA was prepared from young soybean leaves
according to the method of Dellaporta et al. (1983). Samples
of DNA (5 ng) were digested with restriction enzymes and
electrophoresed through a 0.8% agarose gel. The gel was
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soaked in 0.5 M NaOH, 1.5 M NaCl for 30 min and blotted
onto a Hybond-N" nylon transfer membrane (Amersham).
The filters were probed with [a-**P]dCTP-labeled FAD2-1-
and FAD2-2-specific DNA fragments corresponding to the
3’ end noncoding sequences, unique to the two genes. The
hybridization was performed in 6X SSPE, 10% Denhardt’s
solution, 0.5% SDS, 100 pg/mL denatured salmon sperm
DNA fragments overnight at 65°C, and the filters were
washed three times in 2X SSC, 0.5% SDS for 30 min at the
same temperature.

RNA Preparations and Analysis

Soybean leaves, stems, roots, and developing seeds were
harvested and used for RNA isolation. Total RNA and
poly(A)" RNA preparations were made by using the total
RNA and poly(A)*" RNA isolation kits from Promega ac-
cording to the manufacturer’s instructions. The RNAs were
electrophoresed in 1% agarose gel containing formalde-
hyde, transferred to a Hybond-N"* nylon membrane, and
probed with [a-**P]dCTP-labeled FAD2-1- and FAD2-2-
specific DNA fragments. Loading of RNA was controlled
by probing the blots with a tobacco 8 subunit of the mito-
chondrial ATP synthetase (Boutry and Chua, 1985). Hy-
bridization was carried out for 20 h in the same solution as
described above for genomic Southern blot hybridization.
The filter was washed three times at 55°C.

DNA Sequence Determination and Analysis

The nucleotide sequences of the cDNA clones for FAD2-1
and FAD2-2 genes were determined by dideoxynucleotide
chain-termination sequencing (Sanger et al., 1977) with Se-
quenase, version 2.0 (United States Biochemical). The oligo-
nucleotide primers were synthesized and used for DNA se-
quencing of both strands of the two cDNA clones. The DNA
sequence data were compiled and analyzed with MacVector
(International Biotechnologies, Inc., New Haven, CT), DNA-
Star (DNAStar Inc., Madison, WI), and the University of
Wisconsin  Genetics Computer Group (Madison, WD
programs.

Plant Transformation

The coding sequences of FAD2-1 and FAD2-2 genes
were first subcloned in a sense orientation into the pSN1
vector at the BamHI site, which is between the CaMV 355
promoter and nopaline synthetase 3’ terminator. The frag-
ments flanked by CaMV 35S promoter and ‘nopaline syn-
thetase 3’ terminator sequences were then cloned into bi-
nary vector pBI121 (Clontech, Palo Alto, CA) using the
HindIIl and EcoRI sites and generated pBI-FAD2-1 and
pBI-FAD2-2. These constructs and vector pBI121 were
transferred into Agrobacterium tumefaciens R1000 and used
for plant transformation. An Ri plasmid-mediated, hairy
root induction transformation procedure was used as de-
scribed by Arondel et al. (1992). The hairy roots generated
from inoculated mutant explants were assayed for GUS ac-
tivity, and GUS-positive hairy roots were further propagated
on Murashige-Skoog medium (Murashige and Skoog, 1962)
containing kanamycin (50 pug/mL). The GUS-positive and
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kanamycin-resistant hairy roots were used for lipid compo-
sition analysis by GC.

Fatty Acid Analysis

Fatty acid methyl esters were prepared as described by
Browse et al. (1986). These methyl esters were separated by
GC on a Hewlett-Packard 5890 gas chromatograph.

RESULTS

Isolation and Characterization of Genes Encoding
Microsomal -6 Desaturases

The Arabidopsis FAD2 gene was cloned recently by a
T-DNA insertional mutagenesis approach (Okuley et al.,
1994). Using Arabidopsis FAD2 ¢cDNA as a probe, we
screened a soybean developing embryo ¢cDNA library (Ya-
dav et al., 1993). Several strongly hybridizing plaques were
recovered. The restriction enzyme mapping and partial
DNA sequence analysis indicated that all of these positive
clones have the same sequence identity. The longest clone,
designated pSF2-169K, was selected for DNA sequence
determination on both strands. The open reading frame of
pSF2-169K encodes a predicted peptide of 387 amino acid
residues. The pSF2-169K shows significant homology to
the Arabidopsis FAD2 cDNA sequence (68% identity on
deduced amino acid sequence level), suggesting that it

encodes a soybean microsomal w-6 desaturase. Thus, we
named this cDNA FAD2-1 (Fig. 1). Sequence comparison of
FAD2-1 with other known desaturase sequences revealed
only limited identity (data not shown).

To isolate other members of the microsomal w-6 desatu-
rase gene family in soybean, we screened a cDNA library of
soybean epicotyls under low-stringency hybridization con-
ditions using a soybean FAD2-1 cDNA fragment represent-
ing only the highly conserved region between the FAD2-1
and Arabidopsis FAD2 ¢cDNA sequences (Fig. 1; see also
“Materials and Methods”). Several positive plaques hy-
bridizing to the DNA probe were isolated and character-
ized. All of these positive clones represented the same class
of DNA sequence. The complete DNA sequence analysis of
the clone containing the longest cDNA insert (pGH-8) re-
vealed that it encoded a second soybean w-6 desaturase of
383 amino acid residues. The deduced amino acid sequence
of insert in pGH-8 shared 73 and 76% identity with the
deduced amino acid sequence of FAD2-1 and Arabidopsis
FAD?2 genes, respectively. Thus, this sequence appeared to
be a new member of the microsomal w-6 desaturase gene
family in soybeans and, accordingly, is named FAD2-2
(Fig. 1). Sequence homology between FAD2-2 and Arabi-
dopsis FAD?2 is even higher than between the two soybean
microsomal -6 desaturases (Fig. 1), indicating that
FAD2-1 and FAD2-2 may have evolved independently.
The alignment of the predicted amino acid sequence of
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Figure 1. Comparison of the deduced amino acid sequences of soybean (Soy) FAD2-1, FAD2-2, FADG6 (Hitz et al

., 1994),

and Arabidopsis (Ara) FAD2 (Okuley et al., 1994) genes. Identical and similar residues are shown on backgrounds of black
and gray, respectively. Solid arrows indicate the regions of the sequence used for making oligonucleotide (see “Materials and
Methods”) for PCR to amplify the highly homologous region between soybean FAD2-7 and Arabidopsis FAD2 genes,

respectively.



314 Heppard et al.

soybean FAD2-1, FAD2-2, and plastidial «-6 desaturase
gene FAD6 (Hitz et al., 1994) with Arabidopsis FAD2 (Oku-
ley et al, 1994) showed that FAD2-1 and FAD2-2 are
highly homologous to Arabidopsis FAD2 (Fig. 1) and
canola FAD2 genes (W.D. Hitz, personal communication).
On the other hand, microsomal w-6 desaturases exhibit
limited sequence identity with soybean plastidial w-6 de-
saturase (Fig. 1; Hitz et al., 1994) and with other fatty acid
desaturases (data not shown).

Complementation of the fad2-1 Mutation with Soybean
Microsomal w-6 Desaturase Genes

To determine the functional identity of the FAD2-1 and
FAD2-2 genes, a genetic complementation test was con-
ducted. The coding sequences of the FAD2-1 and FAD2-2
cDNA sequences were inserted in the sense orientation
behind the CaMV 355 promoter in pSN1 vector. The fusion
fragments were then subcloned into the HindIIl and EcoRI
sites of the binary vector pBI121, which carries the kana-
mycin selection marker and the GUS visible marker. The
resulting constructs, pBI-FAD2-1 and pBI-FAD2-2, were
transformed into A. tumefaciens R1000. The transformed A.
tumefaciens R1000 were used to induce hairy root formation
on stem explants from the Arabidopsis fad2-1 mutant
plants (Arondel et al., 1992). The vector pBI121 was used to
transform fad2-1 as a control.

Total lipids were extracted from the GUS-positive and
kanamycin-resistant hairy roots, and fatty acid composi-
tions of the extracts were measured by GC. As expected the
hairy roots transformed by vector pBI121 contain an aver-
age of 10% polyunsaturated fatty acid (18:2 plus 18:3)
content (Fig. 2), which is similar to the untransformed
fad2-1 mutant plants. In contrast, the 18:2 plus 18:3 content
of hairy roots transformed by pBI-FAD2-1 and pBI-
FAD2-2 are in the range of 35 to 65% and 61 to 65%,
respectively (Fig. 2). The 18:2 plus 18:3 content in roots of
wild-type Arabidopsis is about 62%. The increase in 18:2
plus 18:3 in these transformed hairy roots is largely com-
pensated by decreasing 18:1 content (data not shown).
Thus, the FAD2-1 and FAD2-2 clones are capable of com-
plementing the Arabidopsis fad2-1 mutation, confirming
that both genes encode functional microsomal w-6 desatu-
rases.

Genomic Characterization of Microsomal w-6
Desaturase Genes

The coding sequences of FAD2-1 and FAD2-2 cDNA
sequences were homologous (Fig. 1), but the 5’ and 3’
nontranslational regions of the two sequences were unique
(data not shown), suggesting that FAD2-1 and FAD2-2 are
two distinct members of the soybean microsomal w-6 de-
saturase gene family. Genomic Southern blot analysis by
FAD2-1 and FAD2-2 gene-specific probes confirmed that
FAD2-1 and FAD2-2 genes were nonallelic (Fig. 3). Indeed,
the two genes have been mapped to different linkage
groups of the soybean genome (J.A. Rafaski and S.V.
Tingey, personal communication). Two distinct bands were
observed from the genomic DNA digested with BamHI and
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Figure 2. Amount of polyunsaturated fatty acids in transgenic hairy
roots of Arabidopsis fad2-1 mutant plant transformed by soybean
FAD2-1, FAD2-2, and pBI121. Black and gray bars represent
polyunsaturated fatty acid (18:2 plus 18:3) content of five indepen-
dently derived transgenic hairy root cultures expressing FAD2-1 and
FAD2-2, respectively. The amount of polyunsaturated fatty acids of
three hairy root cultures transformed by vector pBI121 is shown by
the stripped bars.

HindIIl enzymes when hybridizing with the FAD2-1-spe-
cific probe. The EcoRI-digested DNA appeared to generate
two bands, which migrated to a similar position on the gel
(Fig. 3). The Hindlll-digested genomic DNA generated two
hybridizing bands when probed with FAD2-2-specific
DNA. BamHI- and EcoRI-digested DNA showed more than
two bands (Fig. 3). Based on the intensity of these bands,
some of the weakly hybridizing bands may be due to
incomplete DNA digestion. These results suggested that
there were at least two copies of each of these genes in the
soybean genome, which is consistent with the tetraploid
nature of the soybean genome. The allelic genes for
FAD2-1 and FAD2-2 were also isolated. Partial sequence
analysis indicated 95 to 97% sequence identity in the 3’
noncoding regions of the allelic genes (E. Hepperd and
G.-H. Miao, unpublished data).

Tissue-Specific and Developmentally Regulated Expression
of Soybean Microsomal w-6 Desaturase Genes

To determine the relevance of two microsomal w-6 de-
saturase genes in controlling the levels of polyunsaturated
fatty acids in developing seeds and other tissues, we mea-
sured the steady-state transcript levels of the two genes by
northern blot analysis. The RNAs were isolated from
leaves, stems, roots, and embryos at different stages of seed
development ranging from 6 to 10, 13, 17, 19, 21, and 26
DAF. The RNAs were resolved on the gel and probed with
FAD2-1 and FAD2-2 gene-specific probes. Both the
FAD2-1 and FAD2-2 genes were expressed in developing
seeds. The expression level of the FAD2-2 gene was higher
than that of the FAD2-1 gene at the earlier stage (6-10
DAF) of seed development (Fig. 4) when large amounts of
membrane lipids are synthesized. However, the transcript
of the FAD2-1 gene rapidly increased during embryo de-
velopment, peaked in the mid-maturation stages (19-21
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Figure 3. Southern blots of soybean genomic DNA probed with
FAD2-1- and FAD2-2-specific sequence fragments. Because the 3’
noncoding regions of FAD2-1 and FAD2-2 are distinct, two pairs of
oligonucleotides for FAD2-1 (S1-1, 5'-GTATTGATGGAGCAAC-
CAAT-3’; S1-2, 5'-GGCAGAAAGCTATAAGCAGA-3') and for
FAD2-2 (52-1, 5'-GATTAATGTAGCCGAG GCTT-3'; S2-2, 5'-GAC-
CGGCGCTCAGCTGGAAT-3') were synthesized to amplify by PCR
the 3’ noncoding sequence unique to the two clones. The PCR-
amplified fragments were isolated, labeled with [a-*?P]dCTP, and
used as probes for genomic Southern hybridization. 2-1, FAD2-1;
2-2, FAD2-2; 1, BamH]I; 2, EcoRl; 3, Hindlll. Molecular size (kb) of
the 1-kb DNA ladder (Life Technologies, Inc.) is indicated on the left.

DAF), and then gradually declined as seeds matured fur-
ther (Fig. 4). Thus, the timing of FAD2-1 gene expression
coincided with that of fatty acid biosynthesis and oil dep-
osition in developing seeds. Whereas the transcript for the
FAD2-1 gene increased significantly during the embryo
development, the expression level of the FAD2-2 gene
appeared to increase only slightly during embryo develop-
ment. The FAD2-2 gene was also expressed in vegetative
tissues, including leaves, stems, and roots, with the highest

4 5 6 7 8 9

Figure 4. RNA gel blot analysis of the developmental and tissue-
specific expression of soybean w-6 desaturase genes. 2—1, FAD2-1;
2-2, FAD2-2. Lanes 1 to 6 contain RNAs from developing seeds at 6
to 10, 13,17, 19, 21, and 26 DAF, respectively. Lane 7, Leaf; lane 8,
stem; lane 9, root. The same blot was used for hybridization with
FAD2-1 and FAD2-2 gene-specific probes.

level in leaves. In contrast, the transcript of the FAD2-1
gene was not detected in these tissues (Fig. 4), suggesting
that the FAD2-1 gene encodes a seed-specific microsomal
w-6 desaturase. Hence, FAD2-1 and FAD2-2 genes not only
differ in structure (Figs. 1 and 3) but also have distinct
expression patterns (Fig. 4). The difference in developmen-
tal and tissue-specific expression of the two genes may
suggest a nonoverlapping role for the genes in desaturation
of membrane and storage lipids in developing seeds and
vegetative tissues.

Fatty Acid Composition in Developing Soybean Seeds

The changes in fatty acid composition during soybean
seed development were followed by GC analysis. Both 18:1
and 18:2 levels increased during the seed development,
whereas 18:3 content decreased significantly (Fig. 5). The
higher level of 18:3 of lipids in young developing seeds
may suggest the potential role of 18:3 in maintaining mem-
brane fluidity (Neidleman, 1987) in young embryos in
which active membrane biosynthesis takes place. The sig-
nificant increase in the 18:2 content during seed develop-
ment is consistent with the observed expression of the
FAD2-1 gene, which was significantly enhanced during
seed development (Fig. 4). However, the level of 18:1 of
seed lipids also increases during seed maturation (Fig. 5),
indicating that microsomal w-6 desaturase activity may still
be limiting during soybean seed development.

Growth Temperature Regulation of Seed Fatty Acid
Composition and Expression of Microsomal w-6
Desaturase Genes

The unsaturated fatty acid level in soybean seeds has
been shown to be affected by growth temperature (Rennie
and Tanner, 1989; Kinney, 1994). To test whether this tem-
perature effect is due to the enhanced expression of micro-
somal w-6 desaturase genes, we determined the changes of
both fatty acid composition and the level of transcripts of
FAD2-1 and FAD2-2 genes. Soybean plants were grown in
growth chambers at different day/night temperatures: 32/
28, 28/22, 22/18, and 18/12°C. Leaf tissues, developing
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Figure 5. Developmental profile of fatty acid composition in soybean
seeds. The values are averages from more than 10 independent seeds at
each developmental stage. 16:0, Palmitic acid; 18:0, stearic acid.
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seeds, and dry seeds were collected, the fatty acid compo-
sition was determined by GC, and the desaturase gene
expression was determined by RNA gel blot analysis. In
mature (21 DAF) and dry seeds, both 18:2 and 18:3 levels
gradually increased as the growth temperature decreased.
The increase in polyunsaturated fatty acids of seed lipids at
low temperature was largely compensated for by the de-
crease in 18:1 content. The low temperature appeared to
cause an increase in the 18:3 content but not the 18:2 level
of seed lipids in young developing seeds (17 DAF; Fig. 6),
indicating a different sensitivity to temperature during
different stages of seed development. The relatively con-
stant level of 18:2 in the young developing seeds at differ-
ent temperatures may suggest the existence of a mecha-
nism to retain a certain level of 18:2 by balancing the flux
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Figure 6. Growth temperature effects on fatty acid compositions of
developing soybean seeds. A, 17 DAF; B, 26 DAF; C, dry seed. The
results are based on two independent assays, and the values are
averages from 6 to 12 independent seeds for each treatment. The
variation of independent GC analysis is insignificant. [J, 18°C; K,
22°C; B, 28°C; B, 32°C.
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through 18:1 and 18:2 fatty acids. A similar reverse corre-
lation was observed between polyunsaturated fatty acid
level and growth temperature in leaf tissues (data not
shown).

To test whether the increase of 18:2 and 18:3 fatty acid
levels in these tissues by low temperature was due to
enhanced gene expression, we determined the level of
transcripts by northern blot analysis for both microsomal
and plastidial (Hitz et al., 1994) w-6 desaturase genes in
these plants. The transcript levels of FAD2-1, FAD2-2, and
FAD6 genes were relatively constant in both young and
mature soybean seeds at different growth temperatures.
The decrease in temperature did not result in enhanced
expression of FAD2-1 and FAD2-2 genes (Fig. 7), although
low temperature did increase significantly the levels of
polyunsaturated fatty acids in seed lipids (Fig. 6). Unex-
pectedly, increased transcript levels of FAD2-1 and
FAD2-2 genes were observed in the developing seeds at
the elevated growth temperature (32/28°C), particularly in
the young, developing soybean seeds. In leaves, the tran-
script levels of FAD2-2 and FAD6 remained relatively con-
stant at different growth temperatures (Fig. 8). The seed-
specific FAD2-1 gene did not seem to be induced in leaf
tissues by low temperature. The expression of FAD6 was
significantly lower than that of the FAD2-2 gene in leaves
(Fig. 8), consistent with the current theory that the ER is the
major route for polyunsaturated fatty acid biosynthesis
(Browse and Somerville, 1991). These results demonstrated
that the elevated polyunsaturated fatty acid level in devel-
oping soybean seeds grown at low temperatures was not
due to enhanced expression of w-6 desaturase genes. An-
other regulation mechanism such as translational or post-
translational modification of w-6 desaturase may be re-
sponsible for the higher 18:2 level in soybean seeds at low
temperatures.

DISCUSSION

Microsomal w-6 desaturase is encoded by a single gene in
Arabidopsis, FAD2, and this gene is expressed in both
vegetative tissues and developing seeds (Okuley et al.,
1994). Thus, one gene is presumably responsible for con-
version of 18:1 to 18:2 fatty acids in both membrane and
seed storage lipids in these tissues. As with the Arabidop-
sis FAD2 gene, the soybean FAD2-2 gene was also consti-
tutively expressed in both vegetative tissue and developing
seeds (Figs. 4 and 7). In contrast, the soybean FAD2-1 gene
was not expressed in vegetative tissues but was specifically
activated in developing seeds (Fig. 4). Therefore, it is ap-
parent that there are at least two different classes of micro-
somal w-6 desaturase genes in soybeans. FAD2--2, encoding
a constitutively expressed microsomal w-6 desaturase, may
be responsible for desaturation of 18:1 of membrane lipids
in both vegetative tissue and seed development. The seed-
specific gene, FAD2-1, may play the major role in desatu-
ration of 18:1 of storage lipids synthesized during the
mid-maturation stages of seed development, because the
expression level of the FAD2-1 gene is much higher than
that of the FAD2-2 gene during the period of storage lipid
biosynthesis (Fig. 4). This suggestion is further supported
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Figure 7. Growth temperature effects on expression of soybean w-6
desaturase genes in developing seeds. 2-1, FAD2-1; 2-2, FAD2-2;
ATPase, tobacco B subunit of the mitochondrial ATP synthetase
(Boutry and Chua, 1985). Lanes 1 to 4 contain RNAs from seeds 17
DAF grown at 32/28, 28/22, 22/18, and 18/12°C, respectively; lanes
5 to 8 contain RNAs from seeds 26 DAF grown at 32/28, 28/22,
22/18, and 18/12°C, respectively.

by our observation that the reduced expression of the
FAD2-1 gene in a seed-specific manner by antisense RNA
resulted in a significant increase of 18:1 content of seed
lipids of transgenic soybean plants. On the other hand,
reduced expression of the FAD2-2 gene in developing em-
bryos caused only a slight increase in the 18:1 level of
storage lipids (A.J. Kinney and G.-H. Miao, unpublished
data). Although both FAD2-1 and FAD2-2 genes are ex-
pressed in developing seeds, the tissue- and cell-type spec-
ificity of these genes may not be identical. The precise
localization of expression of the two genes in developing
seeds may provide additional insight into the role of each
gene product in controlling polyunsaturated fatty acid syn-
thesis in membrane and storage lipids in developing soy-
bean seeds.

The extensive oil seed breeding program has led to the
isolation of mutants with altered fatty acid composition
(Ohlrogge et al., 1991; Yadav, 1995). Some of these mutants
have a phenotype expressed in seeds but not in vegetative
tissues (Garces and Mancha, 1989). These results may sug-
gest the possibility of the existence of seed-specific iso-
forms of some of the fatty acid biosynthetic genes or of
preferential incorporation of certain fatty acids in TAG in
seeds. We have demonstrated that the FAD2-1 gene is
specifically expressed in developing soybean seeds (Fig. 4)
and thus provide the molecular evidence that the desatu-
ration of 18:1 in soybean seeds is mainly due to the expres-
sion of a seed-specific w-6 desaturase gene. By extension, it
is also likely that a similar seed-specific w-6 desaturase
gene in sunflowers may be responsible for desaturation of
18:1 during oil biosynthesis and deposition, because
changes in the fatty acid composition of a sunflower high-
18:1 mutant are restricted to the seeds (Garces and Mancha,
1989). The Arabidopsis FAEI gene encoding a fatty acid-
condensing enzyme, which synthesizes the long-chain fatty
acids (C,, and C,,) in seeds, has recently been isolated
(James et al., 1995) and is also specifically expressed in
developing seeds. This finding is in agreement with the
observed phenotype of the fael mutation, which is only
expressed in the seeds. Hence, some genes encoding fatty
acid biosynthetic enzymes are regulated by a seed devel-
opmental program. These genes appear to play a major role

in determining the composition of storage lipids in devel-
oping seeds.

The timing of FAD2-1 gene expression appears to be
earlier than of seed storage protein genes (Goldberg et al.,
1989). Similarly, the Brassica napus ACP gene is also ex-
pressed earlier than the seed storage genes encoding napin
and cruciferin (Kridl et al., 1993). Therefore, regulation of
genes encoding fatty acid biosynthetic enzymes and seed
storage proteins may be different. Comparison of the
FAD2-1 gene with seed storage protein genes reveals no
similarity in their promoter regions (G.-H. Miao, unpub-
lished observation). It will be interesting to determine
whether FAD2-1, FAE1, and other fatty acid biosynthetic
genes highly expressed in seeds share any common struc-
ture features in their regulatory elements.

In the Arabidopsis fad2 mutant, 12 to 15% of the normal
level of FAD?2 transcript was still able to convert more than
half of the 18:1 to 18:2 (Okuley et al., 1994). Therefore, it
was suggested that the transcript of microsomal w-6 de-
saturase was severalfold in excess of the amount needed to
account for 18:1 desaturase activity (Okuley et al., 1994).
Overexpression of FAD2-1 and FAD2-2 cDNA sequences
did not lead to production of 18:1 plus 18:2 content signif-
icantly higher than in the root of wild-type Arabidopsis
(Fig. 2), confirming that the substrate 18:1 level rather than
-6 desaturase activity may be limiting in Arabidopsis. In
soybean, the expression level of the FAD2-1 gene signifi-
cantly increased during the period of maximum storage
lipid synthesis and accumulation (Fig. 4), which is consis-
tent with the increased level of 18:2 during the same period
(Fig. 6). However, the monounsaturated fatty acid level
also increased during the same period (Fig. 5), indicating
that the increased FAD2-1 transcript may not be sufficient
to convert the newly synthesized 18:1 to 18:2 of storage
lipids. Indeed, the reduced level of the FAD2-1 transcript
by antisense RNA or co-suppression led to a significant
increase of 18:1 content in transgenic soybean seeds (A.].
Kinney, unpublished observation). The observed discrep-
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Figure 8. Growth temperature effects on expression of soybean w-6
desaturase genes in leaves. 2-1, FAD2-1; 2-2, FAD2-2; FADS,
plastidial w-6 desaturase (Hitz et al., 1994); ATPase, tobacco B
subunit of the mitochondrial ATP synthetase (Boutry and Chua,
1985). Lanes 1 to 4 contain RNAs from leaves grown at 32/28, 28/22,
22/18, and 18/12°C, respectively.
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ancy may be partly due to the much higher rate of TAG
synthesis in seeds of soybean than of Arabidopsis.

The fatty acid composition is greatly influenced by
growth temperature; the fatty acid polyunsaturation level
increases in response to low growth temperature. This
appears to be a general phenomenon for both prokaryotic
and eukaryotic organisms (Neidleman, 1987). Unsaturated
fatty acids have lower melting points than their saturated
counterparts and thus may confer greater membrane flu-
idity, which may allow bacteria and plants to maintain
membrane function under lower growth temperature con-
ditions (Neidleman, 1987; Thompson, 1993). In cyanobac-
teria, expression of the w-6 desaturase gene (desA) is mark-
edly enhanced by low growth temperature (Los et al,,
1993). Introduction of desA from a chilling-resistant cya-
nobacterium, Synechocystis PCC6803, into a chilling-sensi-
tive cyanobacterium, Anacystis, increased the tolerance of
the recipient to low temperature (Wada et al., 1990). This
provided direct evidence for the contribution of the unsat-
uration of fatty acids to low-temperature tolerance in cya-
nobacteria. The fatty acid composition of soybean seed
lipids is also regulated by growth temperature (Fig. 6).
High-18:1 mutants are temperature unstable, and the insta-
bility of the high-oleate phenotype thus limits the practical
applications of these otherwise valuable mutant lines (Ren-
nie and Tanner, 1989). These high-18:1 soybean mutants
appeared to have reduced activity of microsomal w-6 de-
saturase, presumably because of mutation in one of the
soybean microsomal w-6 desaturase genes. By analogy with
cyanobacteria, it was logical to reason that the enhanced
expression of a second w-6 desaturase gene by cold tem-
perature may have been responsible for the instability of
the high-18:1 mutants.

Our results confirmed the significant effect of tempera-
ture on fatty acid composition in developing soybean seeds
(Fig. 6; Rennie and Tanner, 1989). However, the increase in
polyunsaturated fatty acids of seed lipids at low tempera-
ture is apparently not due to enhanced expression of mi-
crosomal w-6 desaturase genes in soybean (Figs. 7 and 8), as
was the case in cyanobacteria (Los et al., 1993). FAD6 is also
not regulated by cold temperature (Fig. 8), although the
structure and function of plant plastidial w-6 desaturase is
more similar to desA of cyanobacteria (Hitz et al., 1994). At
the elevated growth temperature, the transcript levels of
FAD2~1 and FAD2-2 genes are even higher than at lower
temperature (Fig. 7). This effect is more apparent in the
young soybean seeds. One possible explanation for this
unexpected observation is that more transcript for w-6
desaturase is made to meet the needs of desaturation of
fatty acids at higher temperature, because w-6 desaturase is
highly unstable at high temperature (Cheesbrough, 1989).
Expression of Arabidopsis FAD? is also not regulated by
cold temperature (Okuley et al., 1994). On the other hand,
the Arabidopsis gene encoding a chloroplast -3 fatty acid
desaturase (FAD7) appears to be induced by cold temper-
ature (Gibson et al., 1994). Expression of this gene in trans-
genic tobacco plants resulted in increased levels of trienoic
fatty acids and, consequently, enhanced cold tolerance in
the transgenic plants (Kodama et al., 1994). Therefore, dif-
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ferent mechanisms may be involved in temperature regu-
lation of fatty acid composition in different organisms. The
increased level of polyunsaturated fatty acids of soybean
seed lipids by cold temperatures is likely the result of
translational and posttranslational regulation, such as al-
tered desaturase enzyme activity (Cheesbrough, 1989),
rather than transcriptionally induced or enhanced expres-
sion of -6 desaturase genes in soybean plants.
Polyunsaturated fatty acids in membrane lipids have
been shown to be required for low-temperature survival of
Arabidopsis (Miquel et al., 1993), and an altered membrane
structure of an fzd2-2 mutant plant could not sustain the
cellular processes required for seed development at low
temperature (Miquel and Browse, 1994). A high level of
polyunsaturated fatty acid may be required for maintain-
ing membrane fluidity and membrane-bound enzyme ac-
tivity for cell division and differentiation during early seed
development. The major portion of fatty acids made during
the early seed development stages are used for membrane
biosynthesis. Indeed, the 18:2 level is maintained relatively
constant even at different temperatures in the early stages
of seed development (Fig. 6). Significant alteration of fatty
acid composition during early seed development may af-
fect the fitness of plants at low temperature. However,
reduced expression of microsomal w-6 desaturase genes
only during the period of storage lipid synthesis in trans-
genic plants may circumvent the poor agronomic perfor-
mance associated with the high oleate content of mem-
brane lipids and, hence, generate commercially viable,
high-oleate germplasms through genetic engineering.
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