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Summary. A diverse collection of mutants of Arabidopsis
with altered seed lipid compositions was isolated by de-
termining the fatty acid composition of samples of seed
from 3,000 mutagenized lines. A series of mutations was
identified that caused deficiencies in the elongation of
18:1 to 20:1, desaturation of 18:1 to 18:2, and desatu-
ration of 18:2 to 18:3. In each of these cases the wild
type exhibited incomplete dominance over the mutant
allele. These results, along with results from ecarlier stud-
ies, point to a major influence of gene dosage in deter-
mining the fatty acid composition of seed lipids. A muta-
tion was also isolated that resulted in increased accumula-
tion of 18:3. On the basis of the effects on fatty acid
composition, the nature of the biochemical lesion in three
of the mutants could be tentatively attributed to deficien-
cies in activities of specific enzymes. The other mutant
classes had relatively less pronounced changes in fatty
acid composition. These mutants may represent alter-
ations in genes that regulate lipid metabolism or seed
development. The availability of the mutants should
provide new opportunities to investigate the mechanisms
that control seed lipid fatty acid composition.
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Introduction

Many crop species produce seed oils in which the fatty
acid composition is not ideally suited to the intended use.
The application of conventional breeding methods, cou-
pled in some cases with mutagenesis, has resulted in the
production of new varieties of several species with desir-
able alterations in the fatty acid composition of seed oil.
A notable example is the development of low erucic acid
varieties of rapeseed (Stefansson 1983). Similar efforts
have resulted in the reduction of the level of polyunsatu-
rated 18-carbon fatty acids in soybean (Wilcox and Cav-
ins 1985; Graef et al. 1988), sunflower (Fick 1989), and
linseed oils (Green and Marshal 1984). Most of the ge-
netic variation in seed lipid fatty acid composition ap-
pears to involve the presence of an allele of a gene that
disrupts normal fatty acid metabolism and leads to an
accumulation of intermediate fatty acid products in the
seed storage lipids (Downey 1987). However, it seems
likely that, because of the inherent limitations of this
approach, many other desirable changes in seed oil fatty
acid composition may require the directed application of
genetic engineering methods. Unfortunately, as in many
other aspects of plant biology, the lack of specific infor-
mation about the biochemistry and regulation of lipid
metabolism makes it difficult to predict how the intro-
duction of one or a few genes might usefully alter seed
lipid synthesis. An additional problem arises from the
fact that many of the key enzymes of lipid metabolism
are membrane-bound, and attempts to solubilize and pu-
rify them from plant sources have not been successful.
As one approach to these problems, we have isolated
a series of mutants of Arabidopsis with specific alter-
ations in the fatty acid composition of their seed storage
lipids. In this paper we describe the methods used to
isolate the mutants, an overview of the kinds of mutants



recovered, and an outline of the potential utility of the
mutants in understanding lipid metabolism of oilseeds.
The development of Arabidopsis as a model for plant
molecular genetics raises the possibility that the mutants
may eventually be used as the basis for identifying and
cloning the corresponding wild-type genes by methods
such as transposon tagging or chromosome walking from
restriction fragment length polymorphism (RFLP) sites
(Meyerowitz 1989).

Materials and methods

Genetic nomenclature

We have followed the recommended nomenclature (Bleecker
et al. 1988) in assigning symbols to the genetic loci identified in
this report. Different symbols were used to designate an “inbred
line” (i.e., propagated by self-fertilization) from the genotype of
that line. Thus, e.g., the inbred line JB20 carries a mutation at
the fae! locus. In a preliminary publication (Browse et al. 1989)
the fad2 locus was referred to as fadE, and the fad3 locus as fadF.

Mutant isolation

Plants were grown in growth chambers at 23 °C under continu-
ous light (200 uE m™~? s*) on a mixture of perlite: vermiculite:
sphagnum (1:1:1). Approximately 50,000 Arabidopsis thaliana
(Columbia wild-type) seeds were mutagenized by soaking them
for 12h in 0.3% (v/v) ethyl methane sulfonate (Haugbn and
Somerville 1987), then grown to maturity and bulk harvested.
Approximately 3,000 randomly chosen M, seeds were grown to
maturity and harvested separately to produce 3,000 M, families.
Samples of 40—100 M seeds, with a total weight of approxi-
mately 1-2 mg, were screened by direct assay of the fatty acid
composition by gas chromatography (Browse et al. 1986a). Al-
though in many cases the M, progenitors were heterozygous for
mutations affecting fatty acid composition, the assay method
was sufficiently sensitive to identify M, families with atypical
lipid composition. Homozygous mutant lines were identified by
planting ten seeds from each potentially interesting M, family.
The fatty acid composition from a number of individual M,
seeds of each of these ten lines was then assayed in order to
identify homozygous individuals. This analysis was repeated in
at least one subsequent generation to ensure that the trait was
stably inherited.

One of the mutant lines (BL1) was identified as a segregant
in a multiply marked line of the Landsberg erecta ecotype orig-
inally obtained from M. Koornneef.

Fatty acid analysis

Seed FAMES were prepared by heating seeds or other tissues at
80°Cin 2.5% (v/v) H,S0, in methanol for 90 min. The FAMES
were then extracted with 1 ml of hexane and 1.5 ml of 0.9%
NaCl (w/v) and the organic phase was transferred to autoinjec-
tor vials. The gas chromatograph was programmed for an initial
temperature of 140°C for 3 min followed by an increase of
30°C/min to 190°C; this final temperature was maintained for
a further 12 min. Using a 4 m x2 mm column packed with
DEGS-PS (5% on chromasorb WAW-DCMS) and a 1 pl sample
volume, it was possible to separate octanoic acid (8:0) from the
solvent peak, while erucic acid (22:1) eluted at about 15 min.
Fatty acid methyl esters were identified by comparison of elu-
tion times with those of reference compounds. Some analyses
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Fig. 1. Comparison of the seed fatty acid composition of wild
type Arabidopsis and three mutant lines. FAMEs were prepared
from six samples of 40—100 seeds and analyzed by gas chro-
matography. Standard deviations are shown

Table 1. Mutants with altered seed lipid composition

Line Gene symbol Phenotype

JB9 Sfad2-1 Deficient in desaturation of 18:1
JB12 fad2-2 Deficient in desaturation of 18:1
BL1 fads Deficient in desaturation of 18:2
JB11 elal Enhanced linolenate accumulation
JB20 faet Deficient in elongation of 18:1
B2B6 fae2 Reduced elongation of 18:1

DH4 rod! Reduced oleate desaturation
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Table 2. Overall fatty acid composition of seeds, leaves, and roots of wild-type Arabidopsis and mutant line JB9. WT =wild type

Fatty acid Seeds Leaves Roots
WT F, JB9 WT JB9 WT JB9

16:0 10.241.2 10.5+0.7 8.6+2.7 13.7+0.1 13.9+2.3 24.7+2.9 14.04+0.6
16:1 - - - 24+04 2.2+04 1.2+0.2 2.3+0.2
16:3 - - - 16.0+1.0 18.5+3.4 - -

18:0 2.540.3 26104 43+19 0.4+0.1 0.5+0.2 32404 1.740.3
18:1 154+1.1 21.440.7 53.5+29 2.340.2 20.9+4.5 6.8+1.2 559422
18:2 32.7+1.9 252412 32426 14.5+1.6 3.84+1.3 29.84+2.1 6.440.6
18:3 20.3+1.2 20.5+1.2 5.5+1.2 50.8+0.8 39.6+2.6 29.1+25 12.8+1.2
20:0 1.3+0.1 1.4+0.7 1.0+0.3 - - 1.240.3 1.94+0.3
20:1 16.7+1.0 172411 239415 - - 0.240.2 0.74+0.1
22:1 3.5+1.3 2.5+0.9 28423 - - - -

The values are mol% +SD (n=12 for seeds; n=4 for leaves; n=9 for roots)

Table 3. Overall fatty acid composition of seeds, leaves and roots of wild-type Arabidopsis and mutant line BL1. WT =wild type

Fatty acid Seeds Leaves Roots
WT F, BL1 WT BL1 WT BL1

16:0 10.2+1.2 8.8+0.8 7.7+0.9 13.74+0.1 10.44+2.8 24.7+2.9 16.7+0.6
16:1 - - - 2.4+04 31+1.0 1.240.2 2.5+1.0
16:3 - - - 16.0+1.0 18.3+3.0 - -

18:0 2.5+0.3 24420 2.6+0.5 0.44+0.1 0.44+0.1 32404 23405
18:1 154411 20.2+1.5 23.0+1.3 2.34+0.2 1.1+0.5 6.8+1.2 12.0+2.9
18:2 327+1.9 36.2+2.38 46.0+2.2 14.54+1.6 19.5+2.0 29.8+2.1 55.34+0.6
18:3 203+1.2 12.5+1.1 2.340.9 50.84+0.8 47.2+2.6 29.1+2.5 10.5+1.3
20:0 1.3+0.3 1.24+04 1.7+0.9 - - 1.240.3 -

20:1 16.7+1.0 15.6+2.3 174+1.4 - - 2.0+0.2 1.0+0.5
22:1 3.0+1.3 3.0+09 3.0+1.¢ - — - -

Values are mol% +SD (n=12 for leaf; n=4 for root; n=7 for seed)

were carried out using a Supelcowax 15 m x 0.53 mm widebore
column (Supelco, Bellefonte/PA) using similar conditions to
those for the packed column.

Results
Mutant isolation

Direct analysis of the fatty acid composition of 3,000
families of M, seed resulted in the identification of a
number of families that exhibited one of three distinct
mutant phenotypes. These phenotypes included pro-
nounced deficiencies in the desaturation of oleic acid
(18:1), the desaturation of linoleic acid (18:2), and the
elongation of 18:1 to eicosenoic acid (20:1) (Table 1).
Several lines with less pronounced alterations in seed
fatty acid composition were also obtained for all three
classes of phenotypes (i.e., three lines with slightly re-
duced 18:1 elongation). An unusual mutant which accu-
mulated elevated levels of 18:3 was also obtained. The
seed fatty acid composition of three mutant lines and
wild-type Arabidopsis is shown in Fig. 1. A more detailed

Table 4. Overall fatty acid composition of seeds of wild-type
Arabidopsis and mutant line JB20. WT =wild type

Fatty acid Seeds
WT F, TB20

16:0 102+1.2 9.7+1.0 9.44+0.5
18:0 2.54+0.3 3.7+1.0 34+0.5
18:1 154411 17.4+1.0 25.6+1.5
18:2 32.7+1.9 " 332428 374426
18:3 203+1.2 222422 21.24+0.8
20:0 2.1+041 1.1+04 0.6+0.2
20:1 16.7+1.0 11.242.0 0.2+0.1
22:1 3.041.3 1.5+14 —

Values are mol% +SD (n=7)

analysis of the fatty acid composition of three additional
mutant lines is presented in Tables 2, 3, and 4.

In order to examine the inheritance of the altered
fatty acid composition in the various lines with abnormal
fatty acid composition, ten M, seeds from each family
were planted, grown to maturity, and harvested sepa-



rately. The fatty acid compositon of samples of the M,
seed of each subline was then determined. In those fam-
ilies that were homozygous for a mutation affecting fatty
acid composition, the fatty acid composition of samples
of the seed from the sublines was always found to be
indistinguishable from one another and from the M,
parental line. In several cases, M5 lines were judged to
be heterozygous because the M, sublines were heteroge-
neous with respect to fatty acid composition. In these
instances, the process was repeated with My lines de-
scended from the several M, sublines with the most ex-
treme phototype. This resulted in the recovery of lines
that were judged homozygous for a mutation affecting
fatty acid composition in at least two generations.

Mutants deficient in oleate desaturation

Three lines were recovered that had reduced levels of
18:2 and 18: 3 fatty acids in their seed lipids. The mutant
line JB9, which had the most extreme phenotype in this
class, contained only 7% polyunsaturated 18-carbon
fatty acids and had an approximately threefold greater
amount of 18:1 (Table 2). The fatty acid composition of
the F, seed, from a cross of JB9 with wild type, also
contained slightly elevated levels of 18:1 relative to the
wild type (Table 2). In a sample of 107 individual F,
seeds from the same cross, 26 had >50% 18:1 and 81
had <25% 18:1. The frequency of segregation of high
and low oleic acid seeds is in close agreement (x*=0.02;
P=0.9), with a 3:1 segregation ratio expected for the
segregation of a single nuclear mutation at a locus we
have designated fad2. Because F, seeds contain slightly
elevated levels of 18:1 compared with wild type, the
wild-type allele should be considered incompletely domi-
nant. Another mutant (JB12) isolated from an indepen-
dent M, population exhibited a seed fatty acid composi-
tion that was very similar to that of JB9 (data not
shown). Seeds of the F, progeny from a cross between
JB9 and JB12 had the same fatty acid composition as the
parental lines. The lack of genetic complementation indi-
cates that JB12 also carries a mutation at the fad?2 locus.
As 18:2 and 18:3 are normally derived from 18:1 by the
sequential desaturation of 18:1 and 18:2 (Stymne and
Stobart 1987), respectively, the fatty acid composition of
JB9 is most consistent with a deficiency in an 18:1 desat-
urase.

It has been demonstrated in several oilseeds that the
desaturation of 18:1 in the developing cotyledons occurs
on PC of the endoplasmic reticulum (Stymne and Ap-
pelqvist 1978; Stymne and Stobart 1987) and a similar
18:1-PC desaturase has been described in microsomal
preparations from plant leaves (Slack etal. 1976). To
determine whether the same gene controls 18: 1 desatura-
tion in different tissues of Arabidopsis, we compared the
overall fatty acid composition of seeds, leaves, and roots
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of plants from the JB9 and wild-type plants (Table 2).
The level of 18:1 in leaf tissue was increased, and there
was a concomitant decrease in 18:2 and 18:3. Thus, the
fad2 mutation is expressed in leaves. Similarly, the root
fatty acid composition of the JBY line had an eightfold
increase in the amount of 18:1 and a substantially re-
duced level of polyunsaturated 18-carbon fatty acids
when compared to the wild type.

Our previous characterization of a mutant, desig-
nated fadC-deficient in activity of the chloroplast 18:1/
16:1 desaturase, indicated that this pathway of 18:1 de-
saturation is favored in leaf tissue (Browse et al. 1989).
All the chloroplast lipids appear to be accessible to the
chloroplast 18:1/16:1 desaturase, and we would there-
fore predict that chloroplast lipids in the JB9 line would
not be affected to a significant extent by a deficiency in
the endoplasmic reticulum desaturase. Consistent with
this prediction and the observation that over 70% of leaf
membrane lipids are in the chloroplasts (Browse et al.
1986b), the JBY leaves exhibit much higher levels of 18:3
than do the seeds. However, the increased 18:1 in leaves
of the JBY line is consistent with a block in the desatura-
tion of 18:1 on the extrachloroplast lipids in this tissue.
In contrast, roots of JB9 plants show a very substantial
decrease in the amount of 18:2 and 18:3 compared with
wild type and a concomitant increase in the level of 18:1
(Table 2). In our opinion, the more pronounced pheno-
type of JBY in root tissue can be explained by a greater
flux of lipid through the eukaryotic pathway in nonpho-
tosynthetic tissue. All of the above observations are con-
sistent with the hypothesis that the mutation in JB9 af-
fects the activity of an endoplasmic reticulum 18: 1 desat-
urase that is constitutively expressed in all tissues.

Mutants deficient in linoleate desaturation

Two mutant lines were found to be deficient in the desat-
uration of linoleic acid (18:2). Of these, mutant line BL1
had the most extreme phenotype (Table 3), with only
about 2% 18:3 as compared to the wild-type level of
about 20%. The decreased accumulation of 18:3 was
accompanied by increased levels of 18:1 and 18:2
(Table 3), as expected of a mutant deficient in desatura-
tion of 18:2 to 18:3 (Browse et al. 1986¢). F, seeds from
a cross of BL1 to wild-type Arabidopsis were found to
have levels of 18:3 intermediate to that in the parents
(Table 3). Analysis of the fatty acid composition of 35
individual F, seeds revealed a 10:17:8 segregation con-
sistent with the expected 1:2:1 ratios (3*=0.26; P>0.9).
The deficiency in 18:3 desaturation is, thus, the result of
a single nuclear mutation in a gene designated fad3
that controls the level of 18:3 in seeds. Previous studies
of oilseed lipid metabolism indicate that desaturation of
18:2 to 18: 3 probably takes place on PC of the endoplas-
mic reticulum (Browse and Slack 1981; Stymne and
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Stobart 1987). Further characterization of the BL1 mu-
tant will help confirm this hypothesis.

By analogy with available information concerning
the properties of the endoplasmic reticulum 18:1 desat-
urase and our observations on the fad2 mutant described
above, we considered it possible that the fad3 locus
would affect 18:2 desaturation in other plant tissues. In
fact seeds, leaves, and roots of the BL1 mutant do show
an 18:3 deficient phenotype (Table 3). The fatty acid
composition of seeds and roots is more strongly altered
than that of leaf tissue and, again, this observation is
consistent with the existence of alternative desaturation
reaction in leaves involving the fadD gene product
(Browse et al. 1986¢).

A mutant with increased levels of linolenate

One exceptional mutant, JB11, had increased levels of
18:3 and decreased levels of 18:2 and 18:1 (Fig. 1). In
terms of our current understanding of seed lipid
metabolism (Stymne and Stobart 1987), the mutant can-
not be explained in terms of a deficiency in any known
step of fatty acid desaturation. Nevertheless, genetic
analysis indicates that it is heritable and is due to a single
recessive mutation (data not shown) at a locus we have
provisionally designated elaf (enhanced linolenate accu-
mulation). The phenotype exhibits a relatively subtle
change in seed fatty acid composition. Nevertheless, the
mutant plants were always readily distinguishable from
wild type by calculating the ratio of 18:3 to 18:2 in their
seed lipids. This ratio is 0.63+0.05 for wild type and
1.0440.10 for the JB11 line.

When plants of the JB11 line and wild type were
grown side by side, the fatty acid compositions of leaf
and root tissues of the JB11 plants showed small but
statistically significant (P<0.05) increases in the 18:3/
18:2 ratio relative to wild type (data not shown). How-
ever, it will be necessary to further characterize this mu-
tant before it is possible to conclude whether or not the
mutation definitely affects lipid metabolism in these tis-
sues other than the seeds.

Mutants deficient in the elongation of oleate

Arabidopsis seed triglycerides contain about 20% of very
long chain fatty acids (i.e., approximately 17% 20:1 and
3% 22:1). We have isolated two mutants deficient in the
elongation of 18:1. One of these, JB20, has only 0.2%
20:1 in its seed oil (Table 4). The F, seed from a cross of
JB20 and wild-type plants was found to have an interme-
diate level of 20:1 relative to that of the two parents (i.e.,
8% —14% 20:1). The fatty acid composition of 61 F,
seeds segregated 15:29:17 with respect to these three
phenotypic classes. This is an excellent fit to the 1:2:1
hypothesis (32 =0.27; P>0.9), indicating that the pheno-

type of JB20 is caused by a single nuclear mutation in a
gene we designate faef!. The incomplete dominance
shown by the wild-type allele at Faef indicates that the
level of its expression is rate-limiting to elongation. Sig-
nificantly, synthesis of 20:0 is also decreased in the mu-
tant (Table 4), although the effect is less dramatic than
for the monounsaturated fatty acids. Thus, the product
of the fael gene appears to regulate the elongation of
both 18:0 (or 16:0) and 18:1 fatty acids. As leaf lipids
of Arabidopsis do not contain significant amounts of long
chain fatty acids, the fatty acid profile of JB20 leaves was
indistinguishable from that of the wild type (data not
shown).

Discussion

Many genetic studies of lipid composition have been ini-
tiated by plant breeders in order to identify useful natural
or induced variation in seed fatty acid composition.
Among the best known example is the development of
rapeseed cultivars containing low levels of erucic (22:1)
and eicosenoic (20:1) acids as a result of a deficiency in
one or more of the enzymes required for the elongation
of 18:1-CoA (Stumpf and Pollard 1983). Variation in the
levels of 18:0, 18:1, 18:2 and 18:3 has been observed in
soybean (Wilcox and Cavins 1985; Graef etal. 1988;
Martin and Rinne 1986), sunflower (Fick 1989), rapeseed
(Robbelen and Nitsch 1975; Diepenbrock and Wilson
1987), flax (Green and Marshal 1984), maize (Widstrom
and Jellum 1984), and safflower (Knowles 1972). Many
of these variants have substantial changes in fatty acid
composition, but they have not been characterized in
sufficient detail to indicate the biochemical basis of the
mutant phenotype.

The series of Arabidopsis mutants described here col-
lectively represent most of the changes in seed fatty acid
composition that have been identified in the crop plants
noted above. In addition, we have isolated a mutant that
shows increased levels of 18:3 compared with wild type.
Because of the complementary information available
from Arabidopsis mutants deficient in various aspects of
leaf lipid metabolism (Browse et al. 1985, 1986a, b, c;
1989; Kunst et al. 1988), we believe that the collection of
mutants described here will contribute to our under-
standing of the reactions and regulation of lipid
metabolism in oilseeds. Most of the fatty acid desaturases
and other enzymes of triacylglycerol synthesis are mem-
brane-bound proteins, and attempts to solubilize and
purify them from plant sources have not been successful.
For this reason, analysis of mutants has been particularly
useful in characterizing the desaturase enzymes
(Somerville and Browse 1988). In addition, the develop-
ment of Arabidopsis as a model for molecular genetics



(Meyerowitz 1989) raises the possibility that genetically
mapped mutations can provide a basis for identifying
and cloning the corresponding wild-type genes.

Two steps of the fatty acid desaturation pathway in
seeds have been marked by mutations with pronounced
phenotypes. We suggest that the loci designated fad2 and
fad3, respectively, encode the 18:1-PC and 18:2-PC de-
saturase enzymes of the endoplasmic reticulum. It should
be possible to test this hypothesis by direct assays of the
desaturase activities in microsomal preparations from
seeds or other plant tissues (Stymne and Appelqvist 1978;
Browse and Slack 1981).

The mutation at the fae? locus in JB20 controls elon-
gation of both saturated (16:0 or 18:0) and monounsat-
urated (18:1) fatty acids in the seeds. It is not certain at
present if the same gene product is involved in elongation
of 20:1 to 22: 1, since the substrate for this reaction is not
formed in the fae! mutant. The elongation of 18:1 in-
volves four reactions (besides those required for synthesis
of malonyl-CoA): condensation of 18:1-CoA with mal-
onyl-CoA and the subsequent reduction, dehydration,
and reduction steps. If each step is catalyzed by a sepa-
rate enzyme (Bessoule et al. 1989), then in principle any
one of them might be the target for the mutation in the
JB20 line. Indeed, analysis of a larger set of Arabidopsis
mutants deficient in 18 : 1 elongation indicates that muta-
tions in at least three complementation groups affect this
pathway (Kunst et al. 1989; and personal communica-
tion).

Several other mutants with less pronounced pheno-
types were obtained in our seed fatty acid screen. As such
reduced phenotypes were seldom seen in our previous
leaf fatty acid mutant screen (Somerville and Browse
1988), we believe these secondary loci may provide addi-
tional insight into the regulation of seed lipid synthesis in
crop species. Indeed, most of the variations in fatty acid
composition seen in agronomic species are also partial
reductions similar to those seen in these Arabidopsis mu-
tants. Although the altered lipid composition of some of
the mutants could be secondary effects of mutations at
loci affecting other cellular functions, such as deficiencies
in hormone biosynthesis and transport (Finkelstein and
Somerville 1989), others will no doubt be at loci directly
involved in lipid biosynthesis. In this respect, the mutant
line JB11 is particularly interesting for the study of the
regulation of the level of polyunsaturated 18-carbon
fatty acids, because it represents an unusual case in which
activity of an enzymatic step, the conversion of 18:2 to
18:3, is apparently increased by mutation. The relatively
large number of mutants we have obtained with alter-
ations in seed lipid composition suggests that many prod-
ucts are involved in the regulation of seed lipid composi-
tion. The characterization of these genes and their effects
on lipid metabolism should provide new insights into the
regulation of seed lipid metabolism.
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