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Departments of Agronomy (C.W., K.P.C.C., D.F.H.) and Plant Pathology (U.J.), University of Kentucky,
Lexington, Kentucky 40546

Soybean (Glycine max) lipoxygenase (LOX) has been proposed to
be involved in reserve lipid mobilization during germination. Here,
subcellular fractionation studies show that LOX1, -2, -3, -4, -5, and
-6 isozymes were associated with the soluble fraction but not with
purified oil bodies. The purified oil bodies contained small amounts
of LOX1 (<0.01% total activity), which apparently is an artifact of
the purification process. Immunogold labeling indicated that, in
cotyledon parenchyma cells of LOX wild-type seeds that had soaked
and germinated for 4 d, the majority of LOX protein was present in
the cytoplasm. In 4-d-germinated cotyledons of a LOX1/2/3 triple
null mutant (L0), a small amount of label was found in the cyto-
plasm. In epidermal cells, LOX appeared in vacuoles of both wild-
type and L0 germinated seeds. No LOXs cross-reacting with seed
LOX antibodies were found to be associated with the cell wall,
plasma membrane, oil bodies, or mitochondria. Lipid analysis
showed that degradation rates of total lipids and triacylglycerols
between the wild type and L0 were not significantly different. These
results suggest that LOX1, -2, -3, -4, -5, and -6 are not directly
involved in reserve lipid mobilization during soybean germination.

LOX (EC 1.13.11.12) is a dioxygenase that catalyzes the
peroxidation of fatty acids containing a cis,cis-1,4 penta-
diene moiety. The principal substrates for LOX in plants
are C18:2, v6 (lineolate) and C18:3, v3 (linolenate). LOXs
have been reported to oxygenate isolated components of
biomembranes (Maccarrone et al., 1994). The physiological
function of LOX has been problematical, and various func-
tions have been suggested. LOXs have been implicated in
plant growth and development, senescence, and wound
responses (Hildebrand, 1989), pest and disease resistance
(Croft et al., 1993; Slusarenko et al., 1993), and the tempo-
rary storage of N2 in vegetative tissue (Tranbarger et al.,
1991). LOX also functions as one of the enzymes involved
in the C18:2, v6/C18:3, v3 cascades, producing a variety of
compounds that may function as signaling and/or defense
substances (Anderson, 1989; Siedow, 1991; Slusarenko et
al., 1991; Farmer and Ryan, 1992; Reinbothe et al., 1994;
McConn et al., 1997; Vijayan et al., 1998).

Seed oils are packaged into discrete subcellular compart-
ments referred to as lipid bodies or oil bodies (Herman,
1987), which are mobilized to nourish the developing seed-
ling after seed germination. Oil bodies contain a matrix of
TAGs surrounded by a half-unit membrane of one phos-
pholipid layer embedded with abundant and unique pro-
teins termed oleosins (Tzen et al., 1990; Murphy, 1993).
During lipid mobilization in germinating seeds, the com-
position of mature oil bodies changes and a new set of
proteins is synthesized and transported to the oil bodies
(Sturm et al., 1985; Feussner and Kindl, 1992; Radetzky et
al., 1993). Expression of LOX is differentially regulated
during soybean (Glycine max) development and germina-
tion (Funk et al., 1986; Park and Polacco, 1989; Hildebrand
et al., 1991; Kato et al., 1992; Park et al., 1994). The fact that
preexisting LOX1, -2, and -3 disappear and new LOXs
(LOX4, -5, and -6) appear in germinating soybean cotyle-
dons (Kato et al., 1992) suggests that the newly synthesized
LOX may play an important role in some aspects of seed-
ling growth. Oil bodies start to disappear after 3 d of
germination (Vernooy-Gerritsen et al., 1984; Song et al.,
1990), and at this stage LOX4, -5, and -6 reach high levels in
cotyledons. It is of great interest whether these new LOXs
play a role in lipid mobilization.

Determination of the intracellular localization of a pro-
tein is important in the understanding of its function. Two
methods have been used to localize LOX at the subcellular
level. Fractionation studies indicated that LOX was associ-
ated with oil bodies of germinating soybean cotyledons;
therefore, it has been suggested that LOX played a role in
TAG metabolism in oil bodies (Feussner and Kindl, 1992).
Similarly, Macri et al. (1994) reported that acidic LOX (pH
optimum, 5.5–6.0) was associated with plasma membranes
of hypocotyls of 4-d-germinated soybean. However,
immunogold-labeling studies indicated that LOX was ran-
domly distributed throughout the cytoplasm in storage
parenchyma cells and that no LOXs were associated with
oil bodies in germinating soybean (Vernooy-Gerritsen et al.,
1984; Song et al., 1990). Tranbarger et al. (1991) reported that
paraveinal mesophyll LOX accumulated in vacuoles in
immunogold-labeling studies. Similarly, Grimes et al. (1992)1 This work was supported by the U.S. Department of Agricul-
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confirmed that the majority of methyl jasmonate-responsive
LOX appeared in the vacuoles of cotyledons, both before
and after exposure of 5-d-germinated soybean seedlings to
methyl jasmonate. These observations raise questions re-
garding whether LOXs (seedling or seed) are truly associ-
ated with oil bodies and where LOX is localized in germi-
nating soybean seedlings. The objective of this study was to
investigate whether LOX is involved in lipid mobilization
during soybean germination. To achieve this objective, we
used a number of strategies: (a) a soybean embryo LOX
mutant was used to individually assess the effects of embryo
and seedling LOXs; (b) subcellular fractionation and immu-
nogold labeling were used to determine the localization of
embryo and seedling LOXs; and (c) comparison of lipid
degradation between the soybean LOX mutant and wild-
type seeds during germination was investigated.

MATERIALS AND METHODS

Plant Materials

One wild-type soybean (Glycine max [L.] Merr. cv Cen-
tury) and cv L0 were used in this study. The cvs Century
and L0 both have normal expression of seedling LOXs after
germination. Soybean seeds were germinated as described
by Park and Polacco (1989). Imbibition of soybean seeds
was in deionized water at 4°C for 12 h.

Lipid Analysis

Cotyledons of seeds or seedlings germinated for the
indicated times in the dark were lyophilized. Thirty dried
cotyledons were ground into a powder. Before extraction,
TAG-17:0 (heptadecanoic acid) was added into cotyledon
powder as an internal standard. About 100 to 200 mg of
powder was extracted with 5 mL of chloroform:methanol:
formic acid (10:10:1, v/v) plus 0.01% BHT (an antioxidant)
followed by one additional extraction with 5 mL of chlo-
roform:methanol (2:1, v/v) plus 0.01% BHT. The chloro-
form layer was collected after addition of 5 mL of a solu-
tion (0.2 m H3PO4 and 1 m KCl) and centrifugation. After
residues were dried under N2, they were dissolved in 0.5
mL of chloroform. TAG was separated from other lipids by
TLC (silica gel, J.T. Baker), which was developed in hexane:
ethyl ether:acetic acid (50:50:1, v/v) with 0.01% BHT. Lip-
ids were visualized by spraying the TLC plates with a
solution of 0.001% primulin in 80% acetone. The fatty acid
compositions of TAG and total lipids were measured by
GC (model 5890 with flame-ionization detection, Hewlett-
Packard), after direct transmethylation, on an FFAP col-
umn (10 m 3 0.2 mm; film thickness, 0.33 mm) at 120°C to
216°C at 12°C/min (Dahmer et al., 1989).

Isolation of Oil Bodies

Oil bodies were purified by the discontinuous Suc gra-
dient method described by Sturm et al. (1985) with minor
modifications. Fifteen milliliters of the homogenate was
layered onto 15 mL of 20% Suc (w/v) in 20 mm Tricine
buffer, pH 7.5. Five milliliters of 8% Suc (w/v) in 20 mm
Tricine buffer, pH 7.5, was layered onto the homogenate in

a 50-mL polypropylene tube. An alternative method for
oil-body purification involving a high-salt wash described
by Herman (1987) was also used for the purpose of com-
parison. All centrifugations were performed at 85,000g at
4°C (maximum gravity force was recommended for the
ultracentrifuge used).

Purification of Oil Bodies from L0 in the Presence of
Soluble LOX Protein

Oil bodies from the L0 mutant were purified in the
presence of soluble LOX protein to determine whether LOX
protein can artifactually associate with oil bodies. Approx-
imately 10 g of dry, powdered cv Century seeds was ex-
tracted with a prechilled mortar and pestle on ice with 40
mL of extraction buffer (Sturm et al., 1985). The extracts
were filtered through Miracloth (Calbiochem) and centri-
fuged at 22,740g for 30 min (model J2–21, Beckman). After
the oil-body layer was removed, the soluble protein frac-
tion (15% Suc fraction) was collected and subjected to one
additional centrifugation as described above to further pu-
rify the soluble fraction away from oil bodies and cell
debris. The final supernatant was adjusted to 30 mL with
deionized water. The supernatant from cv Century soluble
fractions (7.5 or 15 mL) was mixed with extraction buffer to
a final volume of 20 mL, and this was then used to homog-
enize 5 g of powdered cv L0 seeds. The final homogenate
was adjusted to 15 mL with deionized water. The modified
discontinuous Suc gradient procedure was then used to
purify oil bodies.

Enzyme Digestion

Twenty microliters of diluted oil bodies (diluted 1:1
[v/v] with water) was digested with 15 mg of trypsin or 15
mg of trypsin plus 15 mg of trypsin inhibitor in 30 mL of 0.2
m Tris buffer, pH 8.0, for 30 min. The reaction was stopped
by adding SDS-PAGE loading buffer followed by boiling
for 3 min. Results were analyzed by SDS-PAGE.

Protein Measurement, IEF- and SDS-PAGE, and
Western Blotting

Purified oil bodies were diluted with deionized water to
a final level of 1 mg lipid mL21 in water. Proteins were
extracted from oil bodies by the method described by
Sturm et al. (1985) and quantified by a modified Lowry
method (Bensadoum and Weinstein, 1976). IEF- and SDS-
PAGE and western blotting were performed as described
by Hildebrand et al. (1991).

LOX Activity Measurement

LOX activity was determined by the O2-electrode polarog-
raphy method (Kaplan, 1957; Siedow and Girvin, 1980).
The reaction mixture (1 mL) contained 1.2 mm C18:2,0.08%
(v/v) Tween 20, 40 mm phosphate, pH 6.83, or 40 mm
borate, pH 9.0. Activity was defined as the quantity of
enzyme catalyzing the consumption of 1 mmol O2 s21

at 25°C.
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Tissue Preparation and Immunolocalization

The seedling cotyledons and soaked seeds were cut with
a razor blade into approximately 1-mm3 blocks, placed
immediately into a vessel containing a freshly prepared
fixative (2% [v/v] paraformaldehyde and 1% [v/v] glutar-
aldehyde in 0.1 m phosphate buffer, pH 7.3), and fixed for
2 h in vacuo at room temperature. After being rinsed three
times with 0.1 m sodium phosphate buffer for 5 min each,
the tissue was dehydrated through an ethanol series of
30%, 50%, 70%, 90%, and 100% (all v/v) for 20 min each,
infiltrated with London Resin White (London Resin Co.
Ltd., London, UK), and polymerized at 55°C for 24 h.
Sections 60 to 90 nm thick on nickel grids were blocked
with 0.1% (w/v) BSA and 5% (v/v) heat-denatured normal
goat serum in PBS buffer (0.148% Na2HPO4, 0.043%
KH2PO4, 0.72% NaCl, and 0.13% NaN3, pH 7.3) for 1 h and
incubated in a mixture of soybean embryo LOX1/2/3 rab-
bit antisera, mp24 (containing antibody to an oil-body
membrane oleosin protein; supplied by E.M. Herman) rab-
bit antiserum, or preimmune serum (dilution, 1:150) at
room temperature for 3 h. After being washed with PBS
plus 0.5% (v/v) Tween 20 four times for 10 min each,
the sections were incubated with goat anti-rabbit
immunoglobulin-gold conjugate (15 nm; Pelco, Ted Pella,
Inc., Redding, CA; dilution, 1:40 in PBS) for 1 h. The sections
were then rinsed with PBS plus 0.1% (w/v) BSA and 0.5%
(w/v) Tween 20 three times for 5 min each and three times
with deionized water, dried, and stained with uranyl acetate
for 4 min and with lead citrate for 4 min. Sections were
examined and photographed with a transmission electron
microscope (model H 600, Hitachi, Tokyo, Japan).

RESULTS

Distribution of Soybean LOX Activity and Protein in
Discontinuous Suc Gradients after Centrifugation

Originally, we wanted to determine whether LOX is
associated with oil bodies in germinating soybean seeds, as

suggested by the observation of Sturm et al. (1985) in
cucumber. Developing and mature seeds of cv L0 are es-
sentially devoid of LOX (Hajika, et al., 1991; Wang et al.,
1994), but LOX4, -5, and -6 appear within 2 d after germi-
nation. Therefore, cv L0 and soybean wild type were used
in this study to separate seedling from embryo LOXs. Table
I shows the distribution of LOX activity in Suc density
gradient fractions from germinated cv Century and cv L0
cotyledons. No activity in homogenates from cv L0 was
detected at pH 9.0, so LOX activity in cv L0 at pH 9.0 was
not measured in these experiments. Most of the LOX ac-
tivity at pH 6.83 for both cultivars and at pH 9.0 for cv
Century remained in the 15% Suc gradient fraction after
centrifugation (Table I). No activity in purified oil bodies
(washed oil bodies) from germinated cv Century and cv L0
was measurable at pH 6.83, which indicated that seedling
LOX (LOX4, -5, and -6; optimal pH of approximately 6.5;
Kato et al., 1992) and type II LOX (LOX2 and -3) were not
present in the oil bodies. LOX activity at pH 9.0 was found
in unwashed and washed oil bodies from cv Century.

A comparison of LOX activity between washed and un-
washed oil bodies showed that washing largely removed
the LOX activity seen in oil bodies. The amount of LOX
activity at pH 9.0 that finally appeared in the unwashed
and washed oil bodies of germinated cv Century cotyle-
dons represented less than 0.1% and 0.01%, respectively, of
the total activity found in the crude extracts. IEF gels also
showed that most of embryo (cv Century) and seedling
(cvs Century and L0) LOX proteins were localized in the
soluble fraction of the Suc gradient (Fig. 1). Unwashed oil
bodies from cv Century had a detectable weak band of
LOX1, but this became much weaker in washed oil bodies.
No other LOX isozymes were detected in washed oil bodies
(Fig. 1). Comparison of each fraction by IEF gel showed
that LOX2, -3, -4, and -6 were present in the soluble fraction
but not in washed oil bodies. Although the presence of
LOX5 was not seen in soluble or oil-body fractions because
of high background, the fact that washed oil bodies from

Table I. Distribution of LOX activity
Oil bodies were purified from 4-d-germinated cotyledons by discontinuous Suc gradient centrifuga-

tion. After centrifugation, samples were taken from the bottom, middle, and top layers and served as
20%, 15%, and 8% fraction protein and enzyme sources, respectively. The white pad on top of the
gradient was collected and used as unwashed oil bodies. Unwashed oil bodies were gently resuspended
in 15% (w/v) Suc in 20 mM Tricine buffer at pH 7.5, subjected to one additional centrifugation, and used
as washed oil bodies. LOX activity was assayed by measuring O2 consumption. The activities of the
crude samples were taken as the total activity. Relative LOX activity is equal to the activity in the
fraction divided by the activity of the crude samples. Values are means 6 SE of three independent
experiments.

Fraction
cv Century cv L0

pH 6.83 pH 9.0 pH 6.83

%

Oil bodies
Washed NDa 8.0 3 1023 6 6 3 1024 ND
Unwashed 3.0 3 1022 6 1.6 3 1022 9.4 6 1022 6 6 3 1022 ND

8% Suc 1.8 6 1.7 3.0 6 1.3 7.3 6 2.0
15% Suc 67.7 6 3.5 79.6 6 6.8 76.8 6 9.2
20% Suc 26.0 6 6.5 14.6 6 2.2 18.0 6 3.8
a ND, Not detectable.
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germinated cv L0 had no LOX activity and protein sup-
ports the idea that soybean LOX5 is not associated with oil
bodies. The purified oil bodies appeared to be intact, as
indicated by light microscopy, and were uniformly approx-
imately 0.3 to 0.5 mm in diameter (data not shown).

LOX Is Not Deeply Embedded in Oil-Body Membranes

After having obtained the data described above indicat-
ing that oil bodies purified by discontinuous Suc gradient
centrifugation had little LOX activity at pH 9.0 and only a
small amount of LOX1 protein, we decided to determine
whether this LOX was localized on or in oil bodies. The
purified oil bodies from 4-d-germinated cv Century coty-
ledons were incubated with trypsin or trypsin plus trypsin
inhibitor for 30 min. LOX in purified oil bodies was cleaved
by trypsin (Fig. 2, lane 2) but not by trypsin plus trypsin
inhibitor (Fig. 2, lane 1). In addition, oil-body preparations
washed with 0.5 m NaCl and 0.1 m NaHCO3, according to
the method of Herman (1987), had no detectable LOX in
germinated cv Century cotyledons (data not shown). Taken
together, the fractionation studies indicated that no embryo
or seedling LOX was truly associated with oil bodies in
germinating soybean seedlings.

Soluble LOX from cv Century Can Adhere to
Oil Bodies from cv L0

Discontinuous Suc gradient fractions from cv Century
dry seeds were made as described above, and the oil-body
fraction was removed. The 15% Suc layer containing solu-
ble LOX was saved. Five grams of cv L0 seeds was thor-
oughly ground in extraction buffer containing either 7.5 or
15 mL of the previously prepared cv Century Suc fraction
containing high levels of soluble LOX (total LOX activity at

pH 9.0 in 7.5 mL of 15% Suc supernatant from 30 mL per 10 g
of cv Century dry seeds was the same as that from 15 mL per
15 g of 4-d-germinated cotyledon extracts). The result of
mixing oil bodies from cv L0 and cv Century soluble LOX
with subsequent purification of the oil bodies away from the
soluble LOX (Fig. 3, lanes 2 and 3) indicated that LOX could
artifactually adhere to the oil bodies. Purified oil bodies
from 4-d-germinated cotyledons (Fig. 3, lane 4) or dry seed
extracts (Fig. 3, lane 5) of cv L0 showed no detectable LOX.
The proportion of LOX adhering to oil bodies depended on
the total LOX amount added to the L0 preparation. The oil

Figure 1. IEF-PAGE gel immunoblot illustrating distribution of LOX
protein in Suc gradient fractions. Lanes 1 to 6, Four-day-germinated
cv L0 cotyledons; lanes 7 to 12, 4-d-germinated cv Century cotyle-
dons; lanes 1 and 7, washed oil bodies; lanes 2 and 8, unwashed oil
bodies; lanes 3 and 9, 8% Suc fraction; lanes 4 and 10, 15% Suc
fraction; lanes 5 and 11, 20% Suc fraction (see Table I); and lanes 6
and 12, crude extracts. Sixty micrograms of proteins was loaded for
each lane. Soybean polyclonal LOX1, -2, and -3 antibodies were
used to probe the membranes.

Figure 2. SDS gel immunoblot illustrating LOXs in oil bodies from
4-d-germinated cv Century cotyledons after trypsin treatment. Lane
1, Trypsin plus trypsin inhibitor; lane 2, trypsin alone; and lane 3, no
treatment (control). Thirty micrograms of protein was loaded for each
lane. Soybean polyclonal LOX1, -2, and -3 antibodies were used to
probe the membranes.

Figure 3. SDS-PAGE gel immunoblot illustrating that soluble LOXs
from cv Century seeds can adhere to the oil bodies of cv L0. Oil
bodies were removed from the cv Century dry seeds by centrifuga-
tion. An aliquot of the soluble LOX fraction from cv Century was
added to cv L0 seed powder, and oil bodies were isolated. Lane 1,
Protein of oil bodies purified from 4-d-germinated cv Century; lane 2,
protein of oil bodies purified from cv L0 dry seeds plus 15 mL of the
cv Century soluble fraction; lane 3, protein of oil bodies purified from
cv L0 dry seeds plus 7.5 mL of the cv Century soluble fraction; lane
4, oil body protein from cv L0 dry seeds (no added soluble LOX);
and lane 5, oil body protein from 4-d-germinated cv L0 seedling
cotyledons. GW, Four-day-germinated cv Century; GL0, 4-d-
germinated cv L0.
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bodies from cv L0 dry seeds plus 15 mL of the cv Century
soluble LOX fraction had more LOX protein than those from
cv L0 plus 7.5 mL (Fig. 3, lanes 2 and 3).

Localization of LOX in Germinated Soybean
Cotyledons by Immunocytochemistry

The fractionation studies indicating that LOXs are not
normally directly associated with soybean oil bodies raise
some interesting questions concerning the subcellular lo-
calization of the embryo LOXs (LOX1, -2, and -3) and the
seedling LOXs (LOX4, -5, and -6). Although Vernooy-
Gerritsen et al. (1984) and Song et al. (1990) both reported-
intracellular localization of LOX1 and -2 in germinating
soybean seeds, little was known concerning seedling LOX4,
-5, and -6. To address this issue, LOX wild-type cv Century
and cv L0 soaked seeds and germinated seedling cotyle-
dons were used for immunolocalization experiments. Ger-

minating cv Century has at least six LOX isozymes (LOX1,
-2, -3, -4, -5, and -6), but cv L0 has only seedling LOXs, of
which LOX4 is the most abundant (Kato et al., 1992; Wang
et al., 1995). Figure 4A shows a preimmune control of
4-d-germinated cv Century cotyledons with no label found
in this treatment. Figure 4B demonstrates that an antibody
to one of the oleosins (mp24, a 24-kD oil-body membrane
protein; Herman, 1987) was clearly able to label oil-body
membranes. These results functioned as negative (Fig. 4A)
and positive (Fig. 4B) controls, confirming that the proce-
dure was successful in the preservation of the antigenicity
of cell proteins and the ultrastructure of soybean tissues. In
cv Century cotyledons that had soaked for 12 h in which
LOX1, -2, and -3 were present, the oil bodies and protein-
storage vacuoles filled most of the cytoplasm in the cell.
Using the LOX antibody, immunogold label mostly ap-
peared in the cytoplasm of parenchyma cells, with some
label present in protein-storage vacuoles (Fig. 4C). No spe-

Figure 4. Electron micrographs showing immu-
nogold labeling of LOX in a parenchyma cell of
cv Century cotyledons. A, B, D, E, and F, Four-
day-germinated cv Century cotyledons; C, 12-h-
soaked cv Century cotyledons. A, Preimmune
control; bar 5 0.3 mm. B, Section cross-reacting
with an mp24 antibody, which probes an oil-
body membrane protein (Herman, 1987); bar 5
0.25 mm. C, D, E, and F, Sections cross-reacting
with soybean LOX1, -2, and -3 antibodies. C,
360,000; bar 5 0.25 mm. D, E, and F, 355,000;
bars 5 0.25 mm. c, Cytoplasm; lb, oil body; pb,
protein-storage vacuoles; m, mitochondrion;
pm, plasma membrane.
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cific label was found in oil bodies, mitochondria, or cell
walls. In 4-d-germinated seedling cotyledons of cv Cen-
tury, oil bodies and protein-storage vacuoles were less
predominant in the storage parenchyma cells. Immunogold
label was still found in the cytoplasm (Fig. 4, D–F) of
parenchyma cells, but no specific label was seen in oil
bodies, mitochondria (Fig. 4E), plasma membranes, or cell
walls (Fig. 4F). In parenchyma cells of 4-d-germinated cv
L0 cotyledons, LOX was observed in the cytoplasm at a
lower concentration compared with parenchyma cells of cv
Century (Figs. 4D and 5B). In epidermal cells of germinated
cv Century and cv L0, LOX appeared in both the cytoplasm
and the vacuoles (Fig. 5, C and D). Figure 5A shows a
preimmune control in which no immunogold label was
found.

The fact that no label was found in the oil bodies of
12-h-soaked and 4-d-germinated cotyledons in cv Century
and cv L0 indicated that embryo and seedling LOXs were
not directly associated with oil bodies. These findings are
consistent with our subcellular fractionation results.

Our investigation was focused mainly on whether em-
bryo or seedling LOX was associated with oil bodies. It is
impossible to determine the location of each LOX isozyme
with our experimental design because we used the mixture
of soybean seed LOX1, -2, and -3 antibodies, and the indi-
vidual LOX antibodies show some cross-reaction with
other LOX isozymes. The multiple localizations of embryo
and seedling LOXs are probably attributable to the differ-
ent targeting of the individual LOX isozymes. Monospe-
cific antibodies would be needed to resolve this issue.

Changes of Lipid Levels during Germination

Our investigation showed that none of the LOXs (LOX1
to LOX6) were associated with soybean oil bodies. Failure
to find LOXs in oil bodies does not exclude the possibility
that a LOX plays a direct role in lipid degradation during
germination. Therefore, changes in lipids during germina-
tion were also investigated (Fig. 6). The levels of total lipids
and TAG in cvs Century and L0 decreased rapidly d 3 after
germination. About 80% of TAG and total lipids in cvs
Century and L0 was consumed by d 9 after germination.
There were no differences in the rates of degradation of
total lipids and TAG between cvs Century and L0 during
germination. Feussner et al. (1997) observed that about 15%
of polyunsaturated fatty acids in the storage lipids in 4-d-
germinated cucumber were present as their corresponding
hydroperoxy derivatives as a result of the storage lipids
being deoxygenated by LOX. Assuming that this is also
true in germinating soybean, the fatty acid mole composi-
tion in TAG, such as 18:2 and 18:3 (LOX substrates; 18:2 is
the most abundant fatty acid in TAG), would be expected
to change during soybean seed germination. The fatty acid
mole composition is shown in Table II. The results show
that the percentages of 16:0 (palmitate), 18:1 (oleate), and
18:3 (linolenate) in TAG decreased slightly but that the
percentages of 18:0 (stearate) and 18:2 increased slightly in
cvs Century and L0 during germination. These results in-
dicate that significant oxygenation of polyunsaturated fatty
acids in storage lipids of germinating cucumber does not
occur in germinating soybean seeds. The changes in fatty
acid mole percentages in TAG are similar to those of total
lipids in cvs Century and L0 during germination, except

Figure 5. Electron micrographs showing LOX in
epidermal and parenchyma cells of cvs L0 and
Century. A, Four-day-germinated cv Century,
preimmune control; bar 5 0.25 mm. B, Section
of a parenchyma cell from 4-d-germinated cv L0
cotyledons cross-reacting with soybean LOX an-
tibodies; bar 5 0.25 mm. C and D, Sections of
epidermal cells from 4-d-germinated soybean
cotyledons cross-reacting with soybean LOX an-
tibodies. C, cv Century; bar 5 0.25 mm. D, cv
L0; bar 5 0.25 mm. c, Cytoplasm; lb, oil body;
v, vacuole.
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that 18:3 in total lipids increased after 7 d of germination
(data not shown). These results are consistent with previ-
ous observations by Joshi et al. (1973) and Harwood (1975)
in germinating soybean LOX wild-type seeds.

DISCUSSION

Soybean LOXs (LOX1 to LOX6) Are Vacuolar and
Cytosolic but Not Associated with Oil Bodies

Evidence from fractionation and immunogold labeling
demonstrated that embryo and seedling LOXs were not
present in oil bodies of soaked soybean seeds or 4-d-
germinated LOX wild-type and mutant soybean seedlings.
The susceptibility of oil-body LOX to proteinase digestion

and the absorption of LOX from cv Century to oil bodies of
a cv L0 mutant indicate that the LOX present in oil bodies
separated by discontinuous Suc gradients could be an ar-
tifact of the purification process. The facts that seedling oil
bodies washed with 0.5 m NaCl and 0.1 m NaHCO3 had no
detectable LOX and that oil bodies washed by discontinu-
ous Suc gradients had very little activity (,0.01% of total
LOX activity) further support these observations. Early
research by Siedow and Girvin (1980) also indicated that
mitochondrial membranes could adsorb LOX during puri-
fication of mitochondria.

Comparison of gold label between 12-h-soaked and 4-d-
germinated cv Century cotyledons (Fig. 4, C and D)
showed that soybean seed LOX1, -2, and -3 were localized
mainly in the cytoplasm and in the protein-storage vacu-
oles. Furthermore, we observed that the density of gold
label in vacuoles of 4-d-germinated cv L0 was similar to
that in 4-d-germinated cv Century cotyledons (Fig. 5, C and
D). In contrast, much less gold label was found in the
cytoplasm of 4-d-germinated cv L0 cotyledons compared
with those of cv Century. Those observations indicate that
vacuole-localized LOX in cvs Century and L0 is a seedling
LOX(s), because only seedling LOXs are expressed in cv L0
cotyledons. In addition, label particles found in the cyto-
plasm of 4-d-germinated cv L0 indicate that at least one of
the seedling LOXs is localized in the cytoplasm. A higher
density of gold label in the cytoplasm of 4-d-germinated cv
Century was attributable to the presence of both embryo
and seedling LOXs, with the embryo LOXs being cytosolic.

Oil-body membrane proteins have been well studied in
soybean. These so-called oleosins (18, 24, and 34 kD) are
major oil-body membrane proteins in developing and ma-
ture seeds. That LOX or proteins of the molecular mass of
LOX (approximately 95 kD) are not associated with oil-
body membranes was also observed by Herman (1987) and
Tzen et al. (1990). It is possible that amphipathic oleosins in
the oil bodies bind the LOX. However, immunolabeling

Table II. Changes of fatty acid mole composition in TAG during germination
TAGs were separated by TLC after the lipids were extracted; values are means 6 SE of three

independent experiments.

Cultivar and Days
after Germination

Fatty Acid

16:0 18:0 18:1 18:2 18:3

%

L0
0 16.8 6 1.8 4.9 6 0.2 23.4 6 0.4 46.0 6 1.0 8.9 6 0.6
1 17.1 6 1.7 4.5 6 0.2 22.5 6 0.6 46.8 6 1.1 9.0 6 0.9
3 16.5 6 1.5 4.8 6 0.2 22.0 6 1.4 47.7 6 1.6 9.1 6 0.7
5 16.1 6 1.4 4.8 6 0.4 21.9 6 0.8 48.3 6 1.6 8.9 6 1.2
7 15.9 6 1.4 5.4 6 0.2 21.7 6 0.5 48.5 6 1.3 8.6 6 0.5
9 15.4 6 1.6 5.5 6 0.5 21.9 6 0.9 48.9 6 1.6 8.3 6 0.8

Century
0 14.8 6 1.0 4.7 6 0.1 25.3 6 0.5 49.0 6 0.2 6.2 6 0.5
1 14.7 6 1.0 4.6 6 0.1 25.3 6 0.8 48.9 6 1.6 6.6 6 0.3
3 14.5 6 1.3 4.8 6 0.2 26.3 6 1.7 48.1 6 0.9 6.2 6 0.2
5 14.6 6 1.2 4.9 6 0.2 25.0 6 1.1 49.0 6 1.5 6.4 6 1.0
7 14.2 6 1.3 5.2 6 0.1 25.7 6 0.4 49.3 6 1.0 5.6 6 0.4
9 13.9 6 1.5 5.2 6 0.1 24.9 6 0.6 50.2 6 1.3 5.8 6 0.7

Figure 6. Changes in lipids in soybean cotyledons during germina-
tion. Total lipids were extracted with chloroform:methanol:formic
acid (10:10:1, v/v) with 0.01% BHT. TAGs were separated by a TLC
plate, which was developed in hexane:ethyl ether:acetic acid (50:
50:1, v/v) with 0.01% BHT. TAG-17:0 was used as an internal stan-
dard. Values are means 6 SE. Data were collected from at least three
separate experiments, each having at least three duplicates (n $ 9).
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indicated that no LOX was associated with or surrounded
the oil bodies.

LOX1 to LOX6 Are Not Directly Involved in TAG
Mobilization during Soybean Germination

There are a number of early reports of lipid mobilization
during soybean germination (Lin et al., 1982; Yoshida,
1984). Although b-oxidation and the glyoxylate cycle are
known to be involved in energy supply during soybean
germination, the mobilization of storage TAG has not been
well documented. Early studies by Lin et al. (1982) showed
that glyoxysomal lipase is involved in the hydrolysis of
storage TAG during soybean germination. Furthermore,
the soybean glyoxysomal lipase was active toward trilino-
lein, dilinolein, and monolinolein but could not hydrolyze
triolein, tristearin, or tripalmitin. Yoshida (1984) reported
that TAG containing one or more saturated fatty acids was
hydrolyzed slightly faster than other species. These data
suggested that the mechanism of initial TAG hydrolysis
might be different for different molecular species.

The recent suggestion that cucumber LOX is involved in
the mobilization of storage TAG (Feussner et al., 1995,
1997) opens the possibility that soybean LOX may be active
in the initial hydrolysis of storage TAG. Analysis of LOX
substrates in vitro indicated that soybean seed LOXs could
oxygenate biomembranes (Maccarrone et al., 1994) and
trilinolein, dilinolein, and monolinolein (Zhuang et al.,
1991). Similarly, Matsui and Kajiwara (1995) also observed
that cucumber cotyledon LOX can oxygenate trilinolein in
vitro. These data suggest that, although soybean embryo
LOXs are localized in the cytoplasm, they might be in-
volved in 18:2 degradation in vivo at an early stage of
germination (about d 1–3). However, the facts that storage
lipid degradation in the mutant cv L0 is similar to that in cv
Century and that the soybean glyoxysomal lipase is active
toward trilinolein, dilinolein, and monolinolein indicate
that embryo LOXs are not essential in lipid mobilization
during germination. That cv L0 is normal in development
and growth further supports this finding.

This is the first report, to our knowledge, to compare
lipid degradation between a soybean wild type and a
triple-LOX mutant during germination. Grimes et al. (1992)
reported that vacuole-localized seedling LOX(s) is respon-
sive to methyl jasmonate and may serve as a temporary
storage protein during soybean germination. In addition,
our results do not support the cytoplasm-localized seedling
LOX being involved in lipid degradation. First, the
cytoplasm-localized seedling LOX was at its lowest con-
centration in the vicinity of oil bodies (Fig. 5, B–D). Second,
the mole percentages of 18:2 and 18:3 (LOX substrates) in
TAG did not show a decrease up to d 3 after germination,
whereas TAG decreased dramatically (Table II; Fig. 6). In
another study, Feussner et al. (1995) observed that the
hydroxylinoleic acid:linoleic acid ratios in neutral lipids
and phospholipids increased significantly during cucum-
ber germination as a result of the lipids being oxygenated
by LOX. The ratios can reach about 0.17 in neutral lipids
and 0.55 in phospholipids in 4-d-germinated cucumber.
However, the ratio in the oil bodies from soybean dry seeds

was only 0.055 and decreased to 0.028 at d 4 after germi-
nation, at which time soybean seedling LOX protein and
activity had reached high levels. Furthermore, high levels
of a hydroperoxy derivative (LOX product) of linoleic acid
were seen in oil bodies in cucumber (Feussner et al., 1997)
but not in soybean (Feussner et al., 1995). These data are
consistent with our observations. Vick and Zimmerman
(1982) observed that when plant tissues were homogenized
in a solvent without previous enzyme inactivation, much
higher concentrations of oxygenated fatty acids could be
detected. It is important that during lipid analysis lipid
autooxidation and enzyme activity such as LOX activity
should be inhibited or prevented. It is not known if soy-
bean or other seedling storage lipids would contain hy-
droperoxylinoleic acid when such precautions were taken.

Possible Roles of LOXs in Seedlings

The physiological role of seed (embryo) and seedling
LOXs is still unclear. A partial reason for this is the ambig-
uous or conflicting results of LOX subcellular localization
studies. Our results clearly show that soybean embryo and
seedling LOXs are localized in the cytosol and the vacuoles.
These data further support the finding that LOX1 to LOX6
are soluble proteins. Previous studies (Vernooy-Gerristen
et al., 1984; Grimes et al., 1992) also found LOXs in soybean
seedling cotyledons to exist in both the cytosol and the
vacuoles. Labeling was much higher in epidermal cells
than in storage-parenchyma cells, which is inconsistent
with a role in TAG mobilization. The observation that
embryo LOXs are not involved in lipid mobilization, cou-
pled with cv L0 being normal in all developmental stages,
including germination, further supports earlier speculation
that soybean embryo LOXs may function as seed storage
proteins (Siedow, 1991). On the other hand, it cannot be
ruled out that seed LOXs might be involved in pathogen
and/or insect defense through jasmonic acid and/or other
oxylipin biosynthesis during seed development. Soybean
seedling LOXs are present in the cotyledons and hypocot-
yls of wild type and all seed LOX mutants, including LOX
single, double, and triple null mutants (Park and Polacco,
1989; Kato et al., 1992; C. Wang and D.F. Hildebrand,
unpublished data). What role(s) seedling LOX might play
in the germinating seedlings is still not understood. The
presence of seedling LOX in vacuoles supports a hypothe-
sis that LOX is sequestered from its substrate until cells are
damaged, at which time a fatty acid peroxidation cascade is
initiated that can lead to enhanced pest defense.

ACKNOWLEDGMENTS

We thank Yuan Sun and Zhiqiang Yu for their excellent assis-
tance in electron microscopy and Dr. G.L. Nordin for use of the
electron microscope. We also thank Dr. E.M. Herman for the mp24
antibody and Dr. K. Kitamura for the cv L0 soybean mutant.

Received September 16, 1998; accepted January 19, 1999.

234 Wang et al. Plant Physiol. Vol. 120, 1999



LITERATURE CITED

Anderson JM (1989) Membrane derived fatty acids as precursors
to second messengers. In WF Boss, DJ Morre, eds, Second Mes-
sengers in Plant Growth and Development. Plant Biology, Vol 6.
Alan R Liss, New York, pp 181–212

Bensadoum A, Weinstein D (1976) Assay of proteins in the pres-
ence of interfering materials. Anal Biochem 70: 241–250

Croft KPC, Juettner F, Slusarenko AJ (1993) Volatile products of
the lipoxygenase pathway evolved from Phaseolus vulgaris (L.)
leaves inoculated with Pseudomonas syringae pv phaseolicola.
Plant Physiol 101: 13–24

Dahmer ML, Fleming PD, Collins GB, Hildebrand DF (1989) A
rapid screening technique for determining the lipid composition
of soybean seeds. J Am Oil Chem Soc 66: 543–548

Farmer EF, Ryan CA (1992) Octadecanoid precursors of jasmonic
acid activate the synthesis of wound-inducible proteinase inhib-
itors. Plant Cell 4: 129–134

Feussner I, Balkenhohl TJ, Porzel A, Kuhn H, Wasternack C
(1997) Structural elucidation of oxygenated storage lipids in
cucumber cotyledons: implication of lipid body lipoxygenase in
lipid mobilization during germination. J Biol Chem 272: 21635–
21641

Feussner I, Kindl H (1992) A lipoxygenase is the main oil body
protein in cucumber and soybean cotyledon during the stage of
triglyceride mobilization. FEBS Lett 298: 223–225

Feussner I, Wasternack C, Kindl H, Kuhn H (1995) Lipoxygenase-
catalyzed oxygenation of storage lipids is implicated in lipid
mobilization during germination. Proc Natl Acad Sci USA 92:
11849–11853

Funk MO, Carroll RT, Thompson JF, Dunham WR (1986) The
lipoxygenases in developing soybean seeds, their characteriza-
tion and synthesis in vitro. Plant Physiol 82: 1139–1144

Grimes HD, Koetje DS, Franceschi VR (1992) Expression, activ-
ity, and cellular accumulation of methyl jasmonate-responsive
lipoxygenase in soybean seedlings. Plant Physiol 100: 433–443

Hajika M, Igita K, Kitamura K (1991) A line lacking all the seed
lipoxygenase isozymes in soybean [Glycine max (L.) Merrill]
induced by gamma-ray irradiation. Jpn J Breed 41: 507–509

Harwood JL (1975) Lipid synthesis by germinating soybean. Phy-
tochemistry 14: 1985–1990

Herman EM (1987) Immunogold-localization and synthesis of an
oil body membrane protein in developing soybean seeds. Planta
172: 336–345

Hildebrand DF (1989) Lipoxygenase. Physiol Plant 76: 249–253
Hildebrand DF, Versluys RT, Collins GB (1991) Change in li-

poxygenase isozyme levels during soybean embryo develop-
ment. Plant Sci 75: 1–8

Joshi AC, Chopra BK, Collins LC, Doctor VM (1973) Distribution
of fatty acids during germination of soybean seeds. J Am Oil
Chem Soc 50: 282–283

Kaplan NO (1957) Enzymatic determination of free sugars. Meth-
ods Enzymol 3: 107–110

Kato T, Ohta H, Tanaka K, Shibata D (1992) Appearance of new
lipoxygenases in soybean cotyledons after germination and ev-
idence for expression of a major new lipoxygenase gene. Plant
Physiol 98: 324–330

Lin Y, Moreau RA, Huang AHC (1982) Involvement of glyoxyso-
mal lipase in the hydrolysis of storage triacylglycerols in the
cotyledon of soybean seedlings. Plant Physiol 70: 108–112

Maccarrone M, Van Aarle PGM, Veldink GA, Vliegentharty JFG
(1994) In vitro oxygenation of soybean biomembranes by
lipoxygenase-2. Biochim Biophys Acta 1190: 164–169

Macri F, Braidot E, Petrussa E, Vianello A (1994) Lipoxygenase
activity associated to isolated soybean plasma membranes. Bio-
chim Biophys Acta 1215: 109–114

Matsui K, Kajiwara T (1995) Cucumber cotyledon lipoxygenase
oxygenizes trilinolein at the lipid/water interface. Lipids 30:
733–738

McConn M, Creelman RA, Bell E, Mullet JE, Browse J (1997)
Jasmonate is essential for insect defense in Arabidopsis. Proc Natl
Acad Sci USA 94: 5473–5477

Murphy D (1993) Structure, function and biogenesis of storage
lipid bodies and oleosins in plants. Prog Lipids Res 32: 247–280

Park TK, Holland MA, Laskey JG, Polacco JC (1994) Germin-
ation-associated lipoxygenase transcripts persist in maturing
soybean plants and are induced by jasmonate. Plant Sci 96:
109–117

Park TK, Polacco JC (1989) Distinct lipoxygenase species appear in
the hypocotyl/radical of germinating soybean. Plant Physiol 90:
285–290

Radetzky R, Feussner I, Theimer RR, Kindl H (1993) Transient
occurrence of lipoxygenase and glycoprotein gp 49 in lipid body
during fat mobilization in anise seedlings. Planta 191: 166–172

Reinbothe S, Mollenbauer B, Reinbothe C (1994) JIPs and RIPs:
the regulation of plant gene expression by jasmonate in response
to environment cues and pathogens. Plant Cell 6: 1197–1209

Siedow JN (1991) Plant lipoxygenase: structure and function.
Annu Rev Plant Physiol Plant Mol Biol 42: 145–188

Siedow JN, Girvin ME (1980) Alternative respiratory pathway. Its
role in seed respiration and its inhibition by propyl gallate. Plant
Physiol 65: 669–674

Slusarenko AJ, Croft KPC, Voisey CR (1991) Biochemical and
molecular events in the hypersensitive response of bean to
Pseudomonas syringae pv phaseolicola. In CJ Smith, ed, Biochem-
istry and Molecular Biology of Host-Pathogen Interactions. Clar-
endon Press, Oxford, UK, pp 126–143

Slusarenko AJ, Meier MM, Croft KPC, Eiben HG (1993) Lipoxy-
genase in plant disease. In B Fritig, M LeGrand, eds, Mecha-
nisms of Plant Defense Responses. Kluwer Academic Publishers,
Amsterdam, pp 211–220

Song Y, Love MH, Murphy P (1990) Subcellular localization of
lipoxygenase-1 and -2 in germinating soybean seeds and seed-
lings. J Am Oil Chem Soc 67: 961–965

Sturm A, Schwennesen K, Kindl H (1985) Isolation of proteins
assembled in lipid body membranes during fat mobilization in
cucumber cotyledons. Eur J Biochem 150: 461–468

Tranbarger TJ, Franceschi VR, Hildebrand DF, Grimes HD
(1991) The soybean 94-kilodalton vegetative storage protein is a
lipoxygenase that is localized in paraveinal mesophyll cell vacu-
oles. Plant Cell 3: 973–987

Tzen JTC, Lai YK, Chan KL, Huang AHC (1990) Oleosin isoforms
of high and low molecular weights are present in the oil bodies
of diverse seed species. Plant Physiol 94: 1282–1289

Vernooy-Gerritsen M, Leunissen JLM, Veldink GA, Vliegent-
harty JFG (1984) Intracellular localization of lipoxygenase-1 and
-2 in germinating soybean seeds by indirect labeling with pro-
tein A-colloidal gold complexes. Plant Physiol 76: 1070–1079

Vick BA, Zimmerman DC (1982) Levels of oxygenated fatty acids
in young corn and sunflower plants. Plant Physiol 69: 1103–1108

Vijayan P, Shockey J, Levesque CA, Cook RJ, Browse J (1998) A
role for jasmonate in pathogen defense of Arabidopsis. Proc Natl
Acad Sci USA 95: 7209–7214

Wang C, Croft KPC, Hildebrand DF (1995) A soybean seedling
lipoxygenase is induced in immature soybean zygotic embryos
(abstract no. 661). Plant Physiol 108: S-129

Wang WH, Takano T, Shibata D, Kitamura K, Takeda G (1994)
Molecular basis of a null mutation in soybean lipoxygenase 2:
substitution of glutamine for an iron-ligand histidine. Proc Natl
Acad Sci USA 91: 5828–5832

Yoshida H (1984) Molecular species and fatty acid distribution of
triacylglycerols from germinating soybean cotyledons. Lipids
19: 936–941

Zhuang H, Hildebrand DF, Andersen RA, Hamilton-Kemp TR
(1991) Effects of polyunsaturated free fatty acids and esterified
linoleoyl derivatives on oxygen consumption and C6 aldehyde
formation with soybean seed homogenates. J Agric Food Chem
39: 1357–1364

Subcellular Localization of Lipoxygenases 235


