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The response of individual members of the lipoxygenase multigene family in soybeans to sink deprivation was analyzed. 
RNase protection assays indicated that a nove1 vegetative lipoxygenase gene, vlxC, and three other vegetative lipoxy- 
genase mRNAs accumulated in mature leaves in response to a variety of sink limitations. These data suggest that several 
members of the lipoxygenase multigene family are involved in assimilate partitioning. The possible involvement of jas- 
monic acid as a signaling molecule regulating assimilate partitioning into the vegetative storage proteins and lipoxygenases 
was directly assessed by determining the endogenous level of jasmonic acid in leaves from plants with their pods re- 
moved. There was no rise in the level of endogenous jasmonic acid coincident with the strong increase in both vlxC 
and vegetative storage protein VspB transcripts in response to sink limitation. Thus, expression of the vegetative lipoxy- 
genases and vegetative storage proteins is not regulated by jasmonic acid in sink-limited leaves. 

INTRODUCTION 

Lipoxygenases are a class of enzymes found in plants and 
animals that catalyze the addition of molecular oxygen to 
(Z),(Z)-pentadiene motifs of unsaturated fatty acids to form 
hydroperoxide products and contain a non-heme iron, which 
is necessary for enzymatic activity. Animal lipoxygenases (and 
cyclooxygenases) use arachidonic acid (20:4) as a substrate 
and produce a plethora of eicosanoid products, including leu- 
kotrienes, lipoxins, and prostaglandins, which are important 
cellular mediators in inflammatory processes (Samuelsson et 
al., 1987). In addition, lipoxygenases associated with mam- 
malian reticulocytes may be important in the degradation of 
intracellular membranes during red blood cell formation (Kuhn 
et al., 1990). 

Plant lipoxygenases use linolenic acid (18:3) or linoleic acid 
(18:2) as substrates and are involved in the biosynthesis of 
regulatory compounds, such as traumatic acid and jasmonic 
acid, the latter derived from linolenic acid via an allene oxide 
intermediate (Vick and Zimmerman, 1987; Song and Brash, 
1991). Lipoxygenase activities are induced during plant defense 
responses (Yamamoto and Tani, 1986; Keppler and Novacky, 
1987; Croft et al., 1990; Bostocket al., 1992; Kato et al., 1992a; 
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Koch et al., 1992; Fournier et al., 1993; Peng et al., 1994), and 
some lipoxygenase pathway products may directly mediate host 
resistance to insect (Kasu et al., 1994), funga1 (Kauss et al., 
1992; Vaughn and Gardner, 1993), and bacterial (Croft et al., 
1993) pathogens. Lipoxygenases also may have a direct role 
in signaling plant defense and wounding responses via the 
production of jasmonic acid (Farmer and Ryan, 1992; Gundlach 
et al., 1992), and many jasmonate-inducible proteins appear 
to be involved in plant defense responses (Reinbothe et al., 
1994). Creelman et al. (1992) have shown that wounding causes 
an increase in the level of endogenous jasmonic acid in soy- 
bean seedlings. 

Soybeans contain at least seven different lipoxygenase ac- 
tivities that are distinguishable by chromatographic properties, 
pH optima, calcium activation, substrate specificity, and spe- 
cific reaction products. Chromatofocusing has been the primary 
analytical method used to identify and characterize lipoxy- 
genase isozymes and has delineated at least three peaks of 
activity in young soybean seedlings (Park and Polacco, 1989; 
Kato et al., 1992b) and mature leaves (Grayburn et al., 1991). 
Three additional isozymes (L-1, L-2, and L-3) are associated 
with the seed; L-1 is biochemically and structurally the best 
characterized lipoxygenase. Site-directed mutagenesis of L-1 
has established the importance of several conserved histi- 
dine residues for catalysis (Steczko et al., 1992). The crystal 



1320 The Plant Cell 

structure of L-1 shows that soybean lipoxygenases consist of 
two major domains, an N-terminal p barrel and a larger a-helical 
domain containing the catalytic site and a single iron atom 
(Boyington et al., 1993; Minor et al., 1993). Although the fi barrel 
domain is uniqúe to plant lipoxygenases, its function is not 
known. 

Despite the well-characterized enzymatic function of lipoxy- 
genases and, in some cases, detailed knowledge of their 
primary and tertiary structures, the assignment of physiologi- 
cal roles for plant lipoxygenases has proceeded tentatively. 
Much of the ambiguity is due to the presence of multiple lipoxy- 
genase isozymes and their association with a wide range of 
physiological processes, including normal growth and develop- 
ment, senescence, wounding, and pathogen defense responses 
(for review, see Siedow, 1991). 

ldentification of the -94-kD vegetative storage protein 
(VSP94), which accumulates in leaves of pod-removed soy- 
bean plants as a lipoxygenase, and immunolocalization of 
VSP94 to the vacuoles of paraveinal mesophyll cells indicate 
that one or more vegetative lipoxygenases may also function 
as storage proteins (Tranbarger et al., 1991). Vegetative lipoxy- 
genases respond to many of the same stimuli that induce VSP 
gene expression (Tranbarger et al., 1991; Grimes et al., 1992, 
1993). For example, although low levels of nitrogen do not com- 
pletely abrogate vegetative lipoxygenase protein accumulation, 
abundant nitrogen stimulates the accumulation of higher lev- 
els of lipoxygenases (Grimes et al., 1993); this is analogous 
to the VSP response to excess nitrogen (Staswick et al., 1991). 
Vegetative lipoxygenases and VSPs are induced by wound- 
ing, water stress, and jasmonic acid (Anderson, 1988; Mason 
and Mullet, 1990; Bell and Mullet, 1991), and low levels of air- 
borne methyl jasmonate also result in their accumulation 
(Franceschi and Grimes, 1991; Grimes et al., 1992). 60th 
vegetative lipoxygenases and VSPs are induced synergistically 
by methyl jasmonate and sugars (Mason et al., 1992), and in- 
tracellular phosphate may serve as an important regulatory 
control point for modulating both VSP and vlx gene expres- 
sion (Sadka et al., 1994). 

The primary objective of this research was to delineate the 
responses of individual members of the lipoxygenase mul- 
tigene family to sink limitation. We report the cloning of a new 
vegetative lipoxygenase cDNA, vlxC. Together with other cloned 
vlx cDNAs, they provide the necessary nucleotide sequence 
data for the design of specific antisense RNA probes. RNase 
protection assays were used to distinguish between the vlx 
transcripts and to assay their individual responses to manipu- 
lation of the source-to-sink ratio. The data indicate that four 
vlx mRNAs accumulated in response to sink deprivation but 
that the magnitude of response varied for individual members 
of this multigene family. Finally, the leve1 of endogenous jas- 
monic acid in sink-limited leaves was assayed to test directly 
the hypothesis that jasmonic acid is involved in the signaling 
cascade regulating assimilate partitioning into the VSPs and 
vegetative lipoxygenases. 

RESULTS 

Molecular Characterization of a Nove1 Vegetative 
Lipoxygenase 

To clone the soybean lipoxygenase isozymes that accumulate 
when pods are removed, we first constructed a hZAP cDNA 
library using poly(A)+ RNA isolated from leaves taken from 
depodded plants. This library was screened by nucleic acid 
hybridization using a random primed probe generated from 
a conserved region of a previously identified soybean seed- 
ling lipoxygenase cDNA clone (Park et al., 1994). Partia1 
sequencing of 22 inserts from a total of 30 selected cDNAs 
revealed the presence of two different lipoxygenase cDNAs, 
with most of the cDNAs representing a single previously un- 
characterized lipoxygenase gene. Figure 1 shows the 2819 
nucleotide sequence of the longest nove1 cDNA, vlxC. In com- 
parison with other plant lipoxygenase cDNAs, vlxC contains 
the initiating ATG codon and represents a full-length clone. 
The 3'end of the vlxC cDNA matches the putative 3'untrans- 
lated region of a partial lipoxygenase genomic clone found 
1 kb upstream of the SC514 lipoxygenase gene (Shibata et 
al., 1991). The other lipoxygenase inserts isolated from the pod- 
removed leaf library corresponded to the pTK11 vlx cDNA for 
which a genomic subclone, SC514, also exists (Shibata et al., 

In Table 1, we present a vlx gene nomenclature for mem- 
bers of this multigene family of soybean. In addition to the four 
vlx genes shown in Table 1, the soybean lipoxygenase mul- 
tigene family contains three seed-specific lipoxygenase genes, 
which are designated Loxl:Gm:l, Loxl:Gm:P, and Loxl:Gm:3. 
Using the recommendations of the Commission on Plant Gene 
Nomenclature (Shibata et al., 1994), the four vlx genes are 
grouped in a single class designated Loxl and are, thus, given 
the additional designations of Loxl:Gm:4, Loxl:Gm:5, Loxl: 
Gm:6, and Loxl:Gm:7(as shown in Table 1). We have grouped 
vlxA with vlxB because of the sequence similarity implied by 
partial protection of vlxB RNAs with a vlxA antisense RNA 
probe. vlxC is grouped with vlxD because of sequence similarity 
and because vlxC is known to be the 5' member of a direct 
tandem repeat with vlxD (see later discussion). Because vlxA 
and vlxD have been previously published but not yet assigned 
a gene member number, we have maintained the vlx nomen- 
clature in this manuscript. 

The translated vlxC sequence codes for an 859-residue 
lipoxygenase with a predicted molecular weight of 96,344 and 
a predicted isoelectric point of 6.71. Alignment of the deduced 
m i n o  acid sequence of vlxC with that of the other soybean 
seed and vegetative lipoxygenases indicates that the soybean 
lipoxygenase family is highly conserved (data not shown). vlxC 
is most closely related to vlxD, showing 87% identity and 94% 
similarity. The first 154 nucleotides of the 3'untranslated regions 
of these cDNAs are 71.4% identical. The homology of the 

1991). 
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Figure 1. Nucleotide and Deduced Amino Acid Sequences of Soybean vlxC. 
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The predicted amino acid sequence derived from the continuous open reading frame of vlxC is shown in the standard one-letter code below 
the nucleotide sequence. Boxed regions of the translated sequence correspond to highly conserved regions between severa1 members of the 
lipoxygenase gene family as described in the text. The asterisks indicate residues that may coordinate Fe near the catalytic site. These residues 
were determined by comparison with the soybean lipoxygenase L-1 amino acid sequence. The initiating methionine codon and the translation 
stop codon are shown in bold type. Potential polyadenylation sites are underlined in the 3’ untranslated region. The GenBank vlxC accession 
number is U26457. 
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Table 1. Proposed Nomenclature for Soybean vlx Multigene
Family Members

Designation
Previous
cDNA Epithet

Previous
Genomic
Clone
Epithet (If Any)

Proposed
Gene Member
Designation

vIxA TK18a (partial) SS12" Lox1:Gm:4
SC501C XSCG501"

vlxB
vIxC

vIxD

loxB1" (partial)

loxN*

TK11a

loxA"
SC514"

XSCG514"
(partial)
XSCG514"

Lox1:Gm:5
Lox1:Gm:6

Lox1:Gm:7

aPark et al. (1994).
bKatoet al. (1993).
cShibata et al. (1991).
"Bell and Mullet (1991).
8 Koetje and Grimes (1992).

deduced vIxC gene product with the remaining soybean lipoxy-
genases varies from a low of 68% identity with the vIxA gene
product to between 71 and 72% identity with the three seed
isozymes. Because the C-terminal coding region of vIxC is <1
kb upstream of the vIxD coding region, the genes are in the
same orientation (Shibata et al., 1991). This direct tandem
repeated pair of lipoxygenase genes may have arisen by a gene
duplication event.

Several regions of plant lipoxygenases are highly conserved,
including nine amino acids at the extreme C terminus, a
38-amino acid domain containing five invariant histidine
residues, a 13-amino acid domain conserved between plant
lipoxygenases and mammalian 5-lipoxygenases, and a 17-
amino acid region close to the N terminus (Siedow, 1991; Ferrie
et al., 1994). These regions are also conserved in the vlxCgene
product and are boxed in Figure 1. Crystallographic studies
of L-1 indicate that four or five residues act as ligands in the
coordination of the active site non-heme iron atom (Minor et
al., 1993). Alignment of the amino acid sequence deduced from
vIxC with the L-1 sequence demonstrates that all of the active
site residues (indicated in Figure 1 by asterisks) are present

B

antisense
vlx A probe

antisense
vIxC probe

antisense
vIxD probe

partial vIxC
probe fragments
protected by
vIxD mRNAs

fragments
protected by
vIxC mRNAs

vIxA probe
fragments
protected by
vlxB mRNAs

antisense
vtxA probe

Figure 2. Specificity of the Lipoxygenase RNase Protection Assays and Detection of vlxB mRNA.

(A) Two femtomoles of the indicated vlx antisense RNA probes was hybridized with either vIxA, vlxB, or vIxC sense transcripts in RNase protection assays.
(B) An RNase protection assay using 2 fmol of the vIxA antisense RNA probe and 5 ng of total RNA purified from mature soybean leaves indicates
the presence of a fourth vlx gene, vlxB. After overnight hybridizations, digestions were performed with a mixture of RNase A/T1 for 30 min at
room temperature. Digestion-resistant RNA:RNA duplex fragments were then denatured and resolved on a 3.5% SDS-polyacrylamide/8 M urea
gel. The in vitro-transcribed RNA probes were gel purified but degraded rapidly due to radiolytic degradation that caused the observed tailing.
One-twentieth of the amount of the RNA probe added to individual hybridizations was present in the (-) RNase lanes and was not subject to
the RNase digestion. The (+) RNase label indicates the control for complete digestion of the vlx RNA probe in the absence of protecting RNA
transcripts. For this latter control, 5 ng of yeast total RNA was hybridized with the indicated vlx RNA probe.
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i 50 sense transcripts, the v/xCRNA probe was protected only by
l\Xxl ATG-tAGt-- --c™ ̂ m^mSmif vlxC sense transcripts, and the vIxD RNA probe was protected
VIXA . . . . . .a tg t t tcct--c-- gcaa-- - - - t - - - - - - - - - - - - - - - - _ t a - only by vIxD sense transcripts. As expected, vIxD sense tran-

51 100 scripts cross-hybridized with the antisense vIxC RNA probe,

vi*D ^^^^^^^^^^^^^^^^^^^^^^^H«--- tected vIxC probe fragments. Similarly, several short vIxD RNA
vlxA - - - -g- t - - - -ag------- -------ta- ----ag---c ---agt--t- r- o j

probe fragments were protected from RNase digestion by vIxC
101 15° sense transcripts. Partial protection of these two RNA probevlxC GAAAAGGCAG TGCTAAGGAC ACCGCCACCG ATTTCTTGGG CAAAGGCTTG K K K

VIXD -t-----tg- - - t - - tca-- --a--- — - g ca - - - - a - - ———g-c fragments occurred because the vlxC and vIxD nucleotide se-
vixA --—•.... .......... .......... 93a--g-t-a -c——-» quences share identical regions of 72 and 51 bp in the 5'

isi 200 terminus of their cDNAs, as shown in Figure 3. Neither vlxC
vixc GACGCATTAG GTCATocAGT TGATGCTCTc ACTGccTTcc cTGGccATAG nor vjxD transcripts partially protected the less closely related
v2xD ag-tt-g-t- --ggagt-a- - - - -a--gc---- t - - - - - t ta-- - -g--a
VIXA -a-ttca— -cag------ Cg----a-- t ---...--t- -a-c-acc-a vlxA RNA probe (70 to 73% identity with four gaps). The RNase

A and RNase T1 mixture used to digest and degrade nonhybri-
vixc CATCTCCTTG CATCTTATCA GTGCTACTCA GACTGATGGT AGTGGAAAAG dized single-stranded RNA probe resolves many single-base
VIXD t——a— —at-a---- -———--- ——---c - - - - - - - -c - mismatches in an RNA:RNA hybrid and cuts efficiently at
VIXA »——a-c --gt-g-t- -——ca- -g----.. .—-g—- dinuc|eotideandtrinucleotide mismatches(Myersetal., 1985).

251 ___......._...... 30° Figure 3 shows an alignment of the vlxA nucleotide sequence
VIXD GAAAA-TTGG ^CG_^jfjJliJjjglgjJSJ^^ with the vlxC and vIxD sequences. After inspection of this align-
VIXA -----a-— ---gagta-a a----aag-g g-a-ga-*" a- -a- - a - - - ment, we predicted that vlxA antisense RNA probe would not

301 350 be protected by hybridization with either WxCor WxDmRNAs,
vixc ^H^g^J^W^^Wj AGCATTCGAT ATTAACTTTo AATGGGAToc and, as shown in Figure 2A, no partially protected vlxA frag-
vjS ^^^^^^^^g^?-~~Ia-a-- g--"t--~- ~-~-I--cag ments were observed. However, when the vlxA RNA probe was

hybridized with soybean leaf RNA, as shown in Figure 2B, a
vixc TAGTTTTGGA ATTC protected probe fragment of ~50 bp was observed in addition
vixo ---------- — to the expected full-length protected vlxA RNA probe (307
VIXA -Cac-c— -— bases). This partially protected vlxA RNA probe fragment
Figure 3. Nucleotide Sequence Alignment of the 5' Regions of vlxA,
vlxC, and vIxD cDNAs.

The vlx antisense RNA probes and sense transcripts were generated
from vlx cDNA EcoRI fragments subcloned into the pBluescript SK-
multiple cloning site, which is flanked by opposing phage RNA poly-
merase promoters (see Methods). Alignment of the 5' EcoRI vlx cDNA
regions indicates that vlxC and vIxD are very similar and have 70- and
51-nucleotide regions of perfect identity (black boxes). The homolo-
gous vlxA region has multiple nucleotide substitutions, and the
introduction of four gaps (indicated by asterisks) is necessary for align-
ment with vlxC and vIxD. Dashes indicate identity between vlxA or vIxD
and the vlxC nucleotide sequence.

in the putative vlxC gene product; this suggests that vlxC may
encode a functional lipoxygenase.

Specificity of the Lipoxygenase RNase Protection
Assay

To establish the specificity of the RNase protection assay for
members of the lipoxygenase multigene family, antisense vlxA,
vlxC, and vIxD RNA probes were generated by in vitro tran-
scription reactions using templates derived from N-terminal
EcoRI fragments of the vlx cDNAs. Figure 2A shows the spec-
ificity of the individual lipoxygenase antisense RNA probes
as determined by hybridization with their corresponding sense
transcripts. The vlxA RNA probe was protected only by vlxA

Control Daily Depod
Weeks: 1 2 3 4 5 6 1 2 3 4 5 6

vlxA

vIxB

Figure 4. RNase Protection Assays of vlx and VspB mRNA Levels
throughout 5 Weeks of Daily Pod Removal.

RNA isolated from the mature leaves from the main stem of either pod-
ded plants (Control) or daily depodded plants (Daily Depod) was used
in vlx and VspB RNase protection assays. Leaves were first harvested
1 week after anthesis when the daily pod removal treatment was be-
gun and thereafter at 1-week intervals for the next 5 weeks. RNase
protection assays were performed as described in the legend to Fig-
ure 2B.
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vIxA

vIxB

vIxC

vIxD

VspB

hours: 0 1 6 12 24 48

Figure 5. RNase Protection Assays of vlx and VspB mRNA Levels
after Late Pod Removal.

RNA isolated from leaves of plants that had all of their pods removed
4 weeks after anthesis (late depodded) was used in the vlx and VspB
RNase protection assays. Mature leaves from the main stem were har-
vested 0, 1, 6, 12, 24, and 48 hr after pods were removed early in the
16-hr photoperiod. RNase protection assays were performed as de-
scribed in the legend to Figure 2B.

indicates the presence of a fourth vegetative lipoxygenase tran-
script with high homology to vIxA. We named this transcript
vIxB. Because the previously isolated loxB2 partial cDNA has
96% identity with the loxB1 partial cDNA for vIxA (Bell and
Mullet, 1991), the loxB2 cDNA may represent the same gene
as vIxB. Although it is possible that vIxB is an allele of vIxA,
this is unlikely because multiple, large partially protected frag-
ments were not observed when using the vIxA antisense RNA
probe. Rather, the observation of a partially protected ~50-bp
fragment suggests a lower degree of identity, which is consis-
tent with the interpretation that two distinct genes are present.

vlx mRNAs Accumulate in Response to Sink
Limitation

RNase protection assays were used to determine the response
of individual members of the lipoxygenase multigene family
to daily pod removal. The levels of VspB transcript were moni-
tored for comparative purposes because its response to
manipulation of source-to-sink ratio and to induction by sug-
ars, jasmonates, water stress, and wounding, and its responses
to other factors are well characterized (Staswick, 1989a, 1989b,

1994; Mason and Mullet, 1990; Staswick et al., 1991; Mason
etal., 1992,1993;Sadkaetal., 1994). Figure 4 shows that tran-
scripts for vIxA, vIxB, vIxC, and vIxD are present in the leaves
of soybean plants collected 1 week after anthesis (control, week
1). Subsequently, during pod expansion and pod filling (con-
trol plants in Figure 4), the vlx mRNA transcripts gradually
decreased. The vIxC transcript levels declined steadily and
were undetectable 4 weeks after anthesis. The vIxA, vIxB, and
vIxD mRNA levels also decreased during pod development
but not as rapidly or as completely as vIxC. In response to daily
pod removal, the levels of vlx mRNAs increased to a maxi-
mum at 5 and 6 weeks after anthesis (Figure 4). The vIxC mRNA
level showed the greatest relative increase in response to daily
pod removal, and the pattern of its mRNA accumulation was
comparable to the VspB transcript.

To test further the hypothesis that the vegetative lipoxygen-
ases of soybean are responsive to plant carbon and nitrogen
status, vlx mRNA levels were examined in leaves undergoing
a rapid transition from source to "storage" status. This was ac-
complished by removing all of the pods (1 to 3 inches in length)
from plants 28 days after flowering had commenced. Figure
5 shows that vlx mRNAs as well as VspB mRNAs increased
within 24 hr after this late pod removal. The rapid and strong
induction of both VspB and vlx mRNAs is consistent with the
sudden need of the sink-limited plant to store excess nitrogen
(and carbon) in an osmotically inactive form.

As an alternative sink deprivation, vlx mRNA levels were
examined in mature leaves following the inhibition of normal
vegetative growth. Figure 6 shows that daily removal of new
shoot tips and leaf buds from 1-month-old plants resulted in
an increase in the VspB and vlx mRNA levels within 8 days
after shoot tip removal was begun, and their levels continued
to rise throughout the remainder of the 16-day time course.
In contrast to the pattern of expression of vlx mRNAs after pod
removal, vIxD mRNA was most responsive to tip removal,
whereas vIxC was the least responsive. Daily tip removal was
terminated after 16 days, and the response of the vlx mRNAs
was assayed 7 and 14 days later (23 and 30 days after tip
removal began). Figure 6 shows that there was a decrease
in vlx mRNA levels 7 days after vegetative growth was allowed
to resume; this may indicate increased partitioning of assimi-
lates into developing organs. Within 14 days, the vIxA, vIxB,
and vIxD mRNA levels rose again and were similar to the basal
levels of expression observed at day 0. In this experiment, the
increase in vIxD mRNA levels, except for a higher basal level
of expression, closely paralleled the increase in VspB mRNA
levels. To verify that the lipoxygenase and VSP protein levels
correlate with their steady state mRNA levels, leaf proteins were
extracted and resolved on SDS-polyacrylamide gels as shown
in Figure 7. As expected, VSPa, VSPp, and lipoxygenase(s)
accumulated after tip removal, reflecting the higher levels of
transcripts for these proteins. Ribulose-15-bisphosphate carbox-
ylase/oxygenase large and small subunits, however, decreased
between 9 and 16 days of tip removal. After 2 weeks of tip
removal, the fully expanded leaves assumed a dark green,
wrinkled appearance, which is similar to the leaf morphology
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vIxD

VspB

days: 0 1 4 8
Daily Shoot Tip

Removal
Resumption
of Normal
Growth

Figure 6. Leaf vlx and VspB mRNA Levels during Limitation of Vegeta-
tive Growth.

RNA isolated from main stem leaves of 1-month-old soybean plants
subject to daily removal of shoot tips and leaf buds was used in vlx
and VspB RNase protection assays. Leaves were collected on days
0,1, 4, 8, 12, and 16 during the shoot tip removal time course. Leaves
were also collected 1 (day 23) and 2 (day 30) weeks after growth was
allowed to resume. RNase protection assays were performed as de-
scribed in the legend to Figure 2B.

associated with pod-removed plants. Thus, the "storage" pheno-
type of leaves from tip-removed plants is comparable with the
storage phenotype observed for leaves from pod-removed
plants.

Jasmonate Levels Do Not Correlate with vlx or VspB
mRNA Levels in Mature Leaves

Lipoxygenase(s), VSPa, and VSPP increase in response to low
levels of exposure to methyl jasmonate (Mason and Mullet,
1990; Bell and Mullet, 1991, 1993; Grimes et al., 1992; Kato
et al., 1993; Melan et al., 1993). Because vegetative lipoxy-
genases and VSPs are strongly implicated in the storage of
amino acids (this study; Franceschi et al., 1983; Staswick,
1989a; Mason and Mullet, 1990), it seemed obvious to ask
whether jasmonates are involved in the signaling cascade
regulating partitioning of carbon and nitrogen assimilates into
these proteins, as suggested by Anderson et al. (1989) and
Staswick (1990). This possibility was addressed by assaying
the endogenous levels of jasmonic acid in mature leaves af-
ter daily pod removal and comparing the levels of this putative
signaling molecule with the levels of vIxC and VspB mRNAs.
Figure 8A demonstrates that the endogenous level of jasmonic
acid in mature leaves throughout the 5-week time course of
daily pod removal never rose above 10 ng per gram fresh weight

of tissue. Because mechanical wounding of soybean seed-
ling hypocotyl tissue caused jasmonic acid levels to increase
to ~500 ng per gram fresh weight of tissue at 8 hr after wound-
ing (Creelman et al., 1992), the jasmonic acid levels measured
in leaves of flowering plants were low, and they remained low
throughout the 6 weeks of daily pod removal. Importantly, af-
ter 4 and 5 weeks of daily pod removal, the levels of vIxC and
VspB mRNAs increase sixfold, with no corresponding rise in
the endogenous level of jasmonic acid.

It is possible that daily pod removal results in transient spikes
of jasmonic acid immediately after the pod removal due to the
wounding that results from the removal of these sink organs.
Over several weeks, these hypothetical spikes could result in
the induction of vIxC and VspB. To determine whether tran-
sient jasmonic acid spikes exist after pod removal, the levels
of jasmonic acid were assayed in mature leaves 0, 1, 6, 12,
24, and 48 hr after late "massive" pod removal and compared
with vIxC and VspB mRNA levels. Figure 8B indicates that over
a 48-hr period after this massive pod removal episode, the en-
dogenous level of jasmonic acid never rose above 10 ng per
gram fresh weight of tissue, which is well below the level known
to mediate wounding and other responses. Thus, no transient
spikes in the level of jasmonic acid were observed after pod
removal.

DISCUSSION

During vegetative growth, distinct polypeptides accumulate in
the vegetative organs of many plant species, including soybean,
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Figure 7. SDS-Polyacrylamide Gel Analysis of Protein Accumulation
during the Limitation of New Vegetative Growth.

Soluble proteins were extracted from leaves of control and soybean
plants with their shoot tips and leaf buds removed daily (Tip-removed)
at time points corresponding to 0,1,4, 9, and 16 days after tip removal.
Lipoxygenases (Lox) along with VSPa and VSPp accumulated in the
tip-removed plants but not in the control plants. The amount of ribulose-
1,5-bisphosphate carboxylase/oxygenase large (Is) and small (ss) sub-
units declined between 9 and 16 days of growth limitation.
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Figure 8. Endogenous Jasmonic Acid Levels in Mature Leaves Do 
Not Correlate with vlxC and VspS mRNA Levels after Pod Removal 
Treatments. 

At the indicated times, two mature main stem leaves were collected 
from different plants for either jasmonic acid quantitation or total RNA 
purification. Relative mRNA levels are shown in units of optical den- 
sity times square millimeter after densitometric quantitation of RNase 
protection assay signals from autoradiographs. Jasmonic acid (JA) was 
extracted, HPLC fractionated, and detected by gas chromatogra- 
phy-mass spectrometry as described in Methods. gfw, grams fresh 
weight of tissue. 
(A) Daily pod removal time course. Pod removal was begun 1 week 
after anthesis. The vlxC and VspS daily pod removal RNase protec- 
tion assay is also shown in Figure 4. 
(9) Late pod removal at 28 days postanthesis (DAF). Trifoliolate leaves 
were collected from identically treated plants at O, 1, 6, 12, 24, or 48 
hr after massive pod removal. The vlxC and VspS late pod removal 
RNase protection assay is also shown in Figure 5. 

pea, poplar, and Arabidopsis that are postulated to function 
as storage proteins (Coleman et al., 1992; Davis et al., 1993; 
Staswick, 1994). First described by Wittenbach (1982) in soy- 
bean leaves, these proteins and their mRNAs accumulate in 
response to sink deprivation, nitrogen, water deficit, wounding, 
light, sugars, jasmonic acid, and blockage of leaf phloem ex- 
port (Wittenbach, 1983a, 1983b; Mason et al., 1988; Anderson 
et al., 1989; Staswick, 1989a, 1990; Mason and Mullet, 1990; 
Franceschi and Grimes, 1991; Grimes et al., 1992,1993). The 
amino acid sequences of two of these three polypeptides (VSPa 
and VSPp) are similar to acid phosphatases, and purified VSP 
displays acid phosphatase activity (DeWald et al., 1992). 

Our laboratory purified and sequenced peptide fragments 
of the -94-kD VSP and demonstrated that these peptide se- 
quences are homologous with known lipoxygenase amino acid 
sequences (Tranbarger et al., 1991). Lipoxygenase mRNA(s) 
and protein(s) respond to plant nitrogen status in a develop- 
mentally regulated manner (Grimes et al., 1993), and airborne 
methyl jasmonate induces the expression of lipoxygenase 
mRNAs and lipoxygenase enzymatic activity (Grimes et al., 
1992). Because the soybean lipoxygenase multigene family 
consists of several members, it has proven difficult to ascer- 
tain whether a single gene or multiple lipoxygenase genes are 
involved in these responses. Anion exchange chromatogra- 
phy previously indicated that the vegetative lipoxygenase 
isozyme L-4 (equivalent to the vlxA gene product) increases 
in the leaves of pod-removed plants (Kato et al., 1993) along 
with three other minor peaks of lipoxygenase activity. Saravitz 
and Siedow (1995) demonstrated that pod removal results in 
the appearance of a neutra1 lipoxygenase isozyme with a pl 
of 6.9, which is similar to the predicted pl of 6.7 for vlxC, and 
that multiple acidic lipoxygenase isoforms also increase. 

To determine directly which members of the lipoxygenase 
multigene family respond to manipulation of source-to-sink ra- 
tio, RNase protection assays were used to assess individually 
the expression of four distinct members of this multigene family 
in response to sink limitation. The results of this study clearly 
indicate that multiple lipoxygenase mRNAs increase in re- 
sponse to daily pod removal. This generalized increase in 
lipoxygenase mRNA levels after pod removal is consistent with 
earlier data from our laboratory (Grimes et al., 1993) as well 
as the work of others (Kato et al., 1992b, 1993; Saravitz and 
Siedow, 1995). A primary advantage of the RNase protection 
assay is its ability to delineate the magnitude of individual vlx 
mRNA levels in response to pod removal and to relate these 
changes to specific genes, which has not been possible in 
other studies. 

Examination of the vlxexpression patterns of several differ- 
ent plants (one representative experiment is shown in Figure 
4) suggests that transcription of the vlx genes is inhibited or 
terminated after anthesis, as shown by the decrease in vlx 
mRNA levels in the leaves of control plants. In comparison with 
the expression pattern of Vspf3, one noticeable difference is 
the higher constitutive leve1 of all four vlx mRNAs, perhaps 
reflecting a constitutive need for the enzymatic function of the 
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lipoxygenase gene products. Although all of the vlx mRNAs 
increased in response to pod removal, it is clear that specific 
members of this multigene family respond more strongly than 
others (compare the response of vlxC with that of vlxD in Fig- 
ure 4). One consistent trend in the pattern of vlx mRNA 
expression after pod removal is the tendency of the vlxmRNAs 
to decrease slightly 2 or 3 weeks after pod removal had be- 
gun and then to increase after 4 to 6 weeks of daily pod removal. 
The VspB transcript accumulated in a more linear fashion af- 
ter pod removal, and the reasons for this slight variation are 
not known. Collectively, however, these experiments indicate 
that specific members of the lipoxygenase multigene family 
are regulated transcriptionally in a manner that closely parallels 
that of VspS and provides important support for the hypothe- 
sis that multiple lipoxygenases function in the temporary 
storage of assimilates during vegetative growth. 

The function of the lipoxygenase multigene family in tem- 
porary assimilate storage prior to anthesis is further supported 
by the accumulation of vlx mRNAs within 24 hr after removing 
all of the pods 28 days after anthesis. After this “massive” late 
pod removal episode, a rapid buildup of both carbon and nitro- 
gen assimilates occurs and the leaf becomes sink regulated 
(Wittenbach, 1982; Goldschmidt and Huber, 1992; Krapp et 
al., 1993). As a result, we would expect the transcripts of pro- 
teins involved in storage of these assimilates to increase 
coordinately with the rising leve1 of assimilates. This predicted 
pattern was verified in the patterns of VspB transcript accumu- 
lation as well as in the observed increases of the four vlx 
mRNAs. As another test of the response of the lipoxygenase 
multigene family to manipulation of the source-to-sink ratio, 
young developing leaves (that is, oneeighth expanded or youn- 
ger) and shoot tips were removed from the apex of 1-month-old 
soybean plants. Subsequently, mature leaves were harvested, 
and RNase protection assays were used to assay the response 
of the vlx mRNAs in comparison with the VspS transcript. This 
experiment again demonstrated that after sink removal, the 
vlx mRNAs accumulated in leaves in much the same manner 
as the VspS mRNA. Interestingly, the vlxD transcript is gener- 
ally among the least responsive to pod removal treatments, 
although this particular mRNA is responsive to shoot tip 
removal. The dissimilar response of individual vlx multigene 
family members at different developmental stages to source- 
to-sink ratio manipulations may reflect organ-specific differ- 
ences in regulatory components and their interaction with 
cis-acting elements associated with individual lipoxygenase 
genes. 

The induction of all four of the vlx mRNAs in sink-limited 
leaves suggests that differential gene regulation in response 
to the need of the leaf to store excess sugars and amino acids 
is not the primary reason for genetic redundancy of this mul- 
tigene family. Therefore, the reason for multiple lipoxygenase 
isozymes in soybean leaves must be ascribed to some other 
factor, of which at least three possibilities exist. First, thevegeta- 
tive lipoxygenases may vary with respect to their pH optima, 
calcium activation, substrate specificity, and product forma- 
tion (Vick and Zimmerman, 1987; Maccarrone et al., 1994). The 

fact that all of the vlx members are constitutively expressed 
suggests that the observed genetic redundancy is necessary 
to encode discrete enzymatic activities. Second, the vlx genes 
may have distinct developmental expression patterns. There 
may be overlapping developmental expression patterns as 
noted for the bean lipoxygenase genes (Eiben and Slusarenko, 
1994) and the two lipoxygenases expressed in tomato fruit 
(Ferrie et al., 1994), or there may be distinct expression pat- 
terns as observed in Arabidopsis for LOX7 and LOX2 (Bell and 
Mullet, 1993; Melan et al., 1994). This would allow fine-tuning 
of the biochemical activities by providing temporal and spa- 
tia1 refinement to the expression of individual members of this 
multigene family. Third, individual vlx genes may be associated 
with different cellular or subcellular locations. Plant lipoxyge- 
nases have been localized to cytoplasmic, plasma membrane, 
microsomal, and vacuolar sites (Todd et al., 1990; Tranbarger 
et al., 1991; Bowsher et al., 1992; Rouet-Mayer et al., 1992; 
Droillard et al., 1993; Feussner and Kindl, 1994; Macri et al., 
1994), and recently severa1 plant lipoxygenase genes with puta- 
tive N-terminal chloroplast transit peptides have been cloned 
(Bell and Mullet, 1993; Peng et al., 1994). We have developed 
isozymespecific antisera to specific vlx members and are using 
these antisera for both cellular and subcellular localization 
studies. Fourth, the genetic redundancy may be an outcome 
of the intense artificial selection that humans have placed on 
crop species, including soybean, to increase productivity. If 
the VSPs and vegetative lipoxygenases play an important role 
in nitrogen partitioning, then human selection pressure might 
have resulted in a duplication of one or more vlx genes. In- 
deed, the high degree of sequence conservation and the 
inverted linkage of two VspB genes in the soybean genome 
indicate a recent gene duplication event (Rapp et al., 1990). 
The observation that genotypes of soybean lacking one or more 
of the seed lipoxygenase isozymes have normal phenotypes 
also supports the idea that some plant lipoxygenases do not 
have an essential biochemical activity (Hildebrand and 
Hymowitz, 1981; Kitamura, 1984). 

Jasmonic acid, or its methylated ester, induces the accumu- 
lation of vegetative lipoxygenases and VSPs and has been 
proposed to participate in a signaling pathway mediating the 
induction of plant defense-related proteins and wound re- 
sponses in plants (Bell and Mullet, 1991; Franceschi and 
Grimes, 1991; Farmer and Ryan, 1992; Fournier et al., 1993; 
Kato et al., 1993; Park et al., 1994). Indeed, soybean vegeta- 
tive lipoxygenase and Vsp mRNAs are wound inducible, and 
new lipoxygenase isoforms appear to accumulate after me- 
chanical wounding (Saravitz and Siedow, 1995). Because 
jasmonates induce the expression of VSPs and lipoxygenases 
and because they function as molecular signals, it has been 
speculated that jasmonic acid may be involved in the signal 
transduction cascade regulating nitrogen partitioning into the 
VSPs and lipoxygenases (Anderson et al., 1989; Staswick, 
1990). If this hypothesis has merit, the endogenous levels of 
jasmonic acid in leaves should increase after pod removal and 
accumulate at times preceding the increase in levels of vlx 
and Vsp mRNA levels. To test this hypothesis directly, we 



1328 The Plant Cell 

concurrently assayed the endogenous level of jasmonic acid 
in leaves from depodded plants and compared these levels 
with the relative increase in vlxC and VspS transcript level in 
the same leaves. No correlation between jasmonic acid level 
and vlxCIVspS mRNA level was observed. Because wounding 
stimulates both jasmonic acid level and vlXlVspS mRNA lev- 
els, we decided to determine whetherpod removal was a strong 
enough wound treatment to cause small, transient “spikes” in 
jasmonic acid levels. After removal of >200 pods from plants 
28 days after anthesis, endogenous jasmonic acid levels were 
assayed and again compared with both vlxCIVspS mRNA lev- 
els in the same leaves. Despite the fact that both vlxC and VspS 
mRNA levels increased more than sixfold, no detectable in- 
crease occurred in the jasmonic acid level during the 48 hr 
of this experiment. The level of jasmonic acid, as opposed to 
methyl jasmonate, was assayed in these experiments because 
previous work has shown that jasmonic acid is the major jas- 
monate in wounded soybean hypocotyls (Creelman et al., 
1992). The results of these experiments seem to preclude the 
involvement of lipoxygenase-derived jasmonic acid in the in 
vivo gene regulation of vegetative lipoxygenases and VSPs 
under sink-limited conditions. 

In summary, this research establishes a clear link between 
the “storage” phenotype of sink-regulated leaves and the in- 
duction of members of the lipoxygenase multigene family. 
When individual members of the lipoxygenase multigene family 
were examined using RNase protection assays, it became evi- 
dent that vlx transcript levels decreased after anthesis when 
the sinks were present but increased when developing sinks 
were removed. Although there are variations in the magnitude 
of response to manipulation of the source-to-sink ratio between 
individual vlx members, regulation of these genes is very similar 
to that of VspS. One consistent difference between regulation 
of the vlxgenes as contrasted with the VspS transcript is that 
the vlx mRNAs seem to be constitutively produced before 
anthesis. This may be because the vlx gene product storage 
function is required during vegetative growth; alternatively, 
lipoxygenase enzymatic function may be required throughout 
vegetative development. Importantly, the endogenous levels 
of jasmonic acid do not rise prior to or in conjunction with the 
sharp increase observed in the amount of vlxC and VspS tran- 
scripts in the leaves of pod-removed plants. Thus, jasmonic 
acid does not appear to mediate expression of the vegetative 
lipoxygenase or VSP genes as a result of sink limitation. Other 
signals or combinations of signals involved in the coordina- 
tion of carbon and nitrogen metabolism may be important in 
regulating the soybean vlx genes. 

METHODS 

Plant Material 

All experiments were performed with unnodulated soybean (Glycine 
maxcv Wye). Seeds were planted in a mixture (1:l [v/v]) of sterile ver- 
miculite (fine grade) and sand (crushed basalt) in 1-gallon pots and 

grown in controlled-environment growth chambers with a photon flux 
density of 360 to 400 pmol m-2 sec-1. Beginning at 1 month, all plants 
were fertilized once per week with 500 mL Peters Professional nutri- 
ent solution and once per week with 500 mL Peters Excell nutrient 
solation (USAIGrace-Sierra Horticulture Products Co., Allentown, PA) 
prepared by diluting 4 g of fertilizer per L of water. 

cDNA Library Construction and Screening 

Poly(A)+ RNA was prepared from leaves of soybean plants that had 
young pods removed daily for 1 or 2 weeks and treated with methyl 
mercury prior to reverse transcription. The pod-removed leaf Uni-ZAP 
XR cDNA library was constructed using size-selected cDNAs follow- 
ing the manufacturer‘s protocols (Stratagene). A 1408-bp EcoRl 
fragment of pTKll was used to generate a lipoxygenase probe by the 
random primer method using a Megaprime Kit (Amersham). Screen- 
ing by plaque hybridization of the amplified phage librarywas performed 
by standard methods (Sambrook et al., 1989) using Colony/Plaque 
Screen filters (Du Pont-New England Nuclear Research Products). 
In vivo excision was performed on positive phage as described by 
Stratagene. The resulting pBluescript SK- plasmids (Stratagene) con- 
taining unidirectional cDNA inserts were screened for lipoxygenase 
sequences by double-stranded DNA sequencing using the Sequenase 
2.0 kit (U.S. Biochemical Corp.). 

Protein and RNA Extraction and Electrophoresis 

Soluble protein extraction and SDS-PAGE were performed as de- 
scribed by Grimes et al. (1993). Total RNA was isolated from 0.5 g of 
soybean tissues as described previously (Grimes et al., 1993). 

Jasmonic Acid Detectíon and Quantitation 

Harvested leaves were frozen immediately in liquid nitrogen and stored 
at -8OOC until analyzed. Four to 6 g of frozen leaf tissue was 
homogenized in 5050 acetone-methanol, and a known amount of 
‘3C-jasmonic acid was added as an interna1 standard. After almost 
complete removal of the solvents by rotary evaporation, 50 mL of 0.1 M 
sodium phosphate, pH 7.8, 5% NaCl was added, and rotary evapora- 
tion continued for severa1 minutes. The resulting aqueous solution was 
extracted two times with dichloromethane, acidified to approximately 
pH 2.0 by the addition of 6 N HCI, extracted twice with hexane, and 
then twice with dichloromethane (equal volumes each extraction). 
Under acidic conditions, the jasmonic acid partitioned into dichloro- 
methane, which was collected, dried by rotary evaporation, and 
dissolved in a small amount of the initial solvent used for HPLC. Addi- 
tional purification was performed by analytical gradient HPLC with a 
Phenomenex (Torrance, CA) amino column (300 x 3.9 mm) from 80% 
hexane-20Vo ethyl acetate containing 1% acetic acid to 60% hex- 
ane-40% ethyl acetate containing 1% acetic acid in 15 min at a flow 
rate of 1.5 mllmin. The fractions corresponding to jasmonic acid (and 
its epimer) were collected, methylated, and analyzed according to 
Creelman et al. (1992). 

RNase Protection Assays 

RNase protection assays were performed following the manufacturer‘s 
standard protocol (RPA II kit; Ambion, Austin, TX) using 5 pg of total 
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RNA and 2 fmol of a gel-purified antisense RNA probe. The length 
of x-ray film exposures of the RNase protection assay gels was varied, 
depending on antisense vlx RNA probe-specific activity and length 
to facilitate comparison with vlx transcript levels. vlxA, vlxC, and vlxD 
antisense RNA probes were generated from Hindlll-linearized pTK18- 
Ribo, BamHI-linearized pNRlox-Ribo, and BamHI-linearized pTK11-Ribo 
plasmids, respectively, and incorporated 32P-CTP. Corresponding 
sense transcripts were generated from BamHI-linearized pTKIB-Ribo, 
EcoRI- linearized pNRlox-Ribo, and EcoRI-linearized pTKll-Ribo, 
respectively, using either T3 or T7 bacteriophage RNA polymerases 
(MaxiScript; Ambion) and incorporated 3H-CTP. 

pTK18-Ribo was constructed by subcloning a 314-bp pTKl8 EcoRl 
fragment into the polylinker EcoRl site of pBluescript SK- vector. pTK11- 
Ribo was constructed by subcloning a 395-bp pTKll EcoRl fragment 
into the EcoRl site of pBluescript SK-. The plasmid pNRlox-Ribo was 
constructed by subcloning a 374-bp EcoRl fragment of pNRlox4A (which 
contains the vlxC cDNA) into peluescript SK-. The orientation and 
identity of the insertion sequences were verified by double-stranded 
DNA sequencing across the junction boundaries. 

The antisense vegetative storage protein VspS RNA probe was gener- 
ated by in vitro transcription with T7 RNA polymerase from a 292-base 
polymerase chain reaction product generated by amplification from 
the pKSH3 plasmid (Mason et al., 1988) using the forward primer 
5'-GATATCAAGCTTCCAATGGAGCGATCTGC-3' and the reverse primer 

TCTTAGG-31 The antisense VspS RNA probe is complementary to a 
247-bp region of VspS mRNA and is not fully protected by VspA mRNA. 
The underlined regions of the primers are capable of hybridizing to 
the VspS cDNA insert contained in the pKSH3 plasmid. 

5'CGCGGATCCTAATACGACTCACTATAGGGAGAAGGTACGTGGAGTG- 
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