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Abstract. Adding jasmonic acid (JA) to autotro- 
phic, photomixotrophic, or heterotrophic suspen- 
sion cultures of soybean specifically increased the 
level of the M r 30,000 subunit of soybean vegetative 
storage protein (VSP-30) and a polypeptide at M r 
18,000 that interacted with antibody raised against 
VSP. Using photomixotrophic cells, the increase 
was observed at concentrations as low as 10 nM JA 
and the increase was evident within 2 h following 
treatment. Below 10 p.M, JA did not inhibit growth 
of the cells but did cause browning at higher con- 
centrations. Other plant growth regulators, includ- 
ing abscisic acid (ABA), gibberellic acid, and ben- 
zyl adenine, did not alter the level of VSP-30 either 
in the presence or absence of JA. Methyl jasmonate 
(JA-Me), 3-oxo-2-butyl-cyclopentane- 1-acetate, 
and 3-oxo-2-pentyl-cyclopentane-l-acetate also in- 
creased VSP-30 but at higher concentrations than 
JA. Altering the level of reduced nitrogen or su- 
crose in the medium did not alter VSP-30 levels in 
the ceils, but at higher sucrose concentrations, sen- 
sitivity to JA was reduced. The dramatic increase in 
VSP-30 elicited by JA appears to be a specific re- 
sponse to the phytohormone. 

There is increasing evidence that jasmonic acid (JA) 
is a natural plant growth regulator in higher p lan ts  
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(Anderson 1989, Vick and Zimmerman 1987). Early 
experiments showed that JA, or its methyl ester 
(JA-Me), inhibited the growth of several tissue ex- 
plants (Ueda and Kato 1982, Yamane et al. 1981) 
and could also increase the rate of senescence of 
some isolated tissues (Ueda et al. 1981, Weidhase et 
al. 1987b). Later work has shown that JA induces 
the synthesis of specific polypeptides in both iso- 
lated and intact plant tissues from grasses (Weid- 
hase et al. 1987a), composites (Anderson 1987), and 
legumes (Anderson 1988). The polypeptides in- 
duced in barley leaf segments appear to be similar 
to, but distinct from, heat-shock proteins (Mueller- 
Uri et al. 1988). Although no function has been 
identified for any of these JA-increased polypep- 
tides, the similarity between JA-increased proteins 
and heat-shock proteins suggests that JA, or its me- 
thyl ester, may be involved as a signal in some 
stress-related process. The transduction of the JA- 
stress signal could ultimately lead to senescence. 

In intact soybean leaves, JA specifically in- 
creases the level of two polypeptides that have been 
identified as subunits of a vegetative storage protein 
(VSP; Anderson et al. 1989). Soybean VSP nor- 
mally is found in the leaf paraveinal mesophyll 
(Franceschi et al. 1983) and appears to function as a 
temporary nitrogen store that accumulates during 
vegetative growth and disappears during pod fill 
(Staswick 1989). Although JA has been observed to 
cause small increases in the level of several other 
polypeptides in soybean leaves (Anderson 1988), all 
of these polypeptides appear similar to proteins that 
increase with depodding and therefore must be sim- 
ilar to VSPs (Wittenbach 1983) and not stress- 
related proteins. 

Soybean VSP consists of a random mixture of 
two dissimilar glycopeptides (Spilatro and Ander- 
son 1989), and JA increases the level of one of these 
glycopeptides in photomixotrophic suspension cul- 
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tures of soybean  (Ander son  1989). In cont ras t  to 
ba r l ey  exp lan t s  (Weidhase  et al. 1987a), JA in- 
creases  the level  of  VSP in cul tured  soybean  cells at 
concen t ra t ions  much  lower  than  those required to 
affect growth or induce  the senescence  of the cells 
( A n d e r s o n  1989). The  c u l t u r e d  cel ls  p rov ide  a 
u n i q u e  s y s t e m  for  s t u d y i n g  the p h y t o h o r m o n a l  
propert ies  of  JA because  both  the level of JA and 
the t issue response  to it can  be def ined to a high 
degree.  This repor t  character izes  the JA-dependen t  
increase  of VSP in cul tured soybean  cells and  at- 
tempts  to de te rmine  if the increase  in VSP is caused  
direct ly by JA or by some secondary  process ,  such 
as a l tera t ion in the level of ano the r  p lant  growth 
regulator .  

sterilized test compounds were added at 24 h after subculture, 
and experiments were terminated 48 h after adding test com- 
pounds by collecting cells on nylon nets, rinsing with HzO, and 
blotting dry. Tissue was frozen in liquid N z and lyophilized. 

Protein Extraction 

Lyophilized plant material (0.25 g) was repeatedly extracted with 
ice-cold acetone using a ground-glass homogenizer until free of 
visible chlorophyll. The resulting powder was dried on filter pa- 
per, and homogenized in 5 ml of ice-cold buffer containing 50 
mM Tris-HC1 (pH 7.6), 3 mM EDTA, 2% wt/vol insoluble poly- 
vinylpyrrolidone, and 700 ~M 13-mercaptoethanol. Homogenates 
were filtered though four layers of cheesecloth and any remain- 
ing precipitate was removed by centrifugation at 18,000 g for 20 
min. A 1-ml aliquot of each sample was desalted through G-25 
Sephadex using centrifugation. 

Materials and Methods 

Chemicals 

Methyl jasmonate, (-)-JA-Me, was the kind gift of Dr. Gunther 
Ohloff of Firmenich SA, Geneva, Switzerland. (-+)-Jasmonic 
acid, JA (3-oxo-2-(2'-cis-pentenyl)-cyclopentane-I-acetate), was 
made by alkaline hydrolysis of (• (Anderson 1985). The 
jasmonic acid isomers, 3-oxo-4-pentyl-cyclopentane-l-acetate, 
3-oxo-2-butyl-cyclopentane-t-acetate, and 3-oxo-2-propyl- 
cyclopentane-l-acetate (Yamane et al. 1980), were a kind gift 
from Dr. N. Takahashi, University of Tokyo, Japan. All JA iso- 
mers except JA-Me were dissolved in water as the potassium 
salts and filter sterilized. JA-Me was dissolved in ethanol and 
falter sterilized prior to inclusion in culture media. Appropriate 
ethanol controls were tested in each JA-Me experiment to rule 
out toxicity effects of the solvent. 

Tissue Culture 

Suspension cultures of soybean (Glycine max var. Corsoy) were 
originally supplied by Dr. Jack Widholm, University of Illinois 
(Horn et al. 1983). When cells were grown photomixotrophically 
or heterotrophically, a cell line that had lost the ability to grow 
autotrophically due to years of mixotrophic growth was used 
(Spilatro and Anderson 1988). The autotrophic cell line was a 
reisolate from the photomixotrophic cell line. A cell line devoid 
of chlorophyll was selected from cells grown heterotrophlcally 
for several generations in the dark. 

Cultures were grown in media consisting of Murashige and 
Skoog salts and vitamins (Sigma Chemical Co., St. Louis, MO, 
USA) containing 0.35 p.M benzyladenine and 5.0 I~M napthalene 
acetic acid (NAA) (Spilatro and Anderson 1988). Cells were 
grown autotrophically with no added sucrose, photomixotroph- 
ically with 0.4% wt/vol sucrose, and heterotrophically with 3% 
sucrose. When giutamine was used as the sole nitrogen source, it 
was added at 30 mM to medium made without NH4NO 3 or 
KNO3. K2S04 was added at 10 mM to give the same potassium 
ion concentration as in the unmodified medium. The glutamine 
medium was filter sterilized. Cell density of each culture was 
measured by allowing cultures to settle for 20 min in 100-ml 
graduates. Experiments were initiated by adding 8 ml of settled 
cells plus 42 ml of old medium to 50 ml of fresh medium. Filter- 

Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) was done using the methods of Laemmli (Laemmli 
1970). Samples of 60 Ixg, as determined by the method of Brad- 
ford (Bradford 1976), were separated in 13% acrylamide by elec- 
trophoresis. Protein bands were resolved with Coomassie blue 
R-250 (Bio-Rad, Richmond, CA, USA). Protein was etectroblot- 
ted from a duplicate gel to a nitrocellulose membrane as previ- 
ously described (Spilatro and Anderson 1988). Membranes were 
probed with rabbit anti-VSP that had been affinity purified 
(Spilatro and Anderson 1989). Immunoreactive bands were visu- 
alized using horseradish peroxidase-conjugated secondary anti- 
body. Wet Western blots were scanned using a laser densitom- 
eter (LKB-Ultrascan XL) and relative amounts of VSP in each 
blot were related to three separate concentrations of a VSP stan- 
dard in the same blot. Blots were developed to a density that 
gave approximately a linear relationship between the concentra- 
tions of the three standards, and the data for experimental sam- 
pies were used only if the densities were in the same range as for 
the standards. 

Results 

Jasmonic Acid-Dependent Increase in VSP 

Previous  resul ts  showed  that  adding  JA to s o y b e a n  
p h o t o m i x o t r o p h i c  s u s p e n s i o n  cu l t u r e s  i n c r e a s e d  
the level  of  three  po lypep t ides  at Mr 18,000, 30,000, 
and  88,000 ( A n d e r s o n  1988, A n d e r s o n  et al. 1989). 
The  18 and  30 kD po lypep t ides  (VSP-18 and  VSP-  
30) in te rac ted  with affinity purif ied VSP an t ibod ies  
and  both  po lypep t ides  c lear ly  were  increased  by  ad- 
di t ion of  JA to the cul ture  m e d i u m  (Fig. 1). The  30 
kD polypept ide  has b e e n  ident i f ied as the large sub-  
un i t  of  soybe a n  VSP ( A n d e r s o n  et al. 1989), bu t  a 
VSP subun i t  has not  b e e n  ident i f ied at 18 kD. VSP-  
18 is rare ly  seen in JA- t rea ted  leaf  t issue and,  there-  
fore,  this po lypep t ide  ma y  r ep re sen t  a degrada t ion  
p roduc t  of  VSP-30 that  is un ique  to cu l tured  cel ls .  
Because  of  the unce r t a in ty  abou t  VSP-18,  the data  
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Fig. 1. Increase in the level of VSP elicited by JA treatment of 
soybean photomixotrophic suspension cells. Soluble protein (65 
~g/well) extracted from the cells was separated by SDS-PAGE, 
blotted to nitrocellulose, probed with atlinity-purified anti-VSP, 
and quantitated by scanning with a densitometer. VSP bands 
were quantified at Mr 30,000 (0 O) and M r 18,000 (O-----O). 
Three VSP standards were run on the gel to standardize the 
densitometric data. Data shown are the average of two separate 
experiments. 

for Figs. 1 and 2 were calculated as relative VSP in 
the extract  rather than ~g VSP. Although the VSP 
subunit at M r 29,000 does interact with the antibody 
(Spilatro and Anderson 1989), under no circum- 
stances was this polypeptide ever observed to in- 
crease in cultured cells with any treatment. The 88 
kD polypeptide does not interact with the antibody 
and, therefore, was not measured. 

JA at levels as low as 10 nM produced a signifi- 
cant increase in VSP-30, and the rate of increase 
was linear with the log of the JA concentration to at 
least 10 IxM JA (Fig. 1). The relative increase in 
VSP-18 was also linear, but it occurred at JA con- 
centrations an order of magnitude higher than those 
required to increase VSP-30. While some of the cul- 
tures had low basal levels of VSP without JA treat- 
ment (Fig. 1), this usually was not the case, and the 
concentrat ion curve shown in Fig. 1 has been re- 
produced in over  four separate experiments. At lev- 
els greater than 10-30 txM, JA was toxic to the cul- 
tures, inhibited growth, and caused browning of 
cells (data not shown). 

When cells were treated with 10 ~M JA, an in- 
crease in the level of VSP-30 could be visualized 
after 2 h (Fig. 2). After an 8 h treatment, an increase 
in VSP-18 was also detectable. The level of both 
VSP-30 and VSP-18 continued to increase in a lin- 
ear fashion for about 24 h after adding JA. 

Culture Conditions and VSP Levels 

Treatments that hinder the export  of nitrogen from 
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Fig. 2. Time course of the increase in VSP levels elicited by JA 
treatment of soybean photomixotrophic suspension cells. Solu- 
ble protein (65 ~.g/well) extracted from the cells was separated by 
SDS-PAGE, blotted to nitrocellulose, probed with affinity- 
purified anti-VSP, and quantitated by scanning with a densitom- 
eter. VSP bands were quantified at Mr 30,000 ( 0  O )  and Mr 
18,000 (0------0). Three VSP standards were run on the gel to 
standardize the densitometric data. 

soybean leaves, such as removal of  sinks by depod- 
ding, cause  VSP to accumula t e  in the leaves  
(Staswick 1989). These results might indicate that 
VSP levels are regulated in vivo by the level of  free 
amino acids in the leaf. However ,  in cultured cells, 
VSP accumulation was not elicited by altering the 
level of  amino acids in the culture medium by add- 
ing casein hydrolysate (Table 1). Even if all of  the 
nitrogen in the medium was added as glutamine, 
VSP accumulation was not increased (Fig. 3). In 
fact,  the cultured cells grown in glutamine had 
about the same sensitivity to JA as cells grown in 
inorganic nitrogen. 

The concentration of sucrose in the culture me- 
dium does not alter the rate of growth of the cells 
but does determine how long the cells continue to 
divide (Spilatro and Anderson 1988). Most of the 
experiments that tested the sensitivity to JA treat- 
ment were done using sucrose concentrations rang- 
ing between 6 and 10 mM. This concentrat ion range 
supports  log-phase growth for  about  3-4 days,  
which corresponds to the length of an experiment 
(data not shown). Increasing the level of  sucrose in 
the medium caused the cells to grow heterotrophi- 
cally (Spilatro and Anderson 1988). Cells grown 
heterotrophically did not have an altered level of 
VSP in the absence of  JA, but the cells did show a 
lowered sensitivity to JA (Fig. 3). At higher sucrose 
concentrat ions,  the slope of  VSP versus log[JA] 
was increased, and the toxic effects of JA on growth 
of  the cells occur red  at a lower  concen t ra t ion  
(Fig. 3). 

JA also increased the level of VSP-30 in cells 
g rown au to t roph i ca l l y  w i thou t  added  suc rose  
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Table 1. Changes in VSP levels elicited by additions to the cul- 
ture medium 

Concentration (--~,M) 
- J A  +JA 

Table 2. Changes in VSP levels elicited by analogs of JA 

Additive Range Effective Range Effective Additive 

Control - -  - -  0.01-50 0.01 
ABA 1-30 None 1-30 1 
Benzyl adenine 1-30 None 1-50 1 
Gibberellic acid-3 1-30 None - -  
Amino acids (as 

casein hydrolysate) 0--6,300 None 7 7 

Cells were grown in media 24 h prior to adding the test com- 
pound. All test compounds were added at decreasing increments 
of 0.5* log (concentration) over the range shown except for the 
nutrients which were tested at concentrations shown. The effect 
of the additive on the JA-dependent increase in VSP was also 
tested using the range of JA concentrations shown. The effective 
concentration was determined as that concentration that in- 
creased the level of VSP to 0.15 ~g VSP/mg soluble protein. 
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Fig. 3. Increase in VSP levels elicited by JA treatment of soy- 
bean photomixotrophic suspension cells grown with different nu- 
trient conditions, Soluble protein (60 tag/well) extracted from the 
cells was separated by SDS-PAGE, blotted to nitrocellulose, 
probed with affinity-purified anti-VSP, and quantitated by scan- 
ning with a densitometer. Three VSP standards were run on each 
gel to standardize the densitometric data and calculate the Ixg 
VSP/mg soluble protein. Cells were grown in no sucrose 
([] []), 5.8 mM sucrose  (O O), 29 mM sucrose  
(O-----O), or 58 mM sucrose ( 0 O ) and treated for 48 h with 
JA. Also, cells were grown in 6 mM sucrose with 50 mM glu- 
tamine (0  0) added as the sole nitrogen source. 

(Fig. 3). However, the maximum level of VSP ac- 
cumulated was lower than in photomixotrophic 
cells. Dark-grown cells which were devoid of chlo, 
rophyU showed a VSP increase with JA treatment 
that was similar to cells grown heterotrophically in 
the light (data not shown). 

Effect of Other Growth Substances 

Abscisic acid (ABA) has similarities in both-chem- 

Concentration 

Lowest Level of VSP 
Range effective at 3.0 IzM 
(p,M) ( g , M )  additive (~,g) 

Control - -  - -  0 
JA (3-oxo-2-(2'-cis- 

pentenyl)-cyclopenate- 
1-acetate) 0.01-50 0.01 0.95 

JA-Me (3-oxo-2-(2'- 
cis-pentenyl)-cyclopentane- 
1-methylacetate) 0.01-50 1.0 0.30 

Butyl-jasmonic acid 
(3-oxo-2-butyl- 
cyclopentane-l-acetate) 3-30 3 0.18 

Propyl-jasmonic acid 
(3-oxo-2-propyl- 
cyclopentane- 1-acetate) 3-30 9.3 0.05 

Iso-jasmonic acid 
(3-oxo-4-pentyl- 
cyclopentane-l-acetate) 3-30 No effect 0 

Cells were grown in media 24 h prior to adding the test com- 
pound. All test compounds were added at decreasing increments 
of 0.5* log (concentration) over the range shown. The effective 
concentration was determined as that concentration that in- 
creased the level of VSP to 0.15 g,g VSP/mg soluble protein. The 
level of VSP at 3.0 IxM additive is also shown in the last column. 

ical structure and biological activity to JA (Ander- 
son 1989) and might be expected to mimic the ef- 
fects of JA. Also, the level of  JA proteins in barley 
leaf explants can be increased with ABA (MueUer- 
Uri et al. 1988). However, at concentrations ranging 
from 1-30 p.M, ABA had no effect on the level of 
VSP either in the presence or absence of JA (Table 
1). Also, benzyladenine and gibberellic acid-3 did 
not alter the level of VSP at concentrations ranging 
from 3-30 ~M. 

Analogs to JA 

JA-Me has been shown to alter the level of poly- 
peptides in barley leaf segments in a manner similar 
to JA (Weidhase et al. 1987a). However, with cul- 
tured soybean cells it required 30 times as much 
JA-Me to obtain the same increase in VSP-30 as 
was elicited by JA (Table 2). Three chemical iso- 
mers of JA, with modifications to the pentenyl side 
chain at position 2 of  the cyclopentane ring (Ya- 
mane et al. 1980), were tested for their ability to 
increase VSP in the cultured cells. Two of the iso- 
mers which had shortened, saturated, side chains 
(butyl-JA and propyl-JA) increased VSP-30 but re- 
quired much higher concentrations than JA (Table 
2). A third isomer which had a pentenyl side chain 
at position 4 of the cyclopentane ring instead of the 
pentenyl at position 2 was devoid of  activity. 
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Discussion 

JA treatment specifically increases the level of sev- 
eral polypeptides in intact soybean leaves and pho- 
tomixotrophic suspension cultures (Anderson et al. 
1988). Of these two systems, suspension cultures 
provide a unique system for studying the regulation 
by a plant growth substance of the accumulation of 
a specific polypeptide. One of the polypeptides in- 
creased by JA in the cultured cell has been identi- 
fied as VSP (Anderson et al. 1989). The amount of 
VSP accumulated in response to JA treatment often 
exceeds 0.1% of the total soluble protein in the 
cells, and the response is linear with JA concentra- 
tions over several orders of magnitude. If the cells 
are grown using a defined set of environmental con- 
ditions, a concentration curve can be repeated, 
even with a year separating experiments. 

In intact plants, the sensitivity to a particular 
growth substance is dictated by both developmental 
and environmental conditions (Blowers and Trewa- 
vas 1989). In the cultured soybean cells, sensitivity 
to JA also appears to be environmentally regulated. 
Increasing the sucrose concentration in the culture 
medium appears to lower sensitivity to JA. A sim- 
ple explanation might be that cells grown at higher 
sucrose concentrations are dividing faster, and, 
therefore, less protein is partitioned into VSP at any 
JA concentration. However, cells grown at 6 and 58 
mM sucrose appear to divide at the same rate 
(Spilatro and Anderson 1988). At 6 mM sucrose, 
cells stop dividing after about 3 days of culture, 
which corresponds to the normal length of an ex- 
periment, rather than 6 days for 58 mM sucrose. 
Therefore, the developmental shift from hetero- 
trophic growth to autotrophic subsistence may have 
already begun at the lower sugar concentration, and 
this shift may be responsible for the increased sen- 
sitivity to JA treatment. Changes in nutrient con- 
centration could also alter the rate of JA uptake into 
the cells. Increased tissue sensitivity to growth sub- 
stances during metabolic resource limitation has 
been noted previously (Trewavas 1986). 

The effect of JA on VSP accumulation could oc- 
cur by a direct transduction of the JA signal into 
increased synthesis of VSP message, or the JA sig- 
nal could cause a primary response that leads sec- 
ondarily to VSP accumulation. The former propo- 
sition is supported by the observation that the VSP 
message is increased by JA in the same mixotrophic 
cell line (Staswick 1989, personal communication). 
Also, a secondary messenger for the JA signal has 
not been found. Other growth substances including 
ABA, benzyladenine, gibberellic acid, and NAA 
have no effect. In fact, VSP accumulation is fairly 
specific for unmodified JA, as analogs of JA which 

are altered in the pentenyl side chain are only par- 
tially effective. Another possibility is that JA in- 
creases ethylene production in the cells and that the 
ethylene, in turn, increases VSP. However, a role 
for ethylene is unlikely because the atmosphere 
within the culture flasks is continuously flushed 
out, and changing the flushing rate did not alter the 
sensitivity of the cells to JA treatment (unpublished 
observation). 

The physiological function of JA in plants has 
remained obscure in spite of several investigations 
over the last few years. The vast majority of these 
investigations have shown that JA can cause an in- 
hibition of growth and in some excised tissues can 
induce senescence (reviewed in Anderson 1989). 
The senescence-inducing properties of JA have 
been studied most intensively using excised bar ley  
leaf segments floated on water (Popova and Vakli- 
nova 1988, Weidhase et al. 1987b). When treated 
with JA or JA-Me, the rate of senescence is in- 
creased and the synthesis of a series of specific 
polypeptides is induced (Weidhase et al. 1987a). 
These JA-induced proteins resemble the heat-shock 
proteins and may play a role in the senescence in- 
duction process. 

However, in soybean cultures or intact leaves, 
JA does not alter growth or increase the rate of 
senescence except at concentrations in excess of 10 
tzM. The inhibition encountered at 10 ~M JA is 
probably a simple toxicity effect, since most other 
growth substances also become toxic at similar con- 
centrations (unpublished results). In fact, the level 
of VSP is increased without tissue deterioration in 
excised soybean leaves which take up JA through 
the cut end of the petiole (unpublished results). 
Clearly, barley leaf segments and soybean cells re- 
act differently to JA treatment. 

The cultured soybean cells are an actively grow- 
ing tissue with a source of nutrients to maintain 
metabolism and biosynthetic activity. The excised 
barley leaves are deprived of a nutrient source and, 
therefore, are a dead-end system waiting to be 
pushed into senescence. In fact, ABA will substi- 
tute for JA in both the senescence induction and 
stimulation of JA proteins (Mueller-Uri et al. 1988). 
However, both tissues could react to the JA signal 
in a similar manner if JA functioned as a stress sig- 
nal. The excised barley leaves have no options ex- 
cept senescence with which to react to a stress sig- 
nal, but soybean leaves, which the cultured cells 
partially resemble, could react to a stress signal by 
storing excess nitrogen as VSP. By accumulating 
VSP during the early stages of a stress the plant 
would have more stored nitrogen with which to 
cope with latter stages of the stress when nitrogen 
supplies would be limiting. 
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