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Ab stract

Jasmonic acid (JA), its methyl es ter (MeJA) and the bio -
synthetic pre cur sor 12-oxophytodienoic acid (OPDA) were
de tected quan ti ta tively dur ing so matic embryogenesis of
Medi cago sativa L. Us ing GC-MS anal y sis, these com pounds
were found in ini tial explants, in calli and in so matic em bryos
in the nanogram range per gram of fresh weight. In dis tinct
stages of so matic embryogenesis, JA and 12-OPDA ac cu mu -
lated pref er en tially in cot y le don ary em bryos. Ini tial explants
ex hib ited about five-fold higher JA con tent than OPDA con -
tent, whereas in other stages OPDA ac cu mu lated pre dom i -
nantly. These data sug gest that also in embryogenic tis sues
OPDA and JA may have in di vid ual sig nal ling prop er ties.

List of ab bre vi a tions: 2,4-D – 2,4-dichloro phe n -
oxy acetic acid, JA – jasmonic acid, MeJA – methyl
jasmonate, OPDA – 12-oxophytodienoic acid, RP
– re gen er a tion pro to col

In tro duc tion

Jasmonic acid (JA) and its methyl es ter (MeJA) are
ubiq ui tously oc cur ring plant growth reg u la tors
which were found in dif fer ent plant tis sues and or -

gans such as flow ers, fruits, seeds, buds, shoots,
roots and leaves (Wasternack and Hause 2002). Be -
side the na tive iso mer (+)-7-iso-jasmonic acid, me -
tab o lites such as hydroxylated, hy drated or de hy -
drated jasmonates and their methyl es ter were iden -
ti fied. Also jasmonates con ju gated with amino ac -
ids, amids, sug ars or sulphate could be found.

Dis tinct de vel op men tal stages are clearly de pend -
ent on jasmonates. Since the ini tial ob ser va tions on
se nes cence pro mot ing ef fects (Ueda and Kato
1980; re viewed in Parthier 1990), tu ber for ma tion,
ten dril coil ing, root growth in hi bi tion and flower
de vel op ment were shown to be in flu enced by JA
and/or re lated com pounds (re viewed in Wasternack 
and Hause 2002). Jasmonates were also shown to
af fect seed ger mi na tion of some plant spe cies (Cor -
bineau et al. 1988, Kępczyński and Białecka 1994,
Ranjan and Lewak 1992). Most con vinc ing data on
the role of jasmonates in dif fer ent de vel op men tal
pro cesses are given by anal y sis of JA de fi cient mu -
tants which are af fected in JA biosynthesis. In
Arabidopsis, all of these mu tants were found to be
male-ster ile due to af fected pol len de vel op ment
(re viewed in Wasternack and Hause 2002, Park et
al. 2002, Von Malek et al. 2002). 
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Jasmonates are lipid-de rived com pounds. The ini -
tial sub strate, α-linolenic acid, is me tabo lised by
three plastid-lo cated en zymes, the lipoxygenase
(LOX), the allene ox ide synthase (AOS) and the
allene ox ide cyclase (AOC), to the JA pre cur sor
OPDA (re viewed in Wasternack and Hause 2002).
Sub se quent peroxisomal-lo cated steps lead to
(+)-7-iso-JA then can equilibrate to the more sta ble
(−)-JA. 

Jasmonic acid and its pre cur sor 12-oxophyto -
dienoic acid (OPDA) are im por tant sig nals in plant
re sponses to bi otic and abiotic stresses (Creelman
and Mul let 1995, Stintzi et al. 2001). 

In most plant stress re sponses, the role of JA is in di -
cated by its en dog e nous rise fol low ing the on set of
stress or patho genic at tack. Also dis tinct de vel op -
men tal stages, or gans and tis sues ex hibit re mark -
able dif fer ent and spe cific con tents of JA, OPDA
and re lated com pounds. The to mato flower or gans
dif fer char ac ter is ti cally in the ra tio of sev eral JA-
and OPDA re lated com pounds (Hause et al. 2000,
Miersch et al. 2004). There is in creas ing ev i dence
for a spa tial and tem po ral pat tern of gen er a tion of
jasmonates in plant de vel op ment at trib ut ing to the
expression of specific sets of genes.

To ana lyse a pu ta tive role of jasmonates in so matic
embryogenesis we in spected tis sues of Medicago
sativa L. So matic em bryo de vel op ment is well -
-known to be trig gered by dis tinct bal ance of plant
hor mones. Be side the key reg u la tors, auxins and
cytokinins (Komamine et al. 1992), abscisic acid
and eth yl ene (Kępczyński et al. 1992) were also
shown to in flu ence so matic embryogenesis. For
JA, only data on treat ment with JA dur ing in duc tion 
and dif fer en ti a tion of so matic em bryos are avail -
able (Ruduś et al. 2001, Tokuji et al. 1995). How -
ever, such data are am big u ous due to ar ti fi cial
imbalance of the hormone levels. 

There fore, the aim of this study was to quan tify en -
dog e nous JA, its methyl es ter and OPDA in de -
pend ence of so matic embryogenesis in tis sues of
Medi cago sativa L. The data are dis cussed in terms
of  pu ta  t ive  role  of  these com pounds in
embryogenesis.

Ma te rial and meth ods

Re gen er a tion pro to cols

Plants of Medicago sativa L. were grown in a
growth cham ber at 24±2 °C un der a 16 h photo -
period (350 µE·m-2·s-1). Pet i oles were used as ini -
tial explants in two dif fer ent re gen er a tion pro to cols 
(RP I and RP II).

RP I: This pro to col con sists of two steps which al -
low a sep a ra tion of in duc tion and dif fer en ti a tion
phases (Meijer and Brown 1987). Pet i ole-de rived
explants of about 15 mm in length (5 per Petri dish)
were in cu bated for ten days on SH me dium
(Schenk and Hildebrandt 1972) con tain ing 22.6
µM 2,4-dichlorophenoxyacetic acid (2,4-D) and
4.7 µM kinetin (in duc tion me dium). They were
then trans ferred onto SH me dium lack ing 2,4-D
and kinetin (dif fer en ti a tion me dium). The cul tures
were in cu bated at 25±1 °C un der a 16 h
photoperiod with 50 µE·m-2·s-1 light in ten sity.

RP II: This is a pro to col in which two main phases
of so matic embryogenesis, in duc tion and dif fer en -
ti a tion are sep a rated by an ad di tional step of
embryo genic tis sue pro lif er a tion that leads to high
num bers of syn chro nised so matic em bryos
(McKersie et al. 1989). Dur ing in duc tion, explants
(10 mm length) were in cu bated for 14 days on SH
me dium con tain ing 4.5 µM 2,4-D and 0.9 µM
kinetin. Cal lus was sub-cul tured into 40 ml liq uid
B5g which is a stan dard B5 me dium (Gamborg et al. 
1968) mod i fied to con tain 4.5 µM 2,4-D and 0.5
µM NAA for 7 days. A se quen tial siev ing of cell
sus pen sions through 800 mm and 200 mm ny lon
sieves sep a rated the embryogenic frac tion. For em -
bryo dif fer en ti a tion, the embryogenic frac tion was
spread on a 200 µm ny lon screen on a hor mone-free 
B0i2Y me dium (Bingham et al. 1975) con tain ing
0.15 M su crose. Two weeks af ter siev ing, most of
so matic em bryos achieved cot y le don ary stage of
de vel op ment. They were trans ferred with ny lon
screen onto B0i2Y me dium con tain ing 20 µM
abscisic acid (ABA) and in cu bated for an other
week to be come ma ture and ac quired in des ic ca tion 
tol er ance.
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Prep a ra tion of sam ples

For de ter mi na tion of en dog e nous jasmonates sam -
pling was per formed at spe cific stages of so matic
embryogenesis. In RP I sam ples were col lected at
the be gin ning (4th day) and at the end (10th day) of
the in duc tion phase as well as prior to (7th day) and
just af ter (14th day) the on set of so matic em bryos
which oc cur about 10th day of dif fer en ti a tion
phase. In case of RP II, the anal y ses com prised 14
day old embryogenically in duced cal lus,
embryogenic frac tion of sus pen sion, im ma ture and
ma ture cot y le don ary em bryos. The lev els of en -
dog e nous jas monates were also eval u ated in pet i -
oles of M. sati va. In each case sam ples of 0.5 – 1.0 g
fresh weight were frozen in liq uid ni tro gen and
stored at -80 °C un til anal y sis. Three to five rep li -
cate analyses were carried out for each sample
combination.

De ter mi na tion of jasmonates

and 12-oxophytodienoic acid

Frozen plant tis sues (1.0 g fresh weight) were ho -
mogen ised in a mor tar in liq uid ni tro gen and ex -
tracted with 10 ml of meth a nol, and 100 ng of
[2H6]-JA (Miersch 1991) and 100 ng of [2H5]-OPDA
pre pared from [17-2H2,18-2H3]-linolenic acid ac -
cord ing to Zimmerman and Feng (1978) were
added as in ter nal stan dards. The fil trate was loaded
onto 3 ml DEAE-Sephadex A25 col umns (ac e tate
form, meth a nol), and the col umns were washed
with 3 ml of meth a nol. The elu ents were col lected
as a neu tral frac tion for methyl jasmonate de ter mi -
na tion. Af ter sub se quent wash ing with 3 ml 0.1 M
ace tic acid in meth a nol, elu ents ob tained with 3 ml
of 1 M ace tic acid in meth a nol and with 3 ml of 1.5
M ace tic acid in meth a nol were col lected as the
acidic frac tion for JA and OPDA de tec tion. The
neu tral frac tion was hy dro lysed with 2 ml 1 M
NaOH over night, then af ter par tial evap o ra tion
acid i fied with a few drops of 4 M HCl and ex tracted 
with chlo ro form. Evap o rated sam ples were next
ex tracted with meth a nol and frac tion ated on 3 ml
DEAE-Sephadex A25 col umns (ac e tate form,
meth a nol). The col umn washed se quen tially with
3 ml of meth a nol, 0.1 M, 1.0 M and 1.5 M ace tic
acid in meth a nol. The acidic frac tion of the neu tral
frac tion was col lected and ana lysed. Each col lected 
frac tion was then evap o rated and sep a rated by

HPLC on an Eurospher – C18 col umn (5 µm, 250
mm x 4 mm), (Knauer, Ger many) with a flow rate
of 1 ml·min-1. Sep a ra tion was per formed with sol -
vent A (meth a nol) and sol vent B (0.2 % ace tic acid
in wa ter) with a gra di ent of 40 % sol vent A to 100 % 
within 25 min. Frac tions eluting be tween 12.0 and
13.3 min and be tween 20.3 and 22.0 min were col -
lected in a vial, and then evap o rated. For sub se -
quent derivatization, sam ples were dis solved in
200 µl CHCl3 and N,N-diisopropylethylamine
(1:1 ,  v /v) and derivat ized with  10 µ l
pentafluorobenzyl bromide at 20 °C over night. The
evap o rated sam ples were dis solved in 5 ml of
n-hex ane and passed through SiOH-col umns (500
mg; Machery-Nagel ,  Ger  many) .  The
pentafluorobenzyl es ters were eluted with a mix -
ture of 7 ml of n-hex ane and di ethyl ether (2:1, v/v). 
Af ter evap o ra tion, res i dues were dis solved in 100
µl acetonitrile and sub jected to GC-MS anal y sis
with a Finnigan Mwt GCQ equipped with 5 m in ert
precolumn and a 30 m x 0.25 mm, 0.25 µm film
thick ness Rtx-5w/Integra Guard col umn (Restek,
Ger many). The anal y ses were con ducted un der the
fol low ing con di tions: 70 eV, NCI, ion is ation gas -
NH3, source tem per a ture 140 °C. The He car rier
gas lin ear ve loc ity was 40 cm·s-1. The splitless in -
jec tion port tem per a ture was 250 °C and the in ter -
face tem per a ture was 275 °C. The GC tem per a ture
pro gram for JA and OPDA de ter mi na tion was: 100
°C for 1 min, 100 to 200 °C at 25 °C·min-1, then to
300 °C at 5 °C·min-1 and held for 20 min. Re ten tion
t imes were as  fol  low:  for
[2H6]JA-pentafluorbenzyl es ter 11.92 min, for
JA-pentafluorobenzyl es ter 11.98 min, for
[2H5]OPDA-pentafluorobenzyl es ter 21.31 min,
OPDA-pentafluorobenzyl es ter 21.39 min. Frag -
ments m/z 209 (JA), 215 (JA-stan dard) and 291
(OPDA), 296 (OPDA-stan dard) were used for
quan ti fi ca tion.

Data anal y sis

En dog e nous hor monal con cen tra tions were de ter -
mined in three to five bi o log i cal rep li ca tions and
ana lysed us ing Statistica for Win dows ver sion 6.1
soft ware (StatSoft Inc., Tulusa, Oklahoma, USA).
The Post-Hoc Fisher’s Least-Sig nif i cant-Dif fer -
ence-Test (LSD) was used to de ter mine sig nif i cant
dif fer ences in hor mone concentrations means
(<0.05).
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Re sults and Dis cus sion

In or der to test the lev els of jasmonates and OPDA
in the tis sue used for re gen er a tion and embryogenic 
cul ture, pet i oles of M. sativa (sec ond, third and
fourth from the top of a mother plant) were col -
lected and ana lysed. The level of JA was four times
higher than OPDA and even six teen times higher
than MeJA in ini tial pet i oles of Medicago sativa L.
(Fig. 1). Rel a tively high lev els of JA and less
OPDA in pet i oles serv ing as pri mary explants for in 
vi tro cul ture ini ti a tion might be caused by wound
re sponse ac com pa nied with sam pling. More prob a -
ble is high biosynthetic ca pac ity in pet i oles. For to -
mato, it was clearly shown that the JA biosynthetic
en zyme allene ox ide cyclase (AOC) oc curs mainly
in vas cu lar bun dles and pref er en tially in pet i oles
(Hause et al. 2000). Fur ther stud ies re vealed the oc -
cur rence of AOC pro teins in sieve el e ments (Hause
et al. 2003). This tis sue spe cific oc cur rence of JA
was ac com pa nied with a pref er en tial for ma tion of
JA in vas cu lar bun dles (Stenzel et al. 2003a). It is
in ter est ing to note that the JA con tent in pet i oles
sub stan tially ex ceeded that of OPDA. In fully de -
vel oped un wounded and wounded leaf tis sue
OPDA level was ob served to be 5-10-fold higher
than the JA level as shown for A. thaliana (Stenzel
et al. 2003b) and to mato (Stenzel et al. 2003a)

Changes in  plant  growth reg u  la  tors  in
embryogenic cul ture me dia that mod ify the con -
cen tra tions of en dog e nous phytohormones seem to
be un doubt edly the most im por tant trig ger for es -
tab lish ment of the de sired de vel op men tal steps. In -
duc tion of re gen er a tion in RP I in the pres ence of
2,4-D (22.6 µM) and kinetin (4.7 µM) re vealed a
dra matic al ter ation in the ra tio of JA, MeJA and
OPDA com pared to the orig i nal tis sue (Fig. 2).
Whereas JA level de creased be low 20 ng per g fresh 
weight in the first 24 days of in duc tion and dif fer -
en ti a tion (Fig. 2A), OPDA in creased dra mat i cally
up to above 2000 ng per g fresh weight at day 17
(Fig. 2B). These changes rep re sent a 33-fold de -
crease in JA level and an 13-fold in crease in OPDA
level com pared to the ini tial tis sue taken from pet i -
oles (Fig. 1). Fol low ing the dy nam ics of changes of
en dog e nous jasmonates in the course of so matic
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Fig. 2. Lev els of JA (white), MeJA (grey) (A) and OPDA
(black) (B) dur ing in duc tion and dif fer en ti a tion of Medicago
sativa L. so matic embryogenesis in RP I.. Val ues are means of
three rep li cates. Sig nif i cant dif fer ences (p< 0.05) ac cord ing to
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Fig. 1. The con tent of JA, MeJA and OPDA in ini tial explants
(pet i oles) for embryogenic cul tures of Medicago sativa L. Val -
ues are means of three rep li cates. Sig nif i cant dif fer ences (p<
0.05) ac cord ing to LSD test are marked with dis tinct let ters.
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embryogenesis in Medicago sativa cul tures it ap -
peared that their con tents re mained on a sta ble and
rather low level from the be gin ning of in duc tion up
to 24th day of dif fer en ti a tion phases in RP I (Fig.
2A). Only at the end of dif fer en ti a tion (31st day of
in cu ba tion on SH hor mone free me dium), when the
emer gence of cot y le don ary em bryos oc curred, an
el e va tion in JA con tent was ob served. This sug -
gests that the en dog e nous level of jasmo nates was
in de pend ent from ex og e nous 2,4-D and kinetin
used as embryogenic in duc ers, al though it is well
known that lev els of other hor mones can be al tered,
e.g. by 2,4-D (Dong et al. 1997, Ivanova et al.
1994, Michalczuk et al. 1992). Here it is worth -
while to men tion that ge netic and bio chem i cal ev i -
dences ex ist on a link be tween JA-de pend ent and
auxin-de pend ent sig nal ling (Xu et al. 2002).

In con trast to JA and MeJA, the OPDA con tent in -
crease re mark able el e vat ing by one or der of mag ni -
tude un til the on set of dif fer en ti a tion (17th day of
in cu ba tion) fol lowed by a rapid de crease (Fig. 2B).
This might be caused by the high 2,4-D level added
in the in duc tion phase. Due to the con stant JA level
in this phase and the al ready men tioned cross-talk
be tween JA-de pend ent and auxin-de pend ent sig -
nal ling (Xu et al. 2002), 2,4-D may af fect re ac tions
upstream of OPDA formation.

The jasmonate and OPDA lev els of so matic
embryo genesis in RP I, were com pared with that of
14 day old cal lus ob tained in RP II on SH me dium
which con tained 10-fold lower lev els of 2,4-D and
kinetin than in RP I, as well as of 7 day old embryo -
genic cell sus pen sion de rived from that cal lus
(Fig. 3). The cal lus and the embryogenetic cell sus -
pen sion ex hib ited much lower lev els of JA, MeJA
and OPDA. The OPDA level were 10-fold lower in
the cal lus and nearly 30-fold lower in the embryo -
ge nic cell sus pen sion com pared to in duc tion con di -
tions in RP I. Un der these con di tions, OPDA lev els
again ex ceeded the levels of JA and MeJA.

Fi nally, we ana lysed con tents of jasmonates and
OPDA in so matic em bryos ob tained in RP II which
achieved cot y le don ary stage of de vel op ment and
were then ma tured in the pres ence of ex og e nous
ABA. The level of JA was very high in im ma ture
cot y le don ary em bryos reach ing 723 ng per g fresh
weight and de creased down to 166 ng per g fresh
weight dur ing mat u ra tion phase. Sim i lar lev els and
changes were observed for OPDA. 

Al though the lev els of jasmonates and OPDA pre -
sented here are over all lev els ne glect ing pu ta tive
cell type- and tis sue-spe cific dif fer ences, the re -
mark able dif fer ences are in dic a tive for dis tinct
stages of dif fer en ti a tion and em bryo de vel op ment.
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We can not role out that other jasmonate com -
pounds than the free acid and its methyl es ter ac cu -
mu late in some of de vel op men tal stages ana lysed
here. For to bacco, bright yel low-2 cell sus pen sion
cul tures me tab o lism of JA to its glu cose and gen -
tiobiose es ters as well as to their C-11 and C-12
hydroxylated form has been de scribed re cently
(Świątek et al. 2004). To best of our knowl edge,
how ever, such me tab o lites if ob served, are mi nor
con stit u ents, and JA and OPDA are the ma jor con -
stit u ents in most plant spe cies ana lysed so far.
Three points of interest can be drawn from the
presented data:

(i) JA and OPDA lev els changed in de pend ently
from each other

(ii) In RPI so matic embryogenesis OPDA lev els
ex ceeded that of JA re mark ably in all stages 

(iii) Im ma ture em bryos con tained high lev els of JA
and OPDA.

To (i): The in de pend ent changes in JA and OPDA
lev els shown here might be of sig nif i cance for the
sig nal ling prop er ties of both com pounds and ac -
cord in data for Arabidopsis and to mato. Ini tially, in 
A. thaliana and to mato a dis tinct ra tio of octadeca -
noids and jasmonates was ob served des ig nated as
“oxylipin sig na ture” (Weber et al. 1997). Later on,
the in di vid ual sig nal ling prop er ties of JA and
OPDA were clearly shown with the JA-de fi cient
opr3 mu tant of A. thaliana (Stintzi et al. 2001).
Even the var i ous or gans of to mato flower carry
com pletely dif fer ent pat tern of oxylipins (Hause et
al. 2000). Since the pat tern of OPDA, JA and MeJA
dif fered re mark ably be tween the de vel op men tal
stages of so matic embryogenesis in RPI and RPII, it 
will be in ter est ing to see whether a cor re spond ing
al ter ation of gene ex pres sion oc curs spe cif i cally by 
JA and/or OPDA. 

To (ii): High OPDA lev els is a com mon phe nom e -
non in many tis sues. In un treated leaves of A.
thaliana up to 1-2 nmoles per g f.w. were de tected
(Stintzi et al. 2001, Stenzel et al. 2003b) and even
large amount of esterified OPDA was found
(Stelmach et al. 2001). It is, how ever, still un clear
how this high OPDA lev els are bi o log i cally ac tive.
OPDA is formed within the plas tids, but its re lease
into peroxisomes, where fur ther con ver sion takes

place, is un clear. OPDA of un treated tis sue might
be con fined to the plas tids. This is sup ported by the
fact that in un treated Arabidopsis leaves de spite
high OPDA lev els OPDA-in duc ible genes are not
ac ti vated (Reymond et al. 2000). 

To (iii): The high level of JA and OPDA in cot y le -
don ary em bryos might be re lated to mo bi li za tion of 
car bon and ni tro gen as well as for ma tion of
embryo genesis-spe cific pro teins as known for the
jasmonate-in duc ible veg e ta tive stor age pro teins
(VSPs), of the soy bean which ac cu mu late pref er en -
tially in em bryos (Creelman and Mul let 1997). Fur -
ther more, some of the embryogenesis-re lated pro -
teins of Nicotiana plumbaginifolia are clearly
JA-in duc ible (Reinbothe et al. 1994).

Sum ma ris ing, the dis tinct pat tern of JA and OPDA
ob served here, for dif fer ent stages of so matic
embryogenesis sug gest spe cific roles for these
com pounds dur ing embryogenesis. It will be in ter -
est ing to see, whether this pat tern is re flected in ex -
pres sion of genes in duc ible by JA and/or OPDA.
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