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Abstract

Jasmonic acid (JA), its methyl ester (MeJA) and the bio-
synthetic precursor 12-oxophytodienoic acid (OPDA) were
detected quantitatively during somatic embryogenesis of
Medicago sativa L. Using GC-MS analysis, these compounds
were found in initial explants, in calli and in somatic embryos
in the nanogram range per gram of fresh weight. In distinct
stages of somatic embryogenesis, JA and 12-OPDA accumu-
lated preferentially in cotyledonary embryos. Initial explants
exhibited about five-fold higher JA content than OPDA con-
tent, whereas in other stages OPDA accumulated predomi-
nantly. These data suggest that also in embryogenic tissues
OPDA and JA may have individual signalling properties.

List of abbreviations: 2,4-D — 2,4-dichlorophen-
oxyacetic acid, JA—jasmonic acid, MeJA — methyl
jasmonate, OPDA - 12-oxophytodienoic acid, RP
— regeneration protocol

Introduction

Jasmonic acid (JA) and its methyl ester (MeJA) are
ubiquitously occurring plant growth regulators
which were found in different plant tissues and or-

gans such as flowers, fruits, seeds, buds, shoots,
roots and leaves (Wasternack and Hause 2002). Be-
side the native isomer (+)-7-iso-jasmonic acid, me-
tabolites such as hydroxylated, hydrated or dehy-
drated jasmonates and their methyl ester were iden-
tified. Also jasmonates conjugated with amino ac-
ids, amids, sugars or sulphate could be found.

Distinct developmental stages are clearly depend-
ent on jasmonates. Since the initial observations on
senescence promoting effects (Ueda and Kato
1980; reviewed in Parthier 1990), tuber formation,
tendril coiling, root growth inhibition and flower
development were shown to be influenced by JA
and/or related compounds (reviewed in Wasternack
and Hause 2002). Jasmonates were also shown to
affect seed germination of some plant species (Cor-
bineau et al. 1988, Kepczynski and Biatecka 1994,
Ranjan and Lewak 1992). Most convincing data on
the role of jasmonates in different developmental
processes are given by analysis of JA deficient mu-
tants which are affected in JA biosynthesis. In
Arabidopsis, all of these mutants were found to be
male-sterile due to affected pollen development
(reviewed in Wasternack and Hause 2002, Park et
al. 2002, Von Malek et al. 2002).
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Jasmonates are lipid-derived compounds. The ini-
tial substrate, a-linolenic acid, is metabolised by
three plastid-located enzymes, the lipoxygenase
(LOX), the allene oxide synthase (AOS) and the
allene oxide cyclase (AOC), to the JA precursor
OPDA (reviewed in Wasternack and Hause 2002).
Subsequent peroxisomal-located steps lead to
(+)-7-iso-JAthen can equilibrate to the more stable
(-)-JA.

Jasmonic acid and its precursor 12-oxophyto-
dienoic acid (OPDA) are important signals in plant
responses to biotic and abiotic stresses (Creelman
and Mullet 1995, Stintzi et al. 2001).

In most plant stress responses, the role of JAis indi-
cated by its endogenous rise following the onset of
stress or pathogenic attack. Also distinct develop-
mental stages, organs and tissues exhibit remark-
able different and specific contents of JA, OPDA
and related compounds. The tomato flower organs
differ characteristically in the ratio of several JA-
and OPDA related compounds (Hause et al. 2000,
Miersch et al. 2004). There is increasing evidence
for a spatial and temporal pattern of generation of
jasmonates in plant development attributing to the
expression of specific sets of genes.

To analyse a putative role of jasmonates in somatic
embryogenesis we inspected tissues of Medicago
sativa L. Somatic embryo development is well-
-known to be triggered by distinct balance of plant
hormones. Beside the key regulators, auxins and
cytokinins (Komamine et al. 1992), abscisic acid
and ethylene (Kepczynski et al. 1992) were also
shown to influence somatic embryogenesis. For
JA, only data on treatment with JAduring induction
and differentiation of somatic embryos are avail-
able (Rudus et al. 2001, Tokuji et al. 1995). How-
ever, such data are ambiguous due to artificial
imbalance of the hormone levels.

Therefore, the aim of this study was to quantify en-
dogenous JA, its methyl ester and OPDA in de-
pendence of somatic embryogenesis in tissues of
Medicago sativa L. The data are discussed in terms
of putative role of these compounds in
embryogenesis.
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Material and methods

Regeneration protocols

Plants of Medicago sativa L. were grown in a
growth chamber at 24+2 °C under a 16 h photo-
period (350 PE-m2.s71). Petioles were used as ini-
tial explants in two different regeneration protocols
(RP I'and RP 11).

RP I: This protocol consists of two steps which al-
low a separation of induction and differentiation
phases (Meijer and Brown 1987). Petiole-derived
explants of about 15 mm in length (5 per Petri dish)
were incubated for ten days on SH medium
(Schenk and Hildebrandt 1972) containing 22.6
mM 2,4-dichlorophenoxyacetic acid (2,4-D) and
4.7 mM Kinetin (induction medium). They were
then transferred onto SH medium lacking 2,4-D
and kinetin (differentiation medium). The cultures
were incubated at 251 °C under a 16 h
photoperiod with 50 nE-m2-s1 light intensity.

RP I1: This is a protocol in which two main phases
of somatic embryogenesis, induction and differen-
tiation are separated by an additional step of
embryogenic tissue proliferation that leads to high
numbers of synchronised somatic embryos
(McKersie et al. 1989). During induction, explants
(10 mm length) were incubated for 14 days on SH
medium containing 4.5 nM 2,4-D and 0.9 nM
kinetin. Callus was sub-cultured into 40 ml liquid
Bsg whichisastandard Bs medium (Gamborg et al.
1968) modified to contain 4.5 "M 2,4-D and 0.5
nmM NAA for 7 days. A sequential sieving of cell
suspensions through 800 mm and 200 mm nylon
sieves separated the embryogenic fraction. For em-
bryo differentiation, the embryogenic fraction was
spread on a 200 mm nylon screen on a hormone-free
B0i2Y medium (Bingham et al. 1975) containing
0.15 M sucrose. Two weeks after sieving, most of
somatic embryos achieved cotyledonary stage of
development. They were transferred with nylon
screen onto BOi2Y medium containing 20 mM
abscisic acid (ABA) and incubated for another
week to become mature and acquired in desiccation
tolerance.



Preparation of samples

For determination of endogenous jasmonates sam-
pling was performed at specific stages of somatic
embryogenesis. In RP | samples were collected at
the beginning (4™ day) and at the end (10t day) of
the induction phase as well as prior to (71 day) and
just after (14t day) the onset of somatic embryos
which occur about 10" day of differentiation
phase. In case of RP I, the analyses comprised 14
day old embryogenically induced callus,
embryogenic fraction of suspension, immature and
mature cotyledonary embryos. The levels of en-
dogenous jasmonates were also evaluated in peti-
oles of M. sativa. In each case samplesof0.5-1.0g
fresh weight were frozen in liquid nitrogen and
stored at -80 °C until analysis. Three to five repli-
cate analyses were carried out for each sample
combination.

Determination of jasmonates
and 12-oxophytodienoic acid

Frozen plant tissues (1.0 g fresh weight) were ho-
mogenised in a mortar in liquid nitrogen and ex-
tracted with 10 ml of methanol, and 100 ng of
[2Hg]-JA (Miersch 1991) and 100 ng of [2Hs]-OPDA
prepared from [17-2H,,18-2H3]-linolenic acid ac-
cording to Zimmerman and Feng (1978) were
added as internal standards. The filtrate was loaded
onto 3 ml DEAE-Sephadex A25 columns (acetate
form, methanol), and the columns were washed
with 3 ml of methanol. The eluents were collected
as a neutral fraction for methyl jasmonate determi-
nation. After subsequent washing with 3 ml 0.1 M
acetic acid in methanol, eluents obtained with 3 ml
of 1 M acetic acid in methanol and with 3 ml of 1.5
M acetic acid in methanol were collected as the
acidic fraction for JA and OPDA detection. The
neutral fraction was hydrolysed with 2 ml 1 M
NaOH overnight, then after partial evaporation
acidified with a few drops of 4 M HCl and extracted
with chloroform. Evaporated samples were next
extracted with methanol and fractionated on 3 ml
DEAE-Sephadex A25 columns (acetate form,
methanol). The column washed sequentially with
3 ml of methanol, 0.1 M, 1.0 M and 1.5 M acetic
acid in methanol. The acidic fraction of the neutral
fraction was collected and analysed. Each collected
fraction was then evaporated and separated by
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HPLC on an Eurospher — C18 column (5 nm, 250
mm x 4 mm), (Knauer, Germany) with a flow rate
of 1 ml-min-L. Separation was performed with sol-
vent A (methanol) and solvent B (0.2 % acetic acid
in water) with a gradient of 40 % solvent Ato 100 %
within 25 min. Fractions eluting between 12.0 and
13.3 min and between 20.3 and 22.0 min were col-
lected in a vial, and then evaporated. For subse-
quent derivatization, samples were dissolved in
200 M CHCI3 and N,N-diisopropylethylamine
(1:1, v/v) and derivatized with 10 ml
pentafluorobenzylbromide at 20 °C overnight. The
evaporated samples were dissolved in 5 ml of
n-hexane and passed through SiOH-columns (500
mg; Machery-Nagel, Germany). The
pentafluorobenzyl esters were eluted with a mix-
ture of 7 ml of n-hexane and diethyl ether (2:1, v/v).
After evaporation, residues were dissolved in 100
m acetonitrile and subjected to GC-MS analysis
with a Finnigan Mwt GCQ equipped with 5 minert
precolumn and a 30 m x 0.25 mm, 0.25 nm film
thickness Rtx-5w/Integra Guard column (Restek,
Germany). The analyses were conducted under the
following conditions: 70 eV, NCI, ionisation gas -
NHg3, source temperature 140 °C. The He carrier
gas linear velocity was 40 cm-s'L. The splitless in-
jection port temperature was 250 °C and the inter-
face temperature was 275 °C. The GC temperature
program for JA and OPDA determination was: 100
°C for 1 min, 100 to 200 °C at 25 °C-min-L, then to
300 °C at 5 °C-min-1 and held for 20 min. Retention
times were as follow: for
[2Hg)JA-pentafluorbenzyl ester 11.92 min, for
JA-pentafluorobenzyl ester 11.98 min, for
[2H5]OPDA-pentafluorobenzyl ester 21.31 min,
OPDA-pentafluorobenzyl ester 21.39 min. Frag-
ments m/z 209 (JA), 215 (JA-standard) and 291
(OPDA), 296 (OPDA-standard) were used for
quantification.

Data analysis

Endogenous hormonal concentrations were deter-
mined in three to five biological replications and
analysed using Statistica for Windows version 6.1
software (StatSoft Inc., Tulusa, Oklahoma, USA).
The Post-Hoc Fisher’s Least-Significant-Differ-
ence-Test (LSD) was used to determine significant
differences in hormone concentrations means
(<0.05).
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Fig. 1. The content of JA, MeJA and OPDA in initial explants
(petioles) for embryogenic cultures of Medicago sativa L. Val-
ues are means of three replicates. Significant differences (p<
0.05) according to LSD test are marked with distinct letters.

Results and Discussion

In order to test the levels of jasmonates and OPDA
in the tissue used for regeneration and embryogenic
culture, petioles of M. sativa (second, third and
fourth from the top of a mother plant) were col-
lected and analysed. The level of JA was four times
higher than OPDA and even sixteen times higher
than MeJA in initial petioles of Medicago sativa L.
(Fig. 1). Relatively high levels of JA and less
OPDA.in petioles serving as primary explants forin
vitro culture initiation might be caused by wound
response accompanied with sampling. More proba-
ble is high biosynthetic capacity in petioles. For to-
mato, it was clearly shown that the JA biosynthetic
enzyme allene oxide cyclase (AOC) occurs mainly
in vascular bundles and preferentially in petioles
(Hause etal. 2000). Further studies revealed the oc-
currence of AOC proteins in sieve elements (Hause
et al. 2003). This tissue specific occurrence of JA
was accompanied with a preferential formation of
JA in vascular bundles (Stenzel et al. 2003a). It is
interesting to note that the JA content in petioles
substantially exceeded that of OPDA. In fully de-
veloped unwounded and wounded leaf tissue
OPDA level was observed to be 5-10-fold higher
than the JA level as shown for A. thaliana (Stenzel
et al. 2003b) and tomato (Stenzel et al. 2003a)
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Fig. 2. Levels of JA (white), MeJA (grey) (A) and OPDA
(black) (B) during induction and differentiation of Medicago
sativa L. somatic embryogenesis in RP I.. Values are means of
three replicates. Significant differences (p< 0.05) according to
LSD test are marked with distinct letters.

Changes in plant growth regulators in
embryogenic culture media that modify the con-
centrations of endogenous phytohormones seem to
be undoubtedly the most important trigger for es-
tablishment of the desired developmental steps. In-
duction of regeneration in RP | in the presence of
2,4-D (22.6 mM) and Kinetin (4.7 mM) revealed a
dramatic alteration in the ratio of JA, MeJA and
OPDA compared to the original tissue (Fig. 2).
Whereas JA level decreased below 20 ng per g fresh
weight in the first 24 days of induction and differ-
entiation (Fig. 2A), OPDA increased dramatically
up to above 2000 ng per g fresh weight at day 17
(Fig. 2B). These changes represent a 33-fold de-
crease in JA level and an 13-fold increase in OPDA
level compared to the initial tissue taken from peti-
oles (Fig. 1). Following the dynamics of changes of
endogenous jasmonates in the course of somatic
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Fig. 3. Levels of JA (white), MeJA (grey) and OPDA (black) at distinct stages of Medicago sativa L. somatic embryogenesis in RP
11. Values are means of three replicates or five replicates in case of experiments with somatic embryos. Significant differences (p<

0.05) according to LSD test are marked with distinct letters.

embryogenesis in Medicago sativa cultures it ap-
peared that their contents remained on a stable and
rather low level from the beginning of induction up
to 24! day of differentiation phases in RP | (Fig.
2A). Only at the end of differentiation (31st day of
incubation on SH hormone free medium), when the
emergence of cotyledonary embryos occurred, an
elevation in JA content was observed. This sug-
gests that the endogenous level of jasmonates was
independent from exogenous 2,4-D and kinetin
used as embryogenic inducers, although it is well
known that levels of other hormones can be altered,
e.g. by 2,4-D (Dong et al. 1997, Ivanova et al.
1994, Michalczuk et al. 1992). Here it is worth-
while to mention that genetic and biochemical evi-
dences exist on a link between JA-dependent and
auxin-dependent signalling (Xu et al. 2002).

In contrast to JA and MeJA, the OPDA content in-
crease remarkable elevating by one order of magni-
tude until the onset of differentiation (17t day of
incubation) followed by a rapid decrease (Fig. 2B).
This might be caused by the high 2,4-D level added
in the induction phase. Due to the constant JA level
in this phase and the already mentioned cross-talk
between JA-dependent and auxin-dependent sig-
nalling (Xu et al. 2002), 2,4-D may affect reactions
upstream of OPDA formation.

The jasmonate and OPDA levels of somatic
embryogenesis in RP |, were compared with that of
14 day old callus obtained in RP 1l on SH medium
which contained 10-fold lower levels of 2,4-D and
kinetin than in RP I, as well as of 7 day old embryo-
genic cell suspension derived from that callus
(Fig. 3). The callus and the embryogenetic cell sus-
pension exhibited much lower levels of JA, MeJA
and OPDA. The OPDA level were 10-fold lower in
the callus and nearly 30-fold lower in the embryo-
genic cell suspension compared to induction condi-
tions in RP 1. Under these conditions, OPDA levels
again exceeded the levels of JA and MeJA.

Finally, we analysed contents of jasmonates and
OPDA in somatic embryos obtained in RP Il which
achieved cotyledonary stage of development and
were then matured in the presence of exogenous
ABA. The level of JA was very high in immature
cotyledonary embryos reaching 723 ng per g fresh
weight and decreased down to 166 ng per g fresh
weight during maturation phase. Similar levels and
changes were observed for OPDA.

Although the levels of jasmonates and OPDA pre-
sented here are overall levels neglecting putative
cell type- and tissue-specific differences, the re-
markable differences are indicative for distinct
stages of differentiation and embryo development.
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We can not role out that other jasmonate com-
pounds than the free acid and its methyl ester accu-
mulate in some of developmental stages analysed
here. For tobacco, bright yellow-2 cell suspension
cultures metabolism of JA to its glucose and gen-
tiobiose esters as well as to their C-11 and C-12
hydroxylated form has been described recently
(Swiatek et al. 2004). To best of our knowledge,
however, such metabolites if observed, are minor
constituents, and JA and OPDA are the major con-
stituents in most plant species analysed so far.
Three points of interest can be drawn from the
presented data:

(i) JA and OPDA levels changed independently
from each other

(ii) In RPI somatic embryogenesis OPDA levels
exceeded that of JA remarkably in all stages

(iii) Immature embryos contained high levels of JA
and OPDA.

To (i): The independent changes in JA and OPDA
levels shown here might be of significance for the
signalling properties of both compounds and ac-
cord indata for Arabidopsis and tomato. Initially, in
A. thaliana and tomato a distinct ratio of octadeca-
noids and jasmonates was observed designated as
“oxylipin signature” (Weber et al. 1997). Later on,
the individual signalling properties of JA and
OPDA were clearly shown with the JA-deficient
opr3 mutant of A. thaliana (Stintzi et al. 2001).
Even the various organs of tomato flower carry
completely different pattern of oxylipins (Hause et
al. 2000). Since the pattern of OPDA, JAand MeJA
differed remarkably between the developmental
stages of somatic embryogenesis in RPland RPII, it
will be interesting to see whether a corresponding
alteration of gene expression occurs specifically by
JA and/or OPDA.

To (ii): High OPDA levels is a common phenome-
non in many tissues. In untreated leaves of A.
thaliana up to 1-2 nmoles per g f.w. were detected
(Stintzi et al. 2001, Stenzel et al. 2003b) and even
large amount of esterified OPDA was found
(Stelmach et al. 2001). It is, however, still unclear
how this high OPDA levels are biologically active.
OPDA is formed within the plastids, but its release
into peroxisomes, where further conversion takes
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place, is unclear. OPDA of untreated tissue might
be confined to the plastids. This is supported by the
fact that in untreated Arabidopsis leaves despite
high OPDA levels OPDA-inducible genes are not
activated (Reymond et al. 2000).

To (iii): The high level of JAand OPDA in cotyle-
donary embryos might be related to mobilization of
carbon and nitrogen as well as formation of
embryogenesis-specific proteins as known for the
jasmonate-inducible vegetative storage proteins
(\VSPs), of the soybean which accumulate preferen-
tially in embryos (Creelman and Mullet 1997). Fur-
thermore, some of the embryogenesis-related pro-
teins of Nicotiana plumbaginifolia are clearly
JA-inducible (Reinbothe et al. 1994).

Summarising, the distinct pattern of JAand OPDA
observed here, for different stages of somatic
embryogenesis suggest specific roles for these
compounds during embryogenesis. It will be inter-
esting to see, whether this pattern is reflected in ex-
pression of genes inducible by JA and/or OPDA.
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