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Summary

Various octadecanoids and derived compounds have been identified in potato leaves. Howev-
er, information regarding jasmonate hydroxylated forms in stolons or tubers is scarce. We in-
vestlgated endogenous jasmonates in stolon material of Solanum tuberosum cv. Spunta.
Stolons and incipient tubers were collected from 8 weeks old plants. The material was cut into
apical regions and stolons. We identified jasmonic acid (JA), methyl jasmonate, 11-OH-JA,
12-OH-JA, 12-oxo-phytodienoic acid (OPDA) and a conjugate. The content of JA and 12-
OH-JA decreased in the apical region but remained high in stolons during tuberization. Thus
the apical region might be a site of JAs-utilization or metabolization and stolons might supply
JAs to that region. The content of 12-OH-JA was higher than that of 11-OH-JA in all stages
analyzed, both in apical regions and stolons. However, these compounds showed a different
time-course in the apical region: while 11-OH-JA 1ncreased 12-OH-JA decreased. Thus, JA
from leaves or roots could be transported as 12-OH-JA to the apical region, stimulating tuber
formation.

Introduction

Several developmental processes are influenced by jasmonates (JAs), including seed
germination, root growth, flower and fruit development, senescence and tuber for-
mation (Sembdner & Parthier, 1993; Creelman & Mullet, 1997; Abdala et al., 2002;
Wasternack & Hause, 2002).

For several decades the development of a specific tuber-inducing stimulus in
leaves exposed to short days (SD) was hypothesized based on grafting experiments.
Koda et al. (1988) isolated a tuber-inducing compound from the leaves of Solanum
tuberosum L. cv. Irish Cobbler. The structure of the compound was determined to be
3-ox0-2-(5’-B-glucopyranosyloxy-2’-Z-pentenyl)-cyclopentane-3-acetic acid (Yoshi-
hara et al., 1989). The aglycon of this glucoside was 12-OH-jasmonic acid (12-OH-
JA), named tuberonic acid. These authors did not detect a glucoside of the 11-OH-
jasmonic acid (11-OH-JA) in leaves of Solanum tuberosum L. The identification of a
tuber-inducing compound from the leaflets of a potato plant however does not indi-
cate that this compound is related to tuber formation.

Later, both forms, 11-OH-JA and 12-OH-JA, were found in Solanum demissum
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Lindl leaflets grown under SD, the 11-OH-JA concentration being higher than the
concentration of 12-OH-JA. None of these compounds could be detected in leaflets
grown under long day conditions (Helder et al., 1993). Based on their results these
authors suggested that 11-OH-JA might play a more important role than 12-OH-JA
in tuberization.

Recently, the synthesis of a potato tuber-forming substance, methyl 12-OH-JA,
and its epimer, was reported by Kiyota et al. (1999). However, the isolation of
tuberonic acid glucoside methyl ester in potato leaves of Solanum tuberosum had
been reported previously by Simko et al. (1996). These authors found high levels of
this compound in the cv. Norchip grown under long days (LD). This cultivar tuber-
izes even under LD condition. The other cultivar was LT-1, which requires SD for tu-
berization. SD conditions appeared to reduce the level of the tuberonic acid gluco-
side methy] ester in both cultivars. The difference between LD and SD in the concen-
tration of the glucoside methyl ester was the opposite of what was expected based
upon the evidence that this compound promotes ‘in vitro tuberization (Yoshihara et
al., 1992).

Another substance related to the hydroxylated forms of JA is potassium 8-D-glu-
copyranosyl 11-hydroxyjasmonate, which was isolated as a very active leaf-closing
substance in the leguminosa Albizzia julibrissin (Ueda & Yamamura, 1999).

Although the levels of hydroxyjasmonates have been quantified in potato leaves,
we do not know yet whether the concentration of hydroxyjasmonates changes during
the transition from stolon to tuber. Also, the role of octadecanoids in the tuberization
process is still not completely understood.

The present study investigates the variations in the endogenous content of octade-
canoids in the apical region and in stolons of Solanum tuberosum cv. Spunta, during
the transition of stolons to tubers.

Materials and methods

Potato tubers of Solanum tuberosum L., cv. Spunta, were planted in soil, in a green-
house under controlled environmental conditions (15 h photoperiod, 30 °C/12 °C
day/night temperature at planting time and 35 °C/18 °C day/night at tuber set). Plants
were harvested between 8 and 10 weeks after planting and individual organs were
collected according to Fig. 1 in the stages of: stolon with hooked apex (1st stage),
stolon with initial swelling (2nd stage), stolon with advanced swelling (3rd stage)
and tuber of 1.2 cm of length (4th stage). Three independent experiments were per-
formed using 25 plants each. For octadecanoid analysis the material was cut into two
regions, the apical region and the stolon part. The analysis of these compounds was
done in triplicate (each determination on a pool of material selected from 10 plants).

Extraction, purification and assessment of octadecanoids

Fresh plant material (1 g) was homogenized with 10 ml methanol and 100 ng
(*Hg)JA, 100 ng (*H;)OPDA, 100 ng 11-(3H;)OAc-JA, 100 ng 12-(*H;)OAc-JA and
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Fig. 1. Stages of the transition of stolons to tubers: 1st stage, stolon with hooked apex; 2nd stage,
initial stolon swelling; 3rd stage, stolon with advanced swelling; 4th stage, tuber of 1.2 cm length.
Bar=1cm.

200 ng JA-(*Hj)leucine conjugate as internal standards. The homogenate was fil-
tered under vacuum on a column with cellulose filtre. Then, elute was evaporated
and acetylated with pyridine/acetic acid anhydride (2:1) at 20 °C overnight. The ex-
tract was dried, dissolved with 10 ml methanol, and placed on columns filled with 3
ml DEAE-Sephadex A25 (Amersham Pharmacia Biotech AB, Sweden) (Ac-form,
methanol); the column was washed with 3 ml methanol. After washing with 3 m1 0.1
M acetic acid in methanol (all elutes combined gave fraction A), eluents with 3 mi of
1 M acetic acid in methanol and 3 ml of 1.5 M acetic acid in methanol were collect-
ed, evaporated and separated on preparative HPLC, and analyzed by GC-MS.

Fraction A (neutral jasmonates) was saponified with 5 ml 1 N NaOH and car-
boxylic acids were recovered with CHCl; after acidification with 1 N HCI to pH 4.
The CHCI,; solution was evaporated, separated on HPLC and analyzed by GC-MS.

HPLC: Eurospher 100-C18, (5§ um, 250 x 4 mm) (Knauer, Germany), Solvent A-
MeOH, Solvent B-0.2% acetic acid in H,O. Gradient 40% A to 100% A in 25 min.
Fractions at R, 10 to 11.30 min were collected in 1 vial (sample 1), 12 to 13.30 min
and 20.30 to 22 min were collected in 1 vial (sample 2) and fraction 16.10 to 18.15
min was collected separately (sample 3).

Derivatization: Evaporated samples were dissolved in 200 ul CHCl,/N,N-diiso-
propylethylamine (1:1) and derivatized with 10 ul pentafluorobenzylbromide at
20 °C overnight. The evaporated samples 1 and 2 from HPLC were dissolved in 5 ml
n-hexane and passed through a SiOH-column (500 mg; Machery-Nagel, Germany).
The pentafluorobenzyl esters were eluted with 7 ml n-hexane/diethylether (2:1). The
evaporated sample 3 were dissolved in n-hexane/ether (2:1) and eluted with n-hexa-
ne/ether (1:1). Elutes were evaporated, dissolved in 100 ul MeCN and analyzed by
GC-MS using methods A and B.

GC-MS: (GCQ Finnigan), 70 eV, negative chemical ionization, ionization gas
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Fig. 2. Chemical structures of jasmonates found in potato stolons and tubers. JA: jasmonic acid;
Me-JA: methyl-jasmonate; 12-OH-JA: 12-hydroxylated jasmonic acid; 11-OH-JA: 11-hydroxylat-
ed 1jasmrmic acid; OPDA: 12-oxo-phytodienoic acid; JA-Ile: jasmonic acid conjugated with
isoleucine.

NH;, source temperature 140 °C, column Rtx-5w/Integra Guard (Restek, Germany)
(5m inert precolumn connected with column 15 m x 0.25 mm, 0.25 pum film thick-
ness, crossbond 5% diphenyl — 95% dimethyl polysiloxane, injection temperature
250 °C, interface temperature 275 °C; helium 20 cm s™'; splitless injection.

Column temperature programme: 1 min 60 °C, 25°C min™! to 180°C, 5 °C min™! to
270 °C, 10 °C min™' to 300 °C, 10 min 300 °C; R, of pentafluorobenzyl esters:
(*Hg)JA 10.30 min, JA 10.36 min, 11-(*H;)OAc-JA 13.60 min, 11-OAc-JA 13.63
min, 12-(*H;)OAc-JA 15.39 min, 12-OAc-JA 15.42 min, JA-(*H;)Leu 19.63 min, JA-
(*H;)Ile 19.93 min (*H;)OPDA 20.10 min, OPDA 20.16 min, Fragments m/z 209,
215 (standard), m/z 267, 270 (standard), m/z 267, 270 (standard), m/z 322, 325
(standard) and m/z 291, 296 (standard) were used for the quantification of JA, 11-
OH-JA, 12-OH-JA, JA-Ile and OPDA, respectively.
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Statistical analysis

Statistical analysis of JAs measurements was performed by an ANOVA and a poste-
riori test LSD. The software used was Statistica (StatSoft Inc., 1999).

Results

The JA-derivatives, 11-OH-JA, 12-OH-JA, Me-JA, JA-lle, and the JA-precursor OP-
DA, were identified in stolon parts and in the apical region of potato plants (Fig. 2).
The levels of endogenous JA, Me-JA, 11-OH-JA and 12-OH-JA were measured dur-
ing the transition of stolons to tubers. Changes in JA and hydroxylated forms were
found along this process.

Despite the identification of JA-Ile and OPDA in stolons and tubers, we were un-
able to quantify these compounds. This was due to the very low level of JA-Ile and to
specific problems of the biological material of OPDA.

In the apical region we could observe a decrease in JA concentration from the 1st
stage to the 4th stage, whereas stolons maintained the same level along the stages of
the transition of stolon to tuber. In the 4th stage, JA content in the stolon was higher
than in the apical region (Fig. 3A). ‘

The 12-OH-JA form decreased in the 3rd and 4th stages compared with the st
and 2nd stages in apical region. On the contrary, no significant changes were found
in stolon for the four stages analyzed (Fig. 3C).

In the apical region and stolon at the 4th stage an increase was observed in rela-
tion to the derivative 11-OH-JA (Fig. 3D).

The content of 12-OH-JA was higher than that of 11-OH-JA in the four stages of
tuber formation, either in the apical region or in the stolon. However, both com-
pounds showed a different time-course in the apical region: while 11-OH-JA in-
creased from the 1st stage to the 4th stage, the content of 12-OH-JA decreased (Fig.
3C and D).

As shown in Fig. 3B, Me-JA did not show significant modifications between the
apical region and the stolon and its basal level was much lower than for the other
JAs. The low level of Me-JA may be due to the volatilization of this compound to the
atmosphere (Boland et al., 1995).

Discussion

There have been many studies on the effects of growth regulators on tuberization in
potato (Koda, 1997; Castro et al., 1999; 2000; Abdala et al., 2002), but no unequivo-
cal tuberizing factor has yet been identified (Jackson, 1999). However, hormonal
signals are common in morphogenetic events and they need transduction pathways
and receptive tissues to exert their action. For the morphogenetic process of tuber-
ization the target tissue is placed in the meristem region of the stolons. For this rea-
son it is important to study the changes in JAs along the transformation of stolon to
the tuber. ‘
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Fig. 3. A: Jasmonic acid (JA); B: methyl-jasmonate (Me-JA); C: 12-hydroxylated jasmonic acid
(12-OH-JA); D: 11-hydroxylated jasmonic acid (11-OH-JA) content in apical region and stolon
during the transition of potato stolons into tubers (n = 3, + SE; *P<0.05). Data with the same letter
are not significantly di nt.

In addition to JA and Me-JA, we identified and quantified for the first time the hy-
droxylated derivatives 11-OH-JA and 12-OH-JA in all the stages of the stolon to tu-
ber transition. One of the JA-hydroxylated forms, 11-OH-JA, had been detected as a
endogenous substance in higher plants by Helder et al. (1993). Previously, both hy-
droxylated JA-derivatives had been isolated from the culture filtrate of the fungus
Botryodiplodia theobromae (Miersch et al., 1991), and the presence of 12-OH-JA
and its methyl esther in potato leaves had been reported by Simko et al. (1996).

The similar changes in 12-OH-JA and JA content along the transition of stolon to
tuber, and the maintenance of a high and constant level of both compounds in stolons
concomitant with a decrease in the apical region, suggest that the apical region
might be the site where the hydroxylation or utilization/metabolism occurs; stolons
supply JAs to the apical region. Our previous data suggest a role for JA not only in
cell expansion of non-swelling stolons exogenously treated with JA, but also in the
early appearance of xylem elements in the regions proximal to the tunic. Protoxylem
elements such as tracheal elements with thin primary cell walls were present in JA-
treated stolons. The early vascular tissue differentiation in the apical region may be
related to water and nutrient movement (Cenzano et al., 2003). We can conclude that
endogenous as well as exogenous JA cause cell expansion, enlargement of the meris-
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tems accompained with leaf primordium modifications, and early vascular tissue dif-
ferentiation, resulting in the formation of tubers in detriment of shoots.

In relation to JAs transport in plants, a highly polar compound, the glucoside of
tuberonic acid (TAG), was identified after feeding potato leaf with [2-“C] (¥) JA
(Yoshihara et al., 1996). The radioactivity was found in the stolons and tubers, mean-
ing that TAG metabolized from JA moved to belowground parts of the potato plants.
TAG is more favoured than JA for transiocation due to its polar nature. When TAG
concentration reaches a high enough level, the production of tubers starts; however,
it is still not certain whether a high accumulation of TAG in tubers is a cause or a
consequence of tuberization. Based on our results we can assume that JA from leaves
or roots could be transportated as 12-OH-JA and/or TAG to the apical region stimu-
lating tuber formation by means of cell expansion and vascular tissue differentiation.

It is well known that JA and derivatives are synthezised in leaves (Sembdner &
Parthier, 1993; Creelman & Mullet, 1997; Mueller, 1997) and roots (Abdala et al.,
2003), although there is no data about JA-synthesis in stems or stolons. However, we
cannot discard this idea since Hause et al. (2000) reported the occurrence of allene
oxide cyclase, an enzyme related to JA synthesis, in the vascular bundles of tomato
stems and other structures. Moreover, LOX, transcripts accumulation, the first en-
zyme of JA-biosynthesis, was found in the tuber apical and subapical regions,
specifically in the vascular tissue of the perimedular region, the major site of cell
growth (Kolomiets et al., 2001). In addition, mutants with diminished expression of
LOX, showed a decreased activity of this enzyme with the consequent reduction of
tuber number and size. These results point out the participation of some metabolites
derived from LOX in the tuberization induction and tuber enlargement.

Also, the parallel 12-OH-JA decrease and the 11-OH-JA increase in the apical re-
gion could indicate either a conversion pathway of 12-OH-JA into 11-OH-JA, or a
preferential hydroxylation in C-11 with respect to C-12. Métabolic studies per-
formed with ['*C]-(£)-JA and ['*C]-9,10-dihydro-JA incorporated into six-day-old
barley plants showed that in both cases hydroxylation was larger in C-11 than in C-
12 (Sembdner et al., 1990). So far it is not known if there is a causal relationship.be-
tween the presence of JA-hydroxylated forms and tuber formation; however, it is rea-
sonable to assume that these compounds are involved in the formation of the plant
storage organs.

Little is known about the physiological action of the JA-hydroxylated derivatives.
To date, 12-OH-JA was found in Arabidopsis thaliana (Gidda et al., 2003), and its
glucoside was also detected in Helianthus tuberosus (Matsura et al., 1993) and 4s-
tragalus complanatus (Cui et al., 1993). The presence of 12-OH-JA in Arabidopsis
thaliana indicates that the distribution of this compound is not only restricted to tu-
ber-producing plants. Taken together 12-OH-JA might have different biological
function, e.g. delayed flowering initiation by decreased levels of 12-OH-JA (Gidda
et al., 2003).
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