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Abstract. Methyl jasmonate (JAMe) vapors (<8
ppm) for 4 h at 25°C dramatically increased Golden
Delicious apple peel B-carotene synthesis by nearly
threefold to 35 ng/mm?, while control fruits re-
mained nearly constant at 11 ng/mm? during the 10
day measurement period. Chlorophyll a and to a
lesser extent chlorophyll b and lutein degradation
were accelerated by JAMe treatment, but all
showed some recovery after 6 days. Peel chloro-
phyll a:b ratio held almost constant at 4.2—4.5 in
control fruits during 10 days, while JAMe-treated
apple chl a:b ratio decreased linearly to 2.9 during
10 days.

Jasmonic acid (JA) and its methyl ester (JAMe) are
endogenous growth substances (putative hormones)
identified in a wide variety of plant species (Meyer
et al. 1984) whose physiological functions have not
yet been fully elucidated (Staswick 1992, Hamberg
and Gardner 1992), but whose biological effects
from exogenous applications have been creating
substantial interest among plant scientists (Parthier
1990). Among these effects are a marked degrada-
tion of chlorophylls (Weidhase et al. 1987), inhibi-
tion of lycopene synthesis, and stimulation of B-car-
otene synthesis in tomatoes (Saniewski and Czapski
1983). These treatments utilized JAMe applied in a
lanolin paste. The volatility of JAMe at moderate
temperatures (25°C) has led us to attempt vapor
treatments of fruits (Olias et al. 1991) and to exam-
ine effects on ripening parameters, including peel
pigments.

Workman (1963) showed that there were three
classes of pigments responsible for the color
changes in apples: flavonoids (in the red varieties),

chlorophyll, and carotenoids. Further research
(Galler and Mackinney 1965, Valadon and Mum-
mery 1967, Knee 1972, Gorski and Creasy 1977) has
led to specific identification of carotenoid pigment
subclasses, and more recently Gross et al. (1978,
1979) reported mature Golden Delicious apples to
have 40-45% violaxanthin, 10-30% neoxanthin,
10% carotene, and 9-10% lutein with only minor
amounts of other carotenoids.

During the maturation and subsequent storage of
apple fruits, carotenoids generally increase, while
the chlorophylls decrease (Gross et al. 1978), such
that the fruits acquire the characteristic yellow col-
ors of this variety. Studies with mango (Jacob et al.
1970) indicated a loss of lutein but an increase in
carotene during ripening. It has been claimed that
banana skins (von Loesecke 1929) and some vari-
eties of apples (Valadon and Mummery 1967) main-
tain a constant carotene level as chlorophyll is de-
graded during ripening. The rind or peel of fruits is
frequently the region of higher carotenoid concen-
tration. The concentration in apple peel, for exam-
ple, is five times that of the flesh.

Due to our current interest in the effects of exog-
enously applied JAMe vapors on ripening parame-
ters, such as aroma development (Olias et al. 1992),
ethylene production (Olias et al. 1991), and color
changes, the objective of this paper was to study the
effects of low concentration vapor applications of
JAMe on peel pigments of mature, intact Golden
Delicious apple fruits.

Materials and Methods

Golden Delicious apples were obtained from local (Seville,
Spain) commercial wholesale markets. These were carefully
color-matched and sorted to remove any fruits with defects at the
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Fig. 1. HPLC chromatogram of Goiden Delicious apple peel pigments extracted with dimethylformamide.

beginning of each experiment to assure uniformity. Jasmonic
acid methyl ester was Lot 30, ref. no. 13124.87.06 purchased
from Firmenich (Basel, Switzerland).

All experiments were carried out in triplicate in the dark at
25°C. Five intact apples (~1 kg) were placed in 4 L glass jars with
a small watch glass on the bottom which contained 15 mg of
liquid JAMe. The jars were sealed, and placed in the dark for 4
h to allow JAMe to volatilize into the atmosphere of the jar.
Control fruits were treated similarly, but without JAMe. Afler 4
h of initial JAMe vapor treatment, the jars were opened, a lid
allowing gas exchange was attached, JAMe was left in the jars,
and they were returned to darkness for the duration of the ex-
periment. Sufficient jars were prepared to allow fruits to be sam-
pled every 2 days for up to 2 weeks. Jasmonic methy! ester
concentrations in the jars were measured by GC-MS$-specific ion
monitoring at m/e 224. After 4 h at 25°C, the volatile JAMe
concentration reached 8 ppm in the sealed jars.

Peel disks (triplicate samples) were cut with an 8 mm diameter
cork borer, 15 disks were placed in a test tube, covered with 3 m}
dimethyfformamide (DMF), air bubbles were removed, the tubes
were sealed, covered with foil, and held at 4°C for 24 h in the
dark. The DMF was collected, replaced by a second 3 ml of
DMF, and the disks extracted an additional 24 h at 4°C. The
combined DMF exiracts were filtered through a 6.45 wM micro-
filter, and triplicate samples were ready for HPLC analysis of

pigments. HPLC analysis was carried out on a Hewlett-Packard
Model 1090 HPLC, with Model 85B controller, diode-array UV-
Vis detector, and model 9121 data processor. The column was a
2 mm X 250 mm Beckman Ultrasphere ODS (C18) 5 uM, oper-
ated at 30°C, fitted with a 100 wl injection loop in a Rheodyne
valve. Two-step gradient elution utilized solvent A:acetonitrile/
H,0 (90:10y and B:ethyl acetate, programmed at 0.5 ml/min,
starting with 10% B at time zero increasing to 20% B in S min,
then to 106% B at 30 min and thereafter. Diode array detection
was set from 320-600 nm, with specific monitoring at 430 and 446
nm. Post-run data processing allowed specific spectra of individ-
ual peaks to assist in identification. Pigment concentrations were
calculated based upon caiibration curves with commercial stan-
dards and expressed as ng pigment/mm” of peel. Calculated mo-
lar extinction coefficients were found to be in good agreement
with thase published in the literature (Davies 1976, Khachik et
al. 1986, Minguez-Mosquera and Garrido-Fernandez 1986).

Results

Figure 1 shows the HPLC separation of Golden De-
licious appfe peel pigments extracted by the miid
DMF procedure used in this study. Every pigment
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Fig. 2. Concentration in the four major pigments in Golden Delicious apple peel following JAMe treatment: 8 ppm JAMe in the

atmosphere(—); untreated control(: - ).

was identified by comparison to its characteristic
spectra and by similarity in the retention time after
spiking the pigment standards to the extracts. Sur-
prisingly, no violaxanthin was detected in the apple
peels by the methods used in this study. This con-
trasts sharply with other reports (Gross 1979, Gross
and Eckhardt 1978, Gross and Lenz 1979) which
indicated violaxanthin up to 45% in Golden Deli-
cious apple peel. This is not due to differences in
extraction by DMF compared to acetone which was
used in previous studies. However, since our sam-
ples were not subjected to saponification or prepar-
ative TLC on silica, this could account for the dif-
ferences. The recent paper by Kimura et al. (1990)
points out that saponification can lead to significant
carotenoid and xanthophylil changes, qualitatively
as well as quantitatively.

Figure 2 shows the effects of JAMe on peel
lutein, chlorophyll a, chlorophyll b, and B-carotene.
Peel lutein decreased from 20 ng/mm? to less than 10
ng/mm? during 10 days at 25°C. The rate of loss was
accelerated by the JAMe treatment. Beta-carotene
dramatically increased from 11 ng/mm? to 35 ng/
mm? in JAMe-treated apples, whereas control apple
peel B-carotene remained essentially unchanged at
11 ng/mm? over 10 days. Chlorophyll a and b in the

controls were degraded at almost the same rate
(4.5% and 4.3% per day, respectively) but JAMe
treatment accelerated chlorophyll a loss by about
35% and chlorophyll b loss by about 20% compared
to control fruits.

Discussion

Carotenoids are normal constituents of the photo-
synthetic apparatus of chloroplasts and are, there-
fore, present in green fruit tissues prior to matura-
tion. Maturation does not always involve an accu-
mulation of carotenoids—many varieties of apples,
pears, grapes, and olives belong to this group (Gold-
schmidt 1983). Thus, the color change of ripe fruit
from green to yellow may be partly explained by the
unmasking of existing carotenoids as chlorophylis
are degraded.

Golden Delicious apple control fruits held for 10
days in the dark at 25°C had decreased lutein, and
chlorophyll a and b, about 43% less than at the start
of the experiment. When JAMe vapors were en-
closed in the atmosphere for 4 h on the first day,
this very low (8 ppm) gaseous concentration caused
some dramatic changes in apple peel pigments,
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stimulating a substantially greater (66%) loss of the
above compounds. Surprisingly, there appeared to
be recovery of chlorophyll synthesis in the dark 6
days after the JAMe treatment began; thus, the ef-
fect of the initial JAMe vapor treatment on chloro-
phyll was only transitory.

Most notable was the increase in B-carotene syn-
thesis. Initially, there was a 2 day lag in JAMe stim-
ulated B-carotene synthesis; but once started,
B-carotene increased linearly by almost 3 ng/mm?
peel/day over the following 8 days, when the exper-
iment was terminated. The same stimulatory effect
on B-carotene synthesis by JAMe was found in
treated tomato fruit (Saniewski and Czapski 1983).
Control apple peel B-carotene concentrations re-
mained essentially constant, which agrees with the
earlier reports by Valadon and Mummery (1967).

The complement of carotenoids that an organism
can synthesize is under genetic control; however,
the amount, and to some extent, the type of carot-
enoid actually synthesized, can be influenced by a
number of factors. These include nutritional fac-
tors, light, temperature, and the presence of certain
chemicals. The genetic control of carotene biosyn-
thesis has been extensively studied in some higher
plants. In tomato fruits, for instance, at least four
major genes have been identified (Darby 1978). Un-
derstanding how these genes are switched on and
off, however, remains for future research.

Growth regulators have been used as powerful
tools to improve fruit coloration; in this respect, it is
well known that ethylene accelerates chlorophyll
degradation (Purvis and Barmore 1981) as well as
the synthesis of carotenoids (Steward and Wheaton
1972). Applications of JAMe vapors to Golden De-
licious apples have been shown to significantly
stimulate ethylene formation (2.5- and 4.6-fold in
the cortical and peel tissues, respectively) (Olias et
al. 1991). This concomitant effect on ethylene and
carotenoids was found in both studies and raises the
question as to whether JAMe directly stimulates ca-
rotenoid biosynthesis or indirectly via ethylene
stimulation which then affects carotenoids. On the
other hand, there is evidence suggesting that carot-
enoids are biosynthetic precursors of abscisic acid
(ABA) through lipoxygenase action (Parry and Hor-
gan 1991a,b). In a previous work we found an in-
crease in lipoxygenase activity in JAMe-treated ap-
ples (Olias et al. 1992) that could also support a
possibie interaction between JAMe and ABA.

Acknowledgments. This work was supported by Proyecto de In-
vestigaciéon ALISSGES8371 from Plan Nacional de Ciencia y
Tecnologia de Alimentos, Spain. The authors express their grat-
itude to the Ministerio de Educacién y Ciencia, Spain, for pro-

A. G. Pérez et al.

viding partial financial support under the visiting professors pro-
gram to DGR (on sabbatical leave from Oregon State Univer-
sity), and to Junta de Andalucia for scholarship support to AGP
and CS. The authors also thank Dr. Khachik for his kind gift of
authentic violaxanthin standard.

References

Berset C, Caniaus P (1983) Relationship between color evalua-
tion and chlorophyllian pigment content in dried parsley
leaves. J Food Sci 48:1854-1858

Darby LA (1976) Isogenic lines of tomato fruit color mutants.
Hortic Res 78:73-84

Davies B H (1976) Carotenoids. In: Chemistry and biochemistry
of plant pigments. Academic Press, London, pp 38-165

Galler M, Mackinney G (1965) The carotenoids of certain fruits
(apple, pear, cherry, strawberry). J Food Sci 30:393-395

Gorski PM, Creasy LL (1977) Color development in Golden De-
licious apples (carotenoids, chlorophyll, flavonoids). J
Amer Soc Hort Sci 102:73-75

Gross J (1979) Changes in carotenoid pattern in peel of Golden
Delicious apples during storage. Gartenbauwiss 44:27-29

Gross J, Eckhardt G (1978) A natural apocarotenol from the peel
of ripe Golden Delicious apple. Phytochemistry 17:1803-
1804

Gross J, Lenz F (1979) Violaxanthin content as an index of ma-
turity in Golden Delicious apples. Gartenbauwiss 44:134—
135

Gross J, Zachariae A, Lenz F, Eckhardt G (1978) Carotenoid
changes in the peel of the Golden Delicious apple during
ripening and storage. Z Pflanzenphysiol 89:321-332

Hamberg M, Gardner HW (1992) Oxylipin pathway to jas-
monates: Biochemistry and biological significance. Bio-
chim Biophys Acta 1165:1-18

Jacob J, Subbarayan C, Cama HR (1970) Carotenoids in three
stages of ripening of mango. J Food Sci 35:262-265

Khachik F, Beecher GR, Whitaker NF (1986) Separation, iden-
tification, and quantification of the major carotenoid and
chlorophyll constituents in extracts of several green veg-
etables by liquid chromatography. J Agric Food Chem
34:603-616

Kimura M, Rodriguez-Amaya DB, Godoy HT (1990) Assess-
ment of the saponification step in the quantitative deter-
mination of carotenoids and provitamins A. Food Chem
35:187-195

Knee M (1972) Anthocyanin, carotenoid, and chlorophyll
changes in the peel of Cox’s Orange Pippin apples during
ripening on and off the tree. J Exp Bot 23:184-186

Meyer A, Miersch O, Biittner C, Dathe W, Sembner G (1984)
Occurrence of the plant growth regulator jasmonic acid in
plants. J Plant Growth Regul 3:1-8

Minguez-Mosquera MI, Garrido-Ferndndez J (1986) Composi-
cién y evolucién de clorofilas y carotenoides durante el
desarrollo y maduracién de los frutos del olivo. Grasas
Aceites 37:337-342

Olias JM, Sanz LC, Rios JJ, Pérez AG (1992) Inhibitory effect of
methyl jasmonate on the volatile ester forming enzyme
system. J Agric Food Chem 40:266-270

Olias JM, Sanz L.C, Pérez AG (1991) Influencia del jasmonato de
metilo en la maduracién post-cosecha de manzana. In:
Recasens, Graell, Vendrell (eds) El etileno en la madura-
cién y post-recoleccién de frutos y hortalizas. Paper Kite,
Lerida, Spain, pp 60-67



Methy! Jasmonate Effect on Apple Pigments

Parthier B (1990) Jasmonates: Hormonal regulators of stress fac-
tors in leaf senescence. J Plant Growth Regul 9:57-63

Parry AD, Horgan R (1991a) Carotenoids and abscisic acid
(ABA) biosynthesis in higher plants. Physiol Plant 82:320~
326

Parry AD, Horgan R (1991b) Carotenoid metabolism and biosyn-
thesis of abscisic acid. Phytochemistry 30:815-821

Purvis AC, Barmore CR (1981) Involvement of ethylene in chlo-
rophyll degradation in peel of citrus fruit. Plant Physiol
68:854-856

Saniewski M, Czapski J (1983) The effect of methyl jasmonate on
lycopene and B-carotene accumulation in ripening red to-
matoes. Experientia 39:1373-1374

Staswick PE (1992) Jasmonate, genes, and fragrant signals. Plant
Physiol 99:804-807

Stewart CR, Wheaton TA (1972) Carotenoids in citrus: Their

167

accumulation induced by ethylene. J Agric Food Chem
20:448-449

Valadon LRG, Mummery RS (1967) Carotenoids in some apples.
Ann Bot 31:497-503

von Loesecke H (1929) Quantitative changes in the chloroplast
pigments in the peel of bananas during ripening. J Amer
Chem Soc 51:2439-2443

Weidhase RA, Lehmann J, Kramell H, Sembdner G, Parthier B
(1987) Degradation of ribulose-1,5-bisphosphate carbox-
ylase and chiorophyll in senescing barley leaf segments
triggered by jasmonic acid methylester, and counteraction
by cytokinin. Physiol Plant 69:161-166

Workman M (1963) Color and pigment changes in Golden Deli-
cious and Grimes Golden apples. Proc Amer Soc Hort Sci
83:149-161



