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Elevated sunlight promotes ripening-associated
pigment changes in apple fruit
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Abstract

Content and composition of chlorophylls and carotenoids were studied with non-destructive reflectance measurements and HPLC in sun-
and shade-adapted skins of apple fruit ripening on and off the tree. In on-tree ripening fruit elevated sunlight brought about a decline in
chlorophyll and retention or an increase in total carotenoid content. In later harvested fruit the molar ratio between the pigments was high
and exceeded unity in sunlit (but not in shaded) skin on the tree. Postharvest, apples with a chlorophyll content lower than 2 nmol cm−2
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isplayed a rapid decrease in chlorophyll and a remarkable induction of carotenoids, much more pronounced in sunlit skin. In the progress of
ipening, the carotenoid pattern underwent considerable changes: a decline in lutein and �-carotene and a build up of violaxanthin and fatty
cid xanthophyll esters, the latter dominating at advanced stages of ripening. The results suggest that the differences in pigment dynamics
etween sunlit and shaded skins both on- and off-tree could be regarded as acceleration and enhancement of ripening-specific changes. Since
romotion of ripening in sunlit fruit surfaces might be considerable in apples growing under contrasting illumination this should be taken into
ccount in planning of harvest time and selection of storage conditions for apple fruit.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Ripening-induced alterations of metabolism in apple fruit
re accompanied by directed changes in chlorophyll (Chl)
nd carotenoid (Car) content (Knee, 1972; Gross, 1987).
sually in the course of both on- and off-tree ripening Chl
egrades whereas the total Car content remains constant or
ncreases considerably (Knee, 1972; Gross, 1987; Merzlyak
t al., 1999, 2003; Merzlyak and Solovchenko, 2002). Onset
f ripening induces specific changes in Car content and com-
osition (Gross, 1987; Merzlyak et al., 1999; Solovchenko et
l., 2005).

Abbreviations: Antn, antheraxanthin; Car, carotenoid(s); �-Car, �-
arotene; Chl, chlorophyll(s); FAXE, fatty acid xanthophyll esters; Lut,
utein; Neo, neoxanthin; Vio, violaxanthin; Zea, zeaxanthin
∗ Corresponding author. Tel.: +7 495 9393587; fax: +7 495 9393807.
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Both the changes in Car/Chl ratio and Car pattern could be
used as markers of the ripening process in apples (Rhodes,
1980; Brady, 1987; Gross, 1987; Knee, 1988; Merzlyak et
al., 1999; Solovchenko et al., 2005). Recently the ripening
processes in shade-grown ‘Antonovka’ fruit have been stud-
ied with non-destructive reflectance techniques. Although
the Car/Chl ratio and total Car content showed only a slight
increase in on-tree ripening fruit, it was found that they could
be used as markers of the physiological state of the fruit
and for prediction of ripening rate. Fruit detachment brought
about a sharp increase both in the Car/Chl ratio and skin
Car in the course of storage, which depended on the ripeness
state and Chl content attained on the tree. The quantitative
data and relations between pigments suggested that the pre-
existing Car pool participates in their transformation during
ripening and contributes considerably to their amounts in ripe
fruit (Solovchenko et al., 2005).

Unripe apple fruit demonstrate characteristic changes in
their pigment composition dependent on irradiation condi-
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tions during their growth. It has been reported that, in compar-
ison with shaded, sunlit skin of apples possesses high levels
of flavonoids (Merzlyak and Chivkunova, 2000; Merzlyak et
al., 2002, 2005), contains lower quantities of Chl and higher
amounts of Car (Merzlyak et al., 2002; Ma and Cheng, 2003,
2004). A characteristic feature of Car from sun-adapted fruit
is an increased proportion of xanthophylls participating in
the violaxanthin cycle (Ma and Cheng, 2003, 2004). It is
generally accepted that, apart from playing roles in light har-
vesting and assembly of the photosynthetic apparatus, Car
fulfil indispensable functions in plant adaptation to oxidative
stress and protection against photooxidative damage (Young,
1991; Bartley and Scolnik, 1995; Frank and Cogdell, 1996;
Niyogi, 1999) such as sun scald in apple fruit (Merzlyak and
Solovchenko, 2002). Although the phenomenon of ripening-
induced carotenogenesis is well known, the roles of Car
accumulated in response to elevated sunlight in adaptation
and their fate during fruit ripening has not been investigated
in detail so far.

The aim of this work was to elucidate the effects of
increased levels of solar radiation on Car patterns in ripening
apple fruit and to determine the extent to which the Chl and
Car pattern of on- and off-tree ripening apples is governed by
ripening-induced changes and acclimation to solar radiation.
In this connection we compared the skin pigment contents
and composition in sunlit versus shaded surfaces of on- and
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sides of fruit harvested in 2004 were limited because of skin
browning developing within 2–3 weeks during off-tree ripen-
ing; browning-affected fruit were excluded.

Skin samples for HPLC analysis were taken from ‘on-tree’
fruit at the time of their harvest and after the last reflectance
measurements (the end of off-tree storage).

2.2. Pigment extraction and analysis

Pigments were extracted from the apple fruit skin
and quantified according to the procedure described in
(Solovchenko et al., 2001) employing extraction with chlo-
roform:methanol (2:1, by volume) mixture. The chloroform
extracts obtained during the above-mentioned procedure
were used for HPLC analysis of pigments. The HPLC appa-
ratus (Knauer, Germany) comprised an on-line degasser, two
K-501/1 MiniStar pumps, a 150 mm × 4.5 mm Prontosil RP
C-18 column fitted with a guard column (Upchurch Scientific,
USA) and a K-2500/1 UV detector. The following system was
used for elution of pigments: (A) acetonitrile:water (85:12,
v:v) and (B) ethyl acetate. A flow rate of 1 ml min−1 and a
two-step linear solvent gradient from 0 to 30% B (15 min),
then from 30 to 100% B (4 min) with a 10-min hold at the
final concentration were used. Pigments were identified and
quantified using pure neoxanthin (Neo), violaxanthin (Vio)
and antheraxanthin (Antn) obtained from Sigma (USA) and
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ff-tree ripening apple fruit.

. Materials and methods

.1. Plant material and experimental design

Undamaged anthocyanin-free apple (Malus × domestica
orkh.) fruit (cv. Antonovka Obiknovennaia) grown in the
otanical Garden of M.V. Lomonosov Moscow State Uni-
ersity (Moscow, Russia) during the seasons 2004 and 2005
ere used in this study. Sampling was started in August and

ontinued till the end of October. Seven fruit were randomly
icked weekly from the outer part of the canopy at 1.5–2 m
t 10 a.m. when no direct sunlight fell on the fruit.

Zones of fruit surfaces exposed to direct sunlight, visu-
lly more yellowish and with a characteristic decrease of
eflectance around 400–420 nm as a result of accumulation
f flavonoids (Merzlyak et al., 2005), are referred to as ‘sun-
it fruit surfaces’; the opposite surfaces of the same fruit are
enoted as ‘shaded surfaces’.

The first measurements were performed within 1 h from
icking: the resulting dataset was considered as ‘on-tree
ipening’. Five fruit harvested at each picking date were
ept in darkness (ambient atmosphere, 25 ◦C) and analysed
eekly for at least 1 month: this data set was regarded as

off-tree ripening’.
Non-destructive estimation of pigment content during off-

ree ripening was performed on both sunlit and shaded fruit
urfaces in 2004 and 2005. The measurements on the shaded
hl a and b (Fluka, Germany); other pigments were purified
y TLC (Solovchenko et al., 2001). Eluted components were
onitored at 655 and 450 nm, the wavelengths of absorption

y Chl and combined absorption by Car and Chl, respectively.
AXE were quantified using the calibration curve obtained
or Vio, which (together with Neo) were reported (Gross,
987; Knee, 1988) to be the main carotenol substrate for
atty acid esterification in ripening apple fruit.

.3. Reflectance measurements and non-destructive
ssay of pigments

Whole-fruit reflectance was recorded using a Hitachi
50–20 spectrophotometer (Tokyo, Japan) equipped with a
50-mm diameter integrating sphere attachment against bar-
um sulphate as a standard. The spectral data were sampled
ith 2-nm intervals, exported to and treated with spreadsheet

oftware. In the course of off-tree ripening the spectra were
aken from the same zones of the fruit surface.

Skin Chl and Car contents were assayed non-
estructively using reflectance (R) indexes, (R800/R678) − 1
nd R800(1/R520 − 1/R700), respectively (Merzlyak et al.,
003).

. Results

Throughout the investigation period skin Chl and Car were
etermined non-destructively for sunlit and shaded sides of
ipening ‘Antonovka’ fruit. The results are plotted in Fig. 1 as
he changes in the Car/Chl ratio as a function of Chl content.
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Fig. 1. Relationships between carotenoid-to-chlorophyll ratio and chlorophyll content in shaded (A, C) and sunlit (B, D) skins as determined non-destructively
in ‘Antonovka’ apples harvested in 2004 (A, B) and 2005 (C, D). Solid and open symbols denote on- and off-tree ripening fruit, respectively. Lines represent
the best-fit functions. Mean values (n = 5) are shown; error bars represent average S.E. calculated for each series since close S.E. values for on- and off-tree
ripening sets of fruit for the given date of harvest were found. The means for sunlit and shaded surfaces were significantly different at the 0.05 level according
to the results of ANOVA.

In the two seasons studied, a nearly constant Car/Chl ratio
was recorded in the skins of shaded surfaces of fruit ripening
on the tree. In sunlit skin, after a drop of on-tree Chl below
approximately 2 nmol cm−2 the slope of the ‘Car/Chl versus
Chl’ trend increased considerably due to the accumulation of
higher amounts of Car.

Fruit detachment resulted in an acceleration of Chl decline
and an increase in the Car/Chl ratio, which was more pro-
found in sunlit than in shaded skins (Fig. 1). The rise of the
ratio was low in fruit with high Chl and increased along with

a decline in Chl at the time of harvest. Fruit harvested at later
dates with lower Chl demonstrated a considerably sharper
increase in the Car/Chl ratio after picking, which was gener-
ally 2–3 times higher in sunlit skin (Fig. 1, open symbols).

Skin samples taken weekly from sunlit and shaded sur-
faces of on-tree and off-tree ripening fruit harvested in 2004
were subjected to HPLC. Since a steep transformation of the
Car pattern was recorded in on-tree fruit, the representative
data corresponding to the beginning, middle and terminal
stages are shown in Figs. 2 and 3. Six principal Car found in
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Fig. 2. Relative on-tree carotenoid content of sunlit skins versus that in
shaded skins of representative unripe and ripe ‘Antonovka’ apples. The rel-
ative Car content was calculated as a ratio (Carsun − Carsh)/Carsh, where
Carsun and Carsh are Car content of the sunlit and shaded fruit surfaces,
respectively. The dates of harvest are shown.

‘Antonovka’ apple skin at all stages of fruit development were
Lut, Neo, Vio, Antn, Zea and �-carotene (�-Car) as well as
fatty acid xanthophyll esters (FAXE); the latter were detected
only in trace amounts in immature fruit harvested in the begin-
ning of August. The HPLC analysis of fruit showed that the
proportions between Car underwent remarkable changes in
the course of on-tree ripening (Figs. 2 and 3). Fig. 2 dis-
plays the relative Car pattern of sunlit versus shaded surfaces
in on-tree ripening ‘Antonovka’ fruit for the beginning and
the end of the 2004 season. At the stage of on-tree ripen-
ing characterised by a Chl content of <2 nmol cm−2, total
Car content was 1.5–2 times higher in sunlit than in shaded
skins whereas individual Car displayed different trends and
Vio and Antn demonstrated the most prominent (5.5–6.5-
fold) increase. In sunlit skin at the terminal stages of ripening
relative Neo and Zea contents became less, those of �-Car
and FAXE increased whereas Lut did not show significant
changes (Fig. 2).

Relative Car content of sunlit and shaded apple fruit differ-
ing in Chl and Car are shown in Fig. 3 as functions of harvest
date and pigment content. In the course of ripening relative
contents of Lut, Zea and �-Car decreased whereas that of Neo
remained more or less constant. The fruit possessed higher
contents of Car involved in the violaxanthin cycle (Vio, Antn
and Zea) in sunlit than in shaded skins regardless of date of
harvest and Chl content (Fig. 3(A) and (B)). In unripe fruit,
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ripe apple fruit. In detached fruit these processes were more
profound and by the end of storage FAXE constituted more
than 95 and 50% of total Car in sunlit and shaded skin, respec-
tively (data not shown).

4. Discussion

Under the temperate climate conditions of the Central
region of Russia (Moscow) ‘Antonovka’ apples usually reach
picking maturity by the end of September (110–120 days
after full bloom) as in 2005. In the year 2004, character-
ized by unusually low temperatures (10 ◦C below the annual
average), on-tree Chl remained rather stable and did not
drop below 1.5 nmol cm−2 in shaded fruit (Fig. 1; see also
Solovchenko et al., 2005). Usually, in shaded skins of on-
tree ripening ‘Antonovka’ fruit the changes in Chl and Car
occur simultaneously resulting in a nearly constant Car/Chl
ratio, which increases slightly along with a decline in on-tree
Chl (Solovchenko et al., 2005). In the year 2004, the Car/Chl
ratio tended to decrease, probably due to higher stability of
Chl in this season (Fig. 1). Nevertheless, in both seasons Chl
and Car displayed qualitatively similar behaviour.

According to non-destructive reflectance measurements,
on-tree Car/Chl ratios were higher in sunlit than in shaded
fruit skins; the difference became most pronounced by the
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AXE were found in low (<1.5% of total Car) amounts in
haded skin whereas their relative content in sunlit skin was
igher exceeding 5%. By the end of observation period FAXE
eached ca. 20 and 40% in shaded and sunlit skin, respectively
Fig. 3(E) and (F)). FAXE and Vio increased during ripening
n shaded and, to a considerably higher extent, in sunlit skins.
s a result, they became the dominant Car of sunlit skin in
nd of September (Fig. 1, closed symbols). It is noteworthy
hat in fruit harvested by that time the Car/Chl ratio in sunlit
kin was comparable to that achieved by fruit during ripening
ff the tree for 2–3 weeks. Moreover, in sunlit skin of fruit
arvested by the end of September the ratio reached unity
hile still on the tree (Fig. 1(B) and (C)), which, according

o our multiseason observations, was not the case in fruit
ipening on the tree in the shade (Solovchenko et al., 2005).

Detachment of fruit accelerates breakdown of Chl and
ynthesis of Car due to a shift in the hormonal balance in
avour of ethylene (Brady, 1987; Gross, 1987; Vendrell and
alomer, 1998; Cecchi et al., 2005) resulting in an increase

n the Car/Chl ratio in the postharvest period. In shaded fruit
xamined in 2005 the induction of Car synthesis and stoi-
hiometry of Car and Chl changes were very close to those
ecorded previously (Solovchenko et al., 2005), whereas in
004 these effects were less pronounced (Solovchenko et al.,
005).

In 2005, sunlit surfaces of off-tree ripened fruit demon-
trated a remarkable increase in the Car/Chl ratio even in
ruit with high on-tree Chl. On the whole, the increase in
he Car/Chl ratio was 2–3 times higher than in the shade.
imilarly to the shaded skin, the slopes of the relationship
Car/Chl versus Chl’ increased with a decrease in on-tree
hlorophyll content (Fig. 1, Solovchenko et al., 2005). In
ruit harvested in 2004 characterized by retarded ripening,
arotenogenesis and an increase in the Car/Chl ratio occurred
hen on-tree Chl contents became lower than 2 nmol cm−2

Fig. 1). In general and in accordance with our previous
ndings (Solovchenko et al., 2005), the higher Car content
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Fig. 3. Carotenoid composition of shaded (A, C, E) and sunlit (B, D, F) skin of representative apple fruit as a function of the date of harvest at early (A, B),
intermediate (C, D), and terminal (E, F) stages of ripening on the tree. Chlorophyll and carotenoid contents (nmol cm−2) and dates of harvest are shown.

attained by on-tree ripening fruit, the higher was the extent
of carotenogenesis induction in postharvest storage. Collec-
tively, the results of non-destructive analysis clearly show
that in sunlit surfaces of fruit, ripening-associated pigment
changes occurred more rapidly than in shaded skin of the
same fruit both on- and off-tree.

During ripening of different apple cultivars, fruit Car
undergo induction with preferential accumulation of Vio and
FAXE (Gross, 1987 and references therein; Knee, 1988).
In this work the changes in Car composition were analysed
in shade- and sun-adapted ‘Antonovka’ fruit. Figs. 2 and 3

indicate that the decline in Chl was accompanied by a con-
siderable alteration in the Car pattern. Apples collected in
the middle of September possessed high amounts of Lut, �-
Car, and approximately 20% of violaxanthin cycle pigments
(Fig. 3) resembling the typical Car pattern of unripe apples
(Gross, 1987; Knee, 1988; Ma and Cheng, 2003). In spite
of a stable Car/Chl ratio (Fig. 1), in ripening shaded fruit a
decrease in the proportions of Lut involved in light harvesting
(Demmig-Adams et al., 1996), and �-Car present in photo-
synthetic reaction centres (Hashimoto and Koyama, 1990),
was found (Fig. 3). A synchronous decline both in Chl and
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Car recorded in shaded skin could be the consequence of
ordered dismantling of the photosynthetic apparatus occur-
ring during senescence of plant tissues (Merzlyak et al., 1999;
Hörtensteiner and Feller, 2002). It should be noted that there
is simultaneously an increase in Vio and a build-up of FAXE
(Fig. 3) characteristic of apple fruit ripening (Gross, 1987)
suggesting the involvement of ripening-specific pathways in
Car metabolism of sunlit skin even at early stages of on-tree
ripening.

By the end of August, skin of sunlit and shaded surfaces
of ‘Antonovka’ apples possessed similar total Car contents
and Car/Chl ratios (Fig. 1), but differed considerably in the
proportion of Car (Fig. 3(A) and (B)). Among the key pecu-
liarities of Car composition of sun-adapted apple skin was
increased levels of Car participating in the xanthophyll cycle
(Figs. 2 and 3), attributable to acclimation of the photosyn-
thetic apparatus in response to elevated fluxes of solar radi-
ation (Demmig-Adams et al., 1996; Ma and Cheng, 2004).
However, the extent of involvement of these xanthophylls in
functioning of the violaxanthin cycle in ripe fruit deserves a
separate study.

A further decline in Chl below 1.6 nmol cm−2 was accom-
panied by a more profound alteration of Car patterns: the
two-fold decrease in Lut and considerable increases of Vio
and FAXE (Fig. 3(C) and (D)). These trends continued until
the terminal stages of ripening when Vio and FAXE domi-
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