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Abstract

The changes in total chlorophyll and carotenoid contents characteristic for on- and off-tree ripening of apple
(Malus× domesticaBorkh. cv. Antonovka) fruit taken from the inner part of the canopy were studied non-destructively over
several seasons. During on-tree ripening, a synchronous decrease in the content of both pigments was found with stoichoimetry
of 0.32 mol carotenoids per mole of chlorophylls. Fruit detachment triggered, after a lag phase of a few days, a sharp increase in
carotenoid content with a stoichiometry of 0.66 mol of accumulated carotenoids per mole of chlorophylls degraded. The increase
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in carotenoid content as a result of 3–4 weeks of off-tree ripening comprised 40% of their on-tree level. Multi-season obse
showed that off-tree patterns of both pigments as well as the rate of their ratio changes are closely related with on-tree ch
content at harvest. In spite of the complex kinetics of chlorophylls and carotenoids during ripening, their stoichiometry r
a tight interrelation of the pigments, and the relationship ‘carotenoid-to-chlorophyll ratio versus chlorophyll content’ dis
a strong correlation. The findings allowed us to devise a simple model taking on-tree chlorophyll levels as the only inpu
was successfully applied for reconstruction and prediction of ripening-associated changes in carotenoid content (r2 ≈ 0.81;
RMSE≤ 0.1 nmol cm−2) and carotenoid-to-chlorophyll molar ratio (r2 ≈ 0.96; RMSE≤ 0.1). The results suggest that pigme
changes associated with apple fruit ripening proceed, to a large extent, via a common mechanism and obey a general
mined by a fruit physiological state attained by the date of harvest but not the harvest date per se. Chlorophyll content a
to be a suitable internal marker of fruit ripeness, but the changes in the content of both chlorophylls and carotenoids s
used to follow the ripening process in apple fruit on and off the tree rather than the changes of each of the pigments al
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1. Introduction

Both natural and artificially-induced senescence
of photosynthesizing plant tissues represent a highly
ordered process and involve dramatic changes in
pigment content and composition (Chichester and
Nakayama, 1965; Knee, 1972, 1980, 1988; Gross,
1987; Merzlyak et al., 1999; Giovannoni, 2001;
Johnston et al., 2002). The disassembly of the pho-
tosynthetic apparatus entails extensive breakdown of
chlorophylls (Chl) which has been elucidated over
recent decades (Matile et al., 1999; Ḧortensteiner and
Feller, 2002). In many plant species, the decline in
Chl is not accompanied by a synchronous catabolism
of carotenoids (Car) and their retention or induc-
tion occurs (Gross, 1987; Biswal, 1995; Merzlyak
et al., 1999). Frequently, the transformation of
Car pigments during leaf senescence includes their
esterification by long-chain fatty acids (Tevini and
Steinm̈uller, 1985; Biswal, 1995) and subsequent depo-
sition in chloroplast/chromoplast plastoglobuli (Tevini
and Steinm̈uller, 1985; Vishnevetsky et al., 1999).

Apple fruit possess fully functional chloroplasts
(Blanke and Lenz, 1989). The disassembly of the apple
fruit photosynthetic apparatus during ripening involves
a gradual decrease in Chl and accumulation of sig-
nificant amounts of Car (Gross, 1987; Knee, 1988;
Merzlyak et al., 1999) resulting in changes of col-
oration characteristic of ripe fruit. The rate of fruit
ripening is affected by a number of climatic and pro-
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whereas the use of total Car for this purpose has been
regarded as inefficient (Gross, 1987).

The studies of fruit ripening require approach(es)
suitable for long-term non-destructive monitoring
allowing rapid and serial measurements of the same
samples. In this connection, attempts have been made
to estimate fruit ripening via measurements of color
(Knee, 1980), whole fruit spectral reflection (Knee,
1980; Merzlyak et al., 1997, 1999) and transmission
(McGlone et al., 2002). The study of spectral reflection
of apple fruit showed that their ripening is accompa-
nied by appearance of absorption bands characteristic
of Car (Merzlyak et al., 1999, 2003). We found that rela-
tionships of reflectance at 500 and 678 nm (Merzlyak
et al., 1997) as well as a reflectance index which was
proportional to the Car/Chl ratio (Merzlyak et al., 1999,
2003) allowed fruit ripening to be followed and to
differentiate apple fruit ripening on and off the tree.
For non-destructive quantification of total Chl in apple
fruit, the methods based on different approaches have
been reported (Knee, 1980; Zude and Herold, 2002;
Zude-Sasse et al., 2002; Merzlyak et al., 2003). In
line with these achievements, we developed techniques
for the non-destructive estimation of Car contents on
the background of Chl in apple fruit (Merzlyak and
Solovchenko, 2002). Thus, we were able to obtain
quantitative data on changes in both Chl and Car
through reflectance measurements.

The main goal of the present study was to investigate
in detail dynamics and stoichiometry of Chl and Car
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uction factors such as solar radiation, water sup
emperature, sink–source relations, fertilizing, pr
ng, etc. (Barden and Bramlage, 1994; Vendrell a
alomer, 1998; Johnston et al., 2002; Merzlyak e
002) and strongly accelerated by fruit detachm

rom the tree (Knee, 1972, 1980, 1988; Gross, 198).
he knowledge of the degree of fruit ripeness is es

ial for estimation of the ‘harvesting window’, selecti
f homogeneous sets of fruit suitable for short- or lo

erm storage, prediction of the onset of senesc
reakdown, etc. (Barden and Bramlage, 1994). There-

ore, efforts have been undertaken to use the speci
f Chl and Car changes for estimation of fruit ripen
Gross, 1987; Knee, 1988). Skin Chl determined an
ytically has been commonly employed for this p
ose (Gross, 1987; Knee, 1988and references therein
characteristic pattern of changes of the individ

anthophylls was proposed as a fruit maturity ind
igments in apple fruit in the course of their full-te
ipening on and off the tree. We attempted to re
haracteristic patterns of pigment changes suitabl
uantitative monitoring and modeling the proces

ruit ripening.

. Materials and methods

.1. Plant material

Undamaged shaded anthocyanin-free a
Malus× domestica Borkh. cv. Antonovka Obi
novennaia) fruit grown in the production orchard
he All-Russia Institute for Horticulture (Michurins
ambov Region, Russia) or in the Botanical G
en of M.V. Lomonosov Moscow State Univers
Moscow, Russia) were studied throughout sev
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seasons (1992–2004). The fruit from Michurinsk
were delivered to Moscow within 1–2 days; those
grown in Moscow were studied immediately. Since
multi-season observation yielded essentially similar
results, the data for the representative years 1995 and
1996 are mainly considered here.

Six fruit were randomly picked, each 4–7 days from
the inner part of the canopy, and after initial measure-
ments (referred to as ‘on-tree ripening’) were incubated
at 25◦C under dim light and ambient atmospheres for
up to 1 month (off-tree ripening). During off-tree ripen-
ing, the whole-fruit spectral reflectance was measured
every 4–7 days.

2.2. Reflectance measurements and
non-destructive assay of pigments

Whole-fruit reflectance was recorded using a
Hitachi 150-20 spectrophotometer (Tokyo, Japan)
equipped with a 150-mm diameter integrating sphere
attachment and sampling intervals of 2 nm against bar-
ium sulphate as a standard. In the course of ripen-
ing, the spectra were taken from the same zones of
the fruit surface. Skin Chl and Car contents were
assayed non-destructively using reflectance indexes,
(R800/R678) − 1 and R800(1/R520− 1/R700), respec-
tively (Merzlyak et al., 2003).

2.3. Statistical treatment
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Fig. 1. Changes in chlorophyll (A) and carotenoid (B) contents dur-
ing on-tree (closed symbols) and off-tree (open symbols) ripening
(1995). Points obtained by measuring the same set of fruit are con-
nected by solid lines; dashed line represents the linear fit for on-tree
values.

randomly collected fruit (e.g. an unexpectedly low
value on 22 August), in general, Chl showed a dis-
tinct decrease during on-tree ripening. In the fruit
harvested before 22 August, a slight increase in skin
Chl was detected within 7 days after detachment; the
increase did not occur in apples harvested at later
dates (Fig. 2A). This transient increase in Chl has been
frequently manifested in other seasons and was espe-
cially expressed in freshly collected fruit (not shown).
The rate of Chl decline induced by fruit detachment
was dependent on its on-tree level. When on-tree Chl
dropped to ca. 0.6 nmol cm−2, the rate of its breakdown
slowed down. During fruit ripening, Chl never disap-
peared completely and its contents did not drop below
0.4 nmol cm−2 (Figs. 1–3).

In the course of on-tree ripening, Car decreased
more monotonously and at a lower rate than Chl
(Fig. 1B, closed symbols). At early harvest dates,
detachment of fruit resulted in a slight decline in Car
contents, which was evident over 4–7 days, concur-
In Figs. 1–3, means± S.E. for six apple fruit ar
hown; average S.E. calculated for each series
epicted as error bars since close S.E. values fo
nd off-tree ripening sets of fruit for the given date
arvest were found.

. Results

.1. Time-course of Car and Chl changes

‘Antonovka’ apples examined possessed diffe
hl and Car contents depending on time of har
nd duration of storage. Typical kinetics of the p
ent changes followed with the use of non-destruc

echniques for apples grown in Michurinsk (autu
995) are presented inFigs. 1 and 2. Although a
ignificant heterogeneity in skin Chl was found
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Fig. 2. Time-course of the carotenoid-to-chlorophyll ratio (A) and
relationships between its rate and on-tree chlorophyll contents (B).
(A) Changes in the carotenoid-to-chlorophyll ratio during on-tree
(closed symbols) and off-tree (open symbols) ripening (1995, see
also Fig. 1). The harvest dates are shown. (B) The rate of apple
ripening estimated as the reciprocal time required by carotenoids to
reach a content equal to that of chlorophyll. The data for different
growing seasons are shown.

ring with the above-mentioned transient increase in
Chl. Later, the trend of Car contents changed and a
significant increase occurred. After prolonged storage,
higher Car amounts were found in earlier-harvested
fruit, which possessed higher on-tree Car contents at
the time of harvest.

An almost synchronous decline in Chl and Car con-
tents (Fig. 1A and B) resulted in a slight increase in
the Car/Chl ratio of on-tree ripening fruit up to the
beginning of September, the apple harvest time in the
commercial orchards when the experiments were ter-
minated. However, in fruit remaining on the tree for a

Fig. 3. Relationships of the carotenoid content (A) and carotenoid-
to-chlorophyll ratio (B) vs. chlorophyll content (1995, Michurinsk)
during on- and off-tree ripening (closed and open symbols, respec-
tively). Points obtained by measuring the same set of fruit are con-
nected by solid lines; dashed line represents the linear fit for on-tree
values.

longer time, a non-linear increase in the Car/Chl ratio
was recorded when Chl contents dropped below ca.
0.7 nmol cm−2.

In accordance with the dynamics of Chl and Car
(except 22 August when low Chl was recorded, see
Fig. 1A), early harvested fruit displayed a transient
decline in the Car/Chl ratio (Fig. 2). In fruit harvested
later, the ratio remained more or less constant for the
first 4–7 days after harvest, apparent as a lag phase. In
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1995, a longer lag phase was found in unripe fruit har-
vested before 30 August. In ripe fruit (harvested at the
beginning of September), the lag was shorter or absent
(Fig. 2A). Then, a sharp increase in Car/Chl occurred
regardless of harvest date, up to three- to four-fold of
the on-tree levels in ripe fruit. Fruit harvested at differ-
ent dates in 1995 varied in the rate of the ‘rapid’ phase
of the Car/Chl trend, which did not show a marked cor-
relation with the harvest date. On an average, the rate of
Car/Chl ratio increase was 0.05± 0.01 day−1 (Fig. 2).

The development of ‘Antonovka’ apples in the
cooler 2004 (the sum of active temperatures was 10%
below normal) was retarded and between 16 June and
13 September, they possessed, on an average, Chl
as high as 3.0 nmol cm−2. In such fruit detachment
induced an increase in Car/Chl but with a much longer
lag phase and the Car/Chl ratio did not exceed 0.6 after
1 month’s storage. Only by the end of October when Chl
decreased to 1.9 nmol cm−2 did the lag phase became
shorter and the Car/Chl ratio reached values similar to
those observed in 1995.

The Car/Chl ratio was used to characterize the rate
of off-tree fruit ripening during different seasons and
as a function of Chl on-tree content (Fig. 2B). Tak-
ing into account the complex S-shape kinetics of the
pigment ratio changes, the reciprocal time required by
Car to reach the content equal to that of Chl was used
for this purpose. Accordingly, the estimated time of
ripening for ‘Antonovka’ apples was 5–30 days after
detachment. The rate of ripening increased and corre-
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recorded on-tree. During this period, the molar stoi-
chiometry of Car accumulated per Chl degraded was
0.66± 0.06. At advanced stages of ripening, the rela-
tionships between Car and Chl content became more
complex and the stoichiometry between the pigments
changed, mainly because Car contents did not increase
further (Figs. 1B and 3A).

In fruit ripening on the tree, a slight linear increase
in the Car/Chl ratio along with a decline in Chl content
was observed (Fig. 3B). In 1995 (as well as for com-
bined data set 1995 + 1996), the relationship was linear
(r2 = 0.82) and followed the equation

{
[Car]

[Chl]

}
on

= 0.736− 0.155[Chl]on (1)

where the index ‘on’ denotes pigment quantities in fruit
ripening on the tree.

For fruit ripening off the tree, the Car/Chl ratio
monotonously increased along with a decline in Chl
content regardless of harvest date. Within fruit of a
single harvest date, the relationships between Car/Chl
ratios and Chl content were negative (Fig. 3B). The
slopes of ‘Car/Chl versus Chl’ calculated using a least-
squares approach for off-tree ripening fruit increased
about six-fold and were tightly related with a decrease
in on-tree chlorophyll content (r2 = 0.98). The rela-
tionship between the slopes of ‘Car/Chl versus Chl’
and harvest date was much weaker (r2 = 0.80) but still
significant (not shown). A high correlation between
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ated closely (r2 = 0.85) with a decline in on-tree C
evel when it became less than ca. 2.2 nmol cm−2. At
igher on-tree Chl, the Car/Chl ratio did not achi
nity even after prolonged (up to 72 days) storage

.2. Stoichiometry of Car and Chl

The changes in Car contents versus those of
n ripening fruit for the data set obtained in 1995
resented inFig. 3A. During on-tree ripening, a sy
hronous decrease in the contents of both pigm
roceeded with a stoichoimetry of 0.32± 0.05 mol Ca
er mole of Chl degraded. In detached fruit, a decr

n Chl was accompanied by an increase in Car con
he relative increase in Car during off-tree ripen
as almost constant and comprised ca. 40% of
n-tree level (Fig. 3A). The relationship ‘Car versu
hl’ in off-tree fruit followed a trend opposite to th
ar/Chl and Chl in fruit of a given harvest date w
btained with an exponential fit (r2 > 0.98).

In order to account for the difference in the ini
on-tree) levels of pigments, the Car/Chl ratios and
ontent in off-tree ripening fruit (1995) were norm
zed to corresponding on-tree Car/Chl and Chl va
Fig. 4). Analysis of the relationships revealed a str
ependence between fractions of Car accumulate

hose of Chl degraded during ripening regardles
arvest date and pigment content of the fruit. For
ntire data set obtained in 1995,r2 of 0.93 and 0.9
ere recorded for linear and exponential approxi

ions, respectively. For exponential approximation
ormalized changes in Car/Chl and Chl (Fig. 4) in the

orm:

[Car]/[Chl]

([Car]/[Chl])on
= A exp

(
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[Chl]

[Chl] on

)
(2)
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Fig. 4. Relationships between the carotenoid-to-chlorophyll ratio
and chlorophyll relative to their on-tree levels in apple fruit harvested
in 1995 ripening off-tree (seeFig. 3B).

the coefficientsAandbwere 9.315 and−2.188, respec-
tively.

3.3. Modeling ripening-associated pigment
changes

The data inFig. 4 indicated a similarity in pig-
ment changes occurring during off-tree ripening of
fruit regardless of their initial (on-tree) Chl content.
Together with Eq.(1), these findings allowed develop-
ment of a model for estimation of the Car/Chl ratio as
a function of on-tree Chl levels only:

[Car]

[Chl]
= A

(
[Car]

[Chl]

)
on

exp

(
b

[Chl]

[Chl]on

)
(3)

where{[Car]/[Chl]}on and Chlon are the pigment quan-
tities recorded on-tree (see Eq.(1)).

The application of the model with the coefficientsA
andb noted for Eq.(2) to the data obtained for apple
fruit harvested in 1995 made it possible to obtain a
reasonably precise description of ‘Car/Chl versus Chl’
relationships with an estimation error of 0.11. The find-
ing of this relationship allowed the deduction of the
‘Car versus Chl’ pattern from Eq.(3). The correla-
tion between measured and calculated Car contents was
lower compared with the Car/Chl ratio (r2 = 0.81 and
0.95, respectively). The model was validated against
an independent data set obtained for apple fruit har-
vested in 1996, which was characterized by a similar

Fig. 5. Relationships of the carotenoid-to-chlorophyll ratio (A) and
carotenoid content (B) vs. chlorophyll content (1996, Moscow) dur-
ing on- and off-tree ripening. Symbols denote the measured values.
Dashed lines represent the trends predicted for on- and off-tree ripen-
ing fruit with the developed model (see text).Insets: The relationships
‘measured vs. predicted’ for carotenoids and the carotenoid-to-
chlorophyll ratio.

pattern of Car and Chl changes (cf.Figs. 3 and 5). The
model provided a description of the pigment pattern in
1996, which was as precise as in 1995. The results of
the algorithm application are also shown as trends in
Fig. 5.

It should be mentioned that for an individual fruit
series, the coefficientsA and b differed and tended
to decrease and increase with decline in on-tree
Chl, respectively (not shown). Therefore, for a better
description of pigment changes, one should take into
account the dependence between both parameters and
on-tree Chl. In this respect, we tested a model in which
the exponentb was set as a fixed parameter and the
relationship betweenA and on-tree Chl was assumed.
For the combined data set 1995 + 1996, the exponent
power,b, was found to be−2.188 and the dependence
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‘A versus [Chl]on’ was linear withr2 = 0.75:

A = 2.171[Chl]on + 6.227 (4)

The inclusion of the dependence (Eq.(4)) into
the algorithm in Eq.(3) provided better accuracy for
assessment and prediction of Car content and Car/Chl
ratio. For the fruit of the 1995 and 1996 harvests, the
precision of the Car content or Car/Chl ratio prediction
was 0.07 nmol cm−2 (r2 = 0.93) and 0.10 (r2 = 0.96),
respectively.

4. Discussion

A large body of evidence in the literature suggests
a profound difference in metabolic processes in fruit
growing on a tree and those detached from the mother
plant (Knee, 1972; Gross, 1987; Masia et al., 1998;
Giovannoni, 2001; Johnston et al., 2002and refer-
ences therein). The induction of Car synthesis in apples
could occur at the terminal stages of on-tree ripening
but it never reaches the same extent as in detached
fruit (Gross, 1987). The detachment of fruit triggers
a shift in hormonal balance resulting from cessation
of the influx of hormones, mainly ethylene antago-
nists such as auxins and gibberellins (Gross, 1987;
Masia, 1998; Masia et al., 1998; Vendrell and Palomer,
1998; Giovannoni, 2001). In detached fruit, ethylene
quickly takes over leading to a dramatic increase in
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protective properties (Merzlyak and Solovchenko,
2002).

The data presented demonstrate a remarkable dif-
ference in pigment patterns characteristic of on- and
off-tree ripening of apple fruit (Figs. 1–3). By the
beginning of August, growing under shade conditions,
‘Antonovka’ apples were characterized by higher Chl
than Car contents (Figs. 1 and 2A; Merzlyak et al.,
2002). In ‘Antonovka’ apples ripening on the tree, their
Chl and Car contents showed a gradual decline (Fig. 1A
and B) resembling the synchronous breakdown of the
pigments in the course of their photosynthetic appa-
ratus dismantling at early stages of leaf senescence
(Merzlyak et al., 1999). As a rule, as in 1995, the Chl
breakdown rate in apple skin declined after detachment.
Thus, within 1 month, Chl decreased more than two-
fold, whereas off-tree decline in Chl did not exceed
25% (Figs. 1A and 2A). In ‘Antonovka’ apples, a
notable increase in the Car/Chl ratio occurred only in
September, at advanced stages of on-tree ripening man-
ifested by a marked decline in Chl.

In detached apple fruit, the induction of caroteno-
genesis depended on the date of harvest and Chl con-
tent. According to our observations, the rate of fruit
ripening as estimated from Car/Chl ratio dynamics
showed a tight relationship with on-tree Chl content.
‘Antonovka’ apples harvested in the first week of
August displayed a low capacity for Car accumulation
during long-term storage. During August and the mid-
dle of September in 2004, characterized by unusually
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ines of evidence suggest that Car accumulatin
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ow temperature, Chl content was stable and decre
onsiderably only by the end of October.

The results on dynamics of Chl and Car cont
llowed the identification of several phases du
ff-tree apple fruit ripening. Frequently, a tempor

ncrease in Chl content occurred in early harvested
Fig. 1A) that resulted in a slight decrease in Car/
atios (Fig. 2). There are reasons to believe that
tage stems from the disturbance of hormonal bal
Vendrell and Palomer, 1998) as a result of fruit detac
ent and is associated with rearrangement of pig
etabolism in response to new conditions. A mor

ess synchronous decline in both Car and Chl was
ent for the first few days after detachment, espec

n early harvested fruit. After a lag phase of varia
uration, a sharp induction of Car against a backgro
f Chl breakdown took place (Figs. 1B and 2). The
uration of the lag period preceding the induction
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Car tended to be negatively related with the date of
harvest (Fig. 1B) and may result from an increase in
sensitivity of fruit tissues to ethylene and a rise in its
internal concentration in the course of ripening (Masia,
1998; Masia et al., 1998).

Similarly to other apple varieties (Gross, 1987;
Knee, 1972, 1988), ‘Antonovka’ fruit accumulate high
amounts of Car during off-tree ripening. In ripe apples,
Car content was proportional to and, on an average,
40% higher than that in on-tree ripening fruit. The
higher the Car content in on-tree ripening fruit, the
higher the extent of its induction during storage. This
suggests that the pre-existing Car pool participates in
pigment transformation during fruit ripening and con-
tributes considerably to Car levels in ripe fruit.

The build up of Car together with breakdown of Chl
resulted in a sharp rise (up to four-fold) of the Car/Chl
ratio (Figs. 1–5). It is noteworthy that the increase in
Car content and the Car/Chl ratio observed in fruit with
different on-tree Chl levels followed their own trends.
Remarkably, up to an advanced stage of ripening, fruit
were all different in their Car (or Car/Chl ratios) and
Chl content (Figs. 3 and 5). The results of multi-season
observations strongly suggest that the rate of detached
apple fruit ripening as assessed from Car/Chl dynamics
depends strongly on Chl on-tree content (Fig. 2B).

In spite of the complex kinetics of Chl and Car dur-
ing ripening (Fig. 1A and B), their stoichiometry is
indicative of a relationship in the pigment changes. It
is noteworthy that fruit harvested on 22 August, which
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development along with the influence of other envi-
ronmental factors. The transient increase in Chl/Car in
early harvested fruit (Figs. 1 and 2A) also adds some
uncertainty.

Collectively, the findings obtained in this work give
grounds to believe that the pigment changes in the
course of apple fruit ripening proceed, to a large extent,
via common mechanisms and obey a general law,
which is determined by a physiological state which
fruit has attained by the date of harvest but not the
harvest date per se. It appears that Chl content could
serve as an internal marker of a fruit’s physiological
state, indicative of both ripeness and the rate of ripen-
ing. In this connection, it is important to emphasize that
for characterization of the ripening process in apple
fruit, the changes in the contents of both Chl and Car
should be used rather than the content of each of the
pigments alone. Additionally, elucidated relationships
between the changes of Car and Chl pigments may
serve as a basis for further improvement of techniques
for predicting and modeling of apple fruit ripening.
Future investigations are required for more certain esti-
mation of the relationships between pigment dynam-
ics, timing and other characteristics of apple fruit
ripening.

In conclusion, it should be noted that quantitative
data on, and details of, pigment changes have been
obtained in this work via non-destructive measure-
ments only. This highlights the high potential of the
reflectance-based methods for assessment of the phys-
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