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a b s t r a c t

The feasibility of non-destructive estimation of internal ethylene concentration (IEC) in apple fruit via
fruit reflectance using recently developed approaches and a fiber-optics reflectometer was investigated.
The relationships between IEC and fruit reflectance in the 400–800 nm range were studied in stored apple
(Malus × domestica Borkh., cv. Antonovka) fruit. A strong correlation between IEC and optical reflectance
spectra taken from sunlit surfaces of the fruit was detected whereas reflectance of the shaded fruit
surface showed a weak correlation with IEC. The increase of the reflectance in the red occurred along
with IEC build-up during ripening resulting a strong (r2 > 0.80) correlation. By contrast, reflectance in the
blue-green part of the spectrum remained low and was negatively (r2 ≈ 0.65) correlated with IEC. These
observations are consistent with the phenomenon of degradation of chlorophylls which often occurs in
parallel with the retention of carotenoids in ripening apple skin. As a result, IEC showed a significant
correlation (r2 > 0.69; P < 0.001) with the index based on reflectances in the red and blue-green regions
of the spectrum (R678 − R480)/R800. The effects of strong solar light on the relationships between IEC and
fruit reflectance are considered. The possibilities and limitations of a non-destructive reflectance-based
assay of IEC in apple fruit are discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ethylene autocatalytically synthesized in ripening fleshy fruit
(Yokotani et al., 2009), including apples, integrates biochemical,
physiological, and structural changes (Lelievre et al., 1997; Atta-
Aly et al., 2000) eventually rendering the fruit attractive to the
customer. A knowledge of internal ethylene concentration (IEC) is
necessary for making crucial decisions at harvest time (i.e. estima-
tion of ‘harvesting window’; Blanpied and Silsby, 1992) as well as
postharvest (selection of optimal storage conditions, prediction of
the timing of ripening and development of storage disorders etc.;
Rhodes, 1980). Even a single or small number of fruit possessing a
high IEC and emitting ethylene at a high rate can promote the ripen-
ing of a whole batch intended for long-term storage. Therefore it
is important to sort out the fruit with high potential for ethylene
production at the stage of batch formation.

Traditionally, IEC is determined by sampling from the inter-
nal cavity of fruit with subsequent chromatographic quantification
of ethylene which is a laborious, low-throughput and inevitably
destructive. At the same time, fruit ripening is accompanied by
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characteristic transformation of pigments, mainly chlorophylls
(Chl) and carotenoids (Car) (Gross, 1987; Merzlyak et al., 1999;
Solovchenko et al., 2005, 2006; Rodrigo and Zacarias, 2007). Par-
ticularly, a profound loss of Chl on the background of Car retention
occurs in apples (Merzlyak et al., 1999). Reflectance coefficients at
480 and 678 nm, as well as the Plant Senescence Reflectance Index
(PSRI) based on these wavelengths, are proportional to the changes
in Car/Chl ratio accompanying ripening of apples and ethylene-
treated lemons (Merzlyak et al., 1999, 2003). Ripening-induced
transformation of apple skin pigments is apparent as distinct and
directional changes in fruit optical reflection (Merzlyak et al., 1999)
which have been employed in diverse reflectance indices for esti-
mation of apple ripeness (Herold et al., 2005; Zude et al., 2006)
and quality (McGlone et al., 2002). However, estimation of IEC via
fruit reflectance is a challenging problem due to insufficient under-
standing of fruit pigment spectroscopy in vivo and uncertainties
introduced e.g. by environmental factors such as elevated sunlight
(Solovchenko et al., 2006). This proof-of-concept work represents,
to the best of our knowledge, the first attempt to relate changes in
fruit optical reflectance and IEC build-up in the course of ripening
and to evaluate the feasibility of quantitative non-destructive assay
of IEC via the PSRI480 index (Merzlyak et al., 2003). We believe that
our findings could be employed in the construction of algorithms
for on-line monitoring of IEC in freshly harvested stored apple fruit.
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Fig. 1. Changes in IEC of ‘Antonovka’ fruit (n = 10 for each data point; the bars
represent standard deviation).

2. Materials and methods

For the pilot experiments, undamaged anthocyanin-free
apple (Malus × domestica Borkh.) fruit (cv. Antonovka) grown
in the production orchard of All-Russia Institute for Horticul-
ture (Michurinsk, Tambov region, Russia) were harvested during
2007–2008. Four bulk batches of fruit were randomly picked from
August 20 at four-day intervals and stored in the dark at 4 ◦C under
ambient atmospheres for up to four months. During storage, 20
healthy fruit were randomly selected each 14–20 days from the
batches (amounting to 80 fruit in total) and analyzed within 1 h.

Fruit reflectance spectra were recorded from shaded and sun-
lit surfaces of each fruit using a fiber-optic reflectometer (Ocean
Optics, Dunedin, FL, USA) comprising a USB4000 spectrometer,
tungsten-lamp light source LS2000 and a 80-mm integrating sphere
ISP80 against barium sulfate as a standard. Sunlit surface was dis-
cerned (i) visually (by yellowish coloration) and (ii) by the presence
of the minimum in the blue-violet region, 400–410 nm, of the fruit
reflectance spectrum. This minimum arises due to flavonol accu-
mulation in response to elevated sunlight fluxes and proved to be
a reliable criterion for identification of sunlit apple surface regard-
less of chlorophyll and carotenoid contents in the skin (Merzlyak
et al., 2005).

For IEC measurements, 1 mL gas samples from the fruit central
cavity were obtained with a home-made syringe and immediately
analyzed with a gas chromatograph (model GC-14B, Shimadzu,
Kyoto, Japan) equipped with an activated alumina column and a
flame ionization detector. The analyses were made in triplicate.

3. Results and discussion

Ripening ‘Antonovka’ fruit, in both seasons, displayed a con-
siderable build-up of IEC (Fig. 1) and a typical pattern of changes
in reflectance spectra comprised of an increase in the reflectance
in the red band of Chl absorption, 650–720 nm, and retention
of low reflectance in the blue, 400–520 nm, the range governed
by combined absorption of Car and Chl (Fig. 2A and B; see also
Merzlyak et al., 1999, 2003). Remarkably, the extent of the increase
in reflectance in the red was considerably higher on the sunlit
compared to the shaded surface of the same fruit (cf. Fig. 2A–D).
Sunlit surfaces of the fruit had lower reflectance with prominent
features of flavonols (in the 400–415 nm region; Fig. 2A and D;
see also Merzlyak et al., 2005) and Car absorption (in the band

Fig. 2. Changes in reflectance spectra on shaded (A and C) and sunlit (B and D)
surface of stored ‘Antonovka’ apples. Average reflectance (A and B) spectra and
corresponding variation coefficients (C and D) are shown for the three sets (n = 5)
representative of early (September 19; curve 1), moderate (October 16; curve 2), and
late (December 26; curve 3) storage terms. The arrows denote the spectral bands
important for IEC assessment.

of 480–520 nm; Merzlyak et al., 2003). These findings are consis-
tent with the typical pattern of pigment transformation in ripening
apple fruit including retention of Car on the background of Chl
degradation and the promoting effect of elevated sunlight on the
ripening-induced pigment transformation observed in ‘Antonovka’
apples (Solovchenko et al., 2006).

Analysis of the relationships R� [%] vs. IEC [�L/L] (Fig. 3, where
R� is the reflection coefficient at wavelength �; R� the reflection
spectrum) revealed a strong positive correlation between IEC and
reflectance in the red (in the case of sunlit fruit surfaces) and a
moderate negative correlation in the blue-green region of the spec-
trum (Fig. 3, curve 1). In the red region of the spectrum the values
of correlation coefficient calculated for the relationship R� [%] vs.
IEC [�L/L] were weak in the case of shaded fruit surfaces (Fig. 3,
curve 2). Notably, in the both cases the correlation coefficient spec-
tra possessed resolved maxima attributable to the in vivo maxima
Car (Merzlyak et al., 2003) characteristic of apple fruit (Gross, 1987).
These spectral features were evidence of the considerable contribu-
tion of these pigments to overall variation of reflectance. It should
also be mentioned that on the sunlit surface the R� in the region of
strong absorption by sunlight-induced flavonols (the wavelengths
below 415 nm, see Merzlyak et al., 2005) exhibited a strong negative
(r < −0.7) correlation with IEC.

It appears that patterns of ripening-induced changes in R�

observed in this (Fig. 2B and D) and our previous work (Merzlyak et
al., 1999; Solovchenko et al., 2005) is a manifestation of the trans-
formation of Car and Chl (Solovchenko et al., 2005, 2006) occurring
during apple ripening and controlled by ethylene and environmen-
tal stimuli such as strong sunlight (Ma and Cheng, 2003). Taking
these considerations into account, one could think about tight rela-
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Fig. 3. Correlation coefficient spectrum for the relationship R� [%] vs. IEC [�L/L] for
sunlit (1) and shaded (2) fruit surfaces calculated for all samples studied (n = 80).

tionships between IEC, Car and Chl contents in ripening apples
as the physiological basis of high correlation between R� and IEC
(Fig. 2B and D). It is also possible to speculate that higher fluxes of
solar radiation and hence higher temperatures locally promote for-
mation of ethylene (Klein et al., 2001) in the tissues of a sunlit apple
surface in comparison with the tissues of shaded fruit surfaces. The
elevated ethylene content and, possibly, redox signal generated by
reactive oxygen species (Bouvier et al., 1998) formed under high
sunlight could further promote the degradation of Chl and accu-
mulation of Car (Morgan and Drew, 1997; Solomakhin and Blanke,
2010). This suggestion is supported by the observation that, at least
in the case of ‘Antonovka’ apples, the fruit developed in uniformly
deep shade with low PSRI, moderate Car and high Chl content (pos-
sessing reflectance spectra similar to those shown in Fig. 2A) did not
develop high IEC until the onset of advanced stages of ripening.

Consequently, the results of this work (Figs. 1 and 2) showed
that the reflectance of a sunlit apple surface was considerably more
responsive to an increase in IEC (cf. Fig. 2A, C and B, D), resulting in
higher correlation of R� with IEC (cf. curves 1 and 2 in Fig. 3). After
multi-year study of the relationships between reflectance, pigment
content and ripeness Merzlyak et al. (1999) proposed the PSRI for
quantitative estimation of leaf senescence and fruit ripening. The
PSRI is based on reflectances in the bands of Chl and Car absorption.
Later, the PSRI adjusted for use in ripening apple fruit was suggested
in the form of PSRI480 = (R480 − R678)/R800; this index strongly corre-
lated with Car/Chl ratio in fruit (Merzlyak et al., 2003). In this work,
we tried to investigate the relationships between PSRI480 and IEC in
ripening apple fruit (Fig. 4) to assess the feasibility of non-invasive
IEC estimation via fruit reflectance. In particular, it was important
to find the range(s) where the relationship IEC vs. PSRI is reasonably
linear and strong. As can be seen in Fig. 4, the index values calcu-
lated for sunlit surface displayed a positive correlation with IEC.
The relationships PSRI480 vs. IEC appeared to be linear (solid line in
Fig. 4; r2 > 0.67; P < 0.001; RMSE of IEC estimation ≈20 �L/L) in the
range of 50–850 �L/L ethylene; at higher IEC values the relationship
departed from linearity (dashed line in Fig. 4; r2 > 0.69; P < 0.001).
At the same time, a much weaker correlation was found between

Fig. 4. Relationships between IEC and PSRI480 in sunlit skin of ‘Antonovka’ apple
fruit (n = 80; each point on the graph is the average of three measurements).

IEC and PSRI480 calculated for the shaded surface (r2 < 0.4; data not
shown). This could be explained by the narrow range of reflectance
(Fig. 1C) variation on shaded surface in spite of a considerable rise
in IEC. Indeed, the application of the algorithm described above
to shaded surfaces of fruit (or to the fruit developed in uniformly
deep shade) turned to be tricky (obviously, because of saturation
of the relationship reflectance vs. Chl due to higher content of the
pigment; Merzlyak et al., 2003). Still, there could be a possibility
for the reflectance-based IEC assay in such samples e.g. by using a
reciprocal reflectance approach. This suggestion is also supported
by the presence of resolved carotenoid absorption features in the
blue-green region of the correlation coefficient spectra calculated
for shaded surfaces (Fig. 3).

Collectively, the results of these pilot experiments show the
possibility of a non-destructive express assay of IEC which could
be useful in pre-harvest screening and postharvest monitoring of
ethylene formation rate and, probably, for creation of apple batches
more uniform in IEC. We also believe that knowledge of IEC would
facilitate the prognosis of ripening rates of stored apples. The use
of a PSRI-based approach for non-destructive IEC estimation is
advantageous since it seems to be less sensitive to season-specific
variation and is more closely related with the physiological condi-
tion of the fruit, as manifested by Chl and Car ratios which proved
to be an internal marker of fruit physiological condition, at least in
‘Antonovka’ apples (Solovchenko et al., 2005). Still, the approach
outlined herein is not directly applicable to fruit possessing antho-
cyanin pigmentation such as ‘Red Delicious’ or ‘Idared’ since the
absorption of these pigments interferes with that by Car and Chl
in the blue-green region of the spectrum (Merzlyak et al., 2003).
However, a strong correlation between IEC and the reflectance in
the red (r2 > 0.80; Fig. 2) gives an opportunity to adjust the proposed
technique for anthocyanin-containing apples as well.

In conclusion, it was confirmed that, at least in ‘Antonovka
apples’, ripening-induced ethylene-controlled patterns of apple
skin Chl and Car transformation exhibit tight relationships with
IEC. This phenomenon was much more pronounced on sunlit fruit
surfaces, apparently due to enhancement of ethylene formation by
strong sunlight. Therefore the reflectance of sunlit fruit surfaces
appears to be a reliable indicator of IEC. Non-destructive IEC evalu-
ation in apple via fruit reflectance was feasible using the reflectance
index PSRI480 which showed a high correlation with IEC. It should
be noted however that inherent heterogeneity of optical proper-
ties which could arise even within a single fruit (Solovchenko et al.,
2005), should be taken into account in attempts to assess IEC non-
destructively via fruit reflectance. Finally, our estimations showed
that PSRI480 could be employed for the reliable estimation of IEC in
the range 50–850 �L/L. Additional investigation is needed to extend
the applicability of the proposed method as to assess lower ethy-
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lene contents characteristic of freshly harvested fruit or extreme
IEC values found in apples stored for a longer times.
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