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ABSTRACT

Reflectance (R) spectraof Antonovkaapplesin the visible and near infrared ranges of the spectrum were
studied during fruit storage. Specific spectral features of reflectance of healthy ripening fruitsand those arising
as aresult of superficial scald development and browning induced artificially by n—hexane treatment were
revealed and compared. Both superficial scald and n—hexane treatment brought about a strong decrease of
reflectance, especially, inthe green near 550 nm. During natural fruit ripening in the absence of superficial scald
development, ahigh correlation was found between reflectances at 550 and 700 nm. In contrast, asaresult of
superficial scald development the close relationship between reflectances at 550 and 700 nm was lost. The
revealed spectral signatureswere used in devel oped reflectanceindex (VR — /R, )/R, for non-destructive
superficial scald detection and estimation of its extent in storing apple fruit.

Key words: applefruit, browning, superficial scald, reflectance.

Abbreviations: BRI —browning reflectanceindex, Car — carotenoids, Chl —chlorophylls, NIR —Near Infra
Red, R—reflectance, SS—superficial scald, STD — standard deviation, R —reflectance.

YuskyHosa O.b., Conosuenko A.E., Cokonoa C.I"., Mep3msik M.H., Pemernukosa U.B. u 'utens3on A.A.
Hcnonb3oBaHue 0COOCHHOCTEH CIIEKTPOB OTPAXKEHUS UL OLIEHKH PAa3BUTHSI IIOIKOJKHOTO 3arapa Ipy XpaHeHU!
[JIOJIOB 0JIOHH.

HccnenoBanyu CreKTpsl OTPaXKeHUs] B BUAUMOMN M OnrokHel MH(pakpacHOW 00JIacTsIX CIIEKTpa IUI0I0B
s0JIOHM cOpTa AHTOHOBKA OOBIKHOBEHHAs. BBISBICHBI CIIEKTpanbHble OCOOCHHOCTH, XapaKTepHbIE IS
37I0POBBIX IUIOZOB IIPY UX CO3PEBAHHUH U XPaHEHUH, IUI0/I0B, TOPAXKEHHBIX 3arapoM, a TAKXKE IIPU UCKYCCTBEHHOM
no0ypeHHH, HHIYLIMPOBaHHOM 00paboTKoi N-rekcanoM. Kak mpu ectecTBEHHOM 3arape, Tak U IPH HCKYC-
CTBEHHOM IT00ypEeHHHU HanOoJIee 3HaUNTeIbHbIC H3MEHEeHHs HaOJII0aIH B 3eJICHOI 001aCTH CIIeKTpa 0Kojo 550
HM, a TaKXKe B OJIVDKHEH HH(ppaKpacHO 00aCTH; PU 3TOM BBICOKAst KOPPEISALIHS MEXIY Ko3DGHIIEHTaMH
otpaxxenust (R) mpu 550 u 700 M, XapakTepHas Ui 3J0POBBIX IUIOJOB, HApyllajach. YUUTHIBAs ITH
0COOCHHOCTH, TIPELIOXKEH CIIEKTpasIbHbIH uHeKe, (1/R  —1/R, )/R. |, KOTOPBIH HE 3aBUCHT OT CONEPIKAHHS
XJIOPO(HILIOB U KAPOTHHOMIOB M MOXKET OBITh MCIIOJIb30BaH /ISl HEIECTPYKTUBHOMN OLICHKHU CTEHICHH Pa3BUTHS
3arapa B IUIOJax [IPU KX XPaHSHUH.

INTRODUCTION

Browning of plant tissues is a manifestation of
mechanical damage, certain diseases and physiological
disorders, senescence and a hypersensitive reaction
induced by pathogenic microorganisms. It is generally
believed that a browning process is due to the loss of
cell compartmentalisation and involves the oxidation of
polyphenolic compounds by polyphenol oxidase resul-
ting in polymerised melanin-like pigment(s) production
(Vaughn and Duke, 1984, Buitt, 1985).

Browning isan obvious symptom of superficial scald
(SS), aphysiological disorder developing on apple fruit

surface during storage and a considerable part of fruit is
lost annually asaresult. The extent of SS developmentis
strongly dependent on cultivar, environmental and
storage conditions (Gudkovsky et al., 1989, Bardenet a.,
1994, Bramlage and Weis, 1997, Thomai et al., 1998,
Fergusonetal., 1999).

In practice it takes so far a lot of time and manual
labour to sort out fruits with SS symptoms having no
market value and unsuitablefor further storage. Attempts
to apply nondestructive methods of optical spectroscopy
for assessment of fruit quality and their physiological
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state have been undertaken for several decades (Knee,
1980, Moritaetd., 1990, 1992, Merzlyak eta., 1997, 1998,
Merzlyak and Chivkunova, 2000), in particular, to develop
automatic techniquefor fruit grading and sorting (Morita
et al., 1990, 1992). The optical spectral changes of
browning plant tissues induced by wounding (Merzlyak
eta., 1990), heating (McClure, 1975) and ageing (Merzlyak
et al., 1997) have been reported.

In this paper we report changes in reflectance of
healthy and SS-affected applefruit during their long-term
storage. To obtain more details on the spectral
characteristics change, the fruitsin which the browning
process was induced artificially have been also studied.
Special attemptswere undertaken to devel op atechnique
for non-destructive detection and quantification of SSin
applefruit.

MATERIALSAND METHODS

Plant material. Mature applefruit (Malus domestica
Borkh., cv. Antonovka obyknovennaya) without antho-
cyanin pigmentation were obtained from the Botanical
Garden of Moscow State University (1993, 1997, 1996) or
from Michurinsk, Tambov region, Russia (1995, 1999),
studied immediately or after storage (up to 5-6 months)
at 4°C. Fruitswithout and with spontaneously developing
symptoms of superficial scald were examined. Artificial
browning wasinduced by immersion of afruitinca. 30 ml
of n-hexanefor 3min.

Spectral measurements. Reflectance (R) spectra of
wholefruit were measured with a150-20 Hitachi spectro-
photometer (Japan) equipped with 150-mm integrating
sphere attachment against barium sulphate as a standard
and at aspectral resolution of 2nm (Merzlyak et al., 1998).
The data were transferred to and treated with a personal
computer. Reflectance val ueswere expressed asaratio of
reflected to incident light intensity. Both in the progress of
storage and asaresult of artificially induced browning the
spectrawere taken from the same zones of fruit surface.

RESULTSAND DISCUSSION

To study specific spectral features of SS, the reflec-
tance spectra during long-term fruit storage were
acquired (Fig.1). Inthe absence of visible SS symptoms
(Fig. 1A), reflectance spectra showed similar spectral
features as those during natural on a tree apple fruit
ripening and maturation, described previously: an
increase of reflec-tancein the red region of the spectrum
(minimum around 678 nm) was accompanied by only
slight an increase in reflectance in the blue range
characteristic of Chl breakdown and Car retention during
leaf senescence and fruit ripening (see Merzlyak etal.,
1998 for more details).

The development of SS symptoms brought about
dramatic changes in reflectance spectra. As browning
progressed (Fig. 1B), reflectance of SS-affected fruit
decreased in the whole range of the spectrum and the
spectral features of Chl (in the band 620—700 nm) and Car
(asharpincreasein reflectance near 500 nm) disappeared.
A considerable decrease of reflectance occurred in the
NIR (fromca 0.75-0.80inintact to 0.40-0.60 in SS-affected
fruits). The extent of browning-dependent reflectance
changes was high in the green: adecrease of reflectance
near 550 nm was about three-fold (from 0.6 to ca. 0.2),
whereas in the red and the blue regions, the reflectance
changes were much smaller. It is noteworthy that as a
result of SS development during fruit storage, the
reflectance changes in the range of Chl absorption
maximum near 678 nm were less than in healthy fruits
(cf. panelsB and A inFig.1).

In our previous study on a-farnesene participation
in SSin apples (Chivkunovaet a., 1997), we found that
removd of cuticular lipidsby n-hexane extractioninduces
rapid and homogeneous browning of fruit surface. This

model system was used to follow browning-dependent
spectral features in an apple fruit with permanent pig-
ment (Chl and Car) content inreal time (Fig.2). Thetresat-
ment of agreen fruit with n-hexane produced the spectral
changes close to those found in SS-affected fruits; in
addition, a shift of Chl absorption maximum to shorter
wavelengths was observed (cf. Figs.1B and 2A). In an
yellow apple fruit with very low Chl content and high
and almost constant refl ectance between 800 and 600 nm,
n—hexane treatment brought about agradual decrease of
reflectance from 800 to 520 nm and noticeable spectra
features gone. Therefore, one can suggest that spectral
features of in situ reflectance, —aminimum near 670 nm
and so-called blue-green edge in reflectance spectra
around 520 nm, are specific characteristics of healthy
ripening fruits. Thetransformation of these spectral fea-
tures can be used as an indicator of browning of apple
fruit tissue.

The spectrain Fig. 1 and 2 indicate astrong overlap-
ping of light absorption by Chl and Car inand pigment(s)
responsible for brownish coloration of applefruit. SSis
known to occur at stages of storage when Chl contents
remainsrelatively high (Gudkovsky et al., 1989). Then, a
considerable Chl degradation occurs in the course of
long-term storage of applefruit (Knee, 1980, Merzlyak et
a., 1997, 1998, seedso Fig.1A). Therefore, detection of
browning pigments is complicated due to strong and
varying Chl absorption.

To find spectral bands sensitiveto SS devel opment,
the signature analysis of reflectance spectra (Gitelson
& Merzlyak, 1994, 1996) of apple fruits with (Fig. 3A,
curves 2 and 3) and without (Fig.3A, curve 1) browning
symptomswas carried out. In the absence of browning,
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Fig. 1. The changes of reflectance spectra of two apple
fruitsin the course of their storage (October — February, 1996)
occurring without (A) and with SS symptoms (B).

1 —October, 2 — November, 3 — December, 4 — January,
5 — February.

In healthy fruit agradual increase of reflectance takes place
due to the breakdown and transformation of fruit pigments
(Chl and Car) during ripening. The SS development resultsin
adecrease of reflectance, especially inthegreen.

minimum of the standard deviation of reflectance (STD)
located in the NIR and the highest STD values were
found in the red, showing significant variation in Chl
absorption during fruit ripening. In the blue-green
region, the variation of reflectance was quite high with
two maximanear 460 and 515 nm. Somelines of evidence
suggest that the latter maximum could be attributed to
Car (Merzlyak etal.,1998, Zur etal.,2000). The STD at
550 and 700 nm were virtually equal in magnitude,
indicating synchronous change of the reflectances at
thesewavelengthsduring fruit ripening (Fig. 1, panel A).
Ripening fruit reflectance spectra showed a high
correlation (r2=0.94) between STD at 550 and 700 nm
during several seasons of observation (Fig.3, panel B).
Between 550 and 760 nm, the STD spectraof SS-affected
and n-hexane-treated apple fruits were just opposite to
the spectrum of ripening healthy fruits (Fig.3, panel A).
The STD was high in the NIR region and the STD
minimum was located near Chl absorption band (660—
680 nm). In both SS-affected and n-hexanetreated fruits,
the STD maximum was observed around 550 nm and
STD at 550 nm was much higher than those at 700 nm.
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Fig. 2. The changes of reflectance spectra of a green (A)
and an yellow (B) applefruitsasaresult of browning induced
by n-hexane treatment.

Time of incubation (min):

A:1-0,2-12,3-18,4-22,5-51,6-93, 7-129;

B:1-0,2-25,3-42,4-94,5-130,6—190, 7 —285,
8—305.

The treatment of apple fruit with n-hexane inducing
homogeneous apple fruit tissue browning is accompanied by
the spectral reflectance changes close to those during SS
development. The spectrain A and B show the effect of Chl on
the pattern of the spectral changes.

Thiswas observed a so in other data sets studied inclu-
ding naturally developing SSand an artificially induced
browning (Fig.3, A and B). Asaresult, inall caseslittle
if any correlation between STD at 550 and 700 nm was
found. Thus, R, and R, exhibit high sensitivity to
browning; an increase of STD of reflectanceinthe NIR
and in the green region appeared to be characteristic of
the disorders accompanied by browning. Another
important feature of reflectance was almost invariable
STD at 700 nm.

To develop sensitive optical indicator of SS, one
needsto select the spectral bands exhibiting (i) high sen-
sitivity to browning, and (ii) minimal sensitivity to brow-
ning, but sensitive Chl and Car. Thus, we suggest using
VR, asterm that is sensitive to browning and 1R, as
aterm minimally sensitive to browning but sensitive to
Chl and Car content (Gitelson & Metrzlyak, 1996, 1997).
Subtraction /R, from /R, alowed to construct an
index that was sensitive to browning and was minimally
sensitiveto variation of Chl and Car contents. Reflectance
at 750 nm, which exhibitslow variation in healthy fruits

but decreases significantly in the course of browning
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Fig. 3. The STD spectraof reflectance (A) and relationships
of STD at 550 nm versus that at 700 nm (B) in storing apple
fruit.

A. STD spectracalculated for applefruit without browning
symptoms (curve 1, n = 5, see Fig.1, panel A), SS affected
apples(curve 2, n=5, seeFig.1, panel B) and n-hexane-treated
fruits(curve 3,n=7, seeFig.2, panel A). Thepointsat 550 and
700 nm are connected by arrows to show the differences in
STD gpectra of healthy and SS-affected or n-hexane treated
fruits.

B. Relationships between STD of R, and STD of R in
apple fruit without browning symptoms (circles, 1-7, 1993—
1999), SS affected fruit (triangles, 8-10, 1996) and n-hexane-
treated apple (squares, 11-12, 1996, and 13-15, 1999).

In healthy apple fruit STD at 550 and 700 nm are close
and highly correlated. In contrast, as a result of natural or
artificially-induced browning, the main spectral changeswere
observed in the band near 550 nm as well as in the NIR.
Reflectances at 550, 700 and 750 nm showing different
sensitivity to pigment changes could be used in reflectance
index constructing.

(Figs. 1-3) wasintroduced in BRI asaterm, increasing its
sensitivity to browning. A browning reflectance index
(BRI) was suggested in the form:

BRI = (VR ~ VR )R,

Thetime-course of BRI changeswas studiedin apple
fruitstreated with n-hexane and in fruit showing different
extent of SSdevel opment during storage (Fig.4). Healthy
fruitsexhibited low BRI (0.2-0.4) regardlessof Chl content.
Theremoval of surfacefruit lipidsby n-hexane extraction
(after ashort lag-phase) brought about alinear BRI incre-
ase and its steady state was achieved after 50 min incuba-
tion. During thefirst 20 min, similar kineticswas observed
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Fig. 4. Time-course of the reflectance index, (1/R
UR, )R, changes in n-hexane-treated apple fruits with
different Chl content (A) andinfive applefruitsdifferinginthe
extent of SS symptoms during their long-term storage (B).

A. Theinitial reflectance values at 687 nm as ameasure of
Chl content in apple fruit are shown for each curve.

B. SS symptoms were not detected in 1 and 2 and were
observedin 3-5.

The data show high sensitivity of reflectance index (BRI)
constructed to browning of and the possibility of its use for a
browning process monitoring in apple fruit.

in fruits with different Chl content. As high as 7-10 —
fold BRI anincrease was observed asaresult of n-hexane
treatment (Fig.4, pand A). Storing apple fruit showed
different patterns of BRI changes in accordance with
visual SS-symptom appearance: the index remained
constant in healthy fruit (curves 1 and 2), its increase
was observed in January-February (curves 3and 4) or as
early asin November (curve 5). SS-affected apple fruit
showed 3-5.5 — fold BRI an increase compared with
healthy fruits (Fig.4, panel B).

Therefore, BRI could be used asasensitive and effici-
ent tool for quantitative assessment of SSand other disor-
dersaccompanying by browning aswell as plant diseases
affecting the close rel ationshi ps between reflectances at
550 and 700 nm those are inherent in healthy apple fruit
tissues. It should be noted, however, that the devel oped
index is not directly applicable for red-coloured apple
fruit since the presence of anthocyanins in their peel
causesasignificant decreaseof R, (Merzlyak & Chivku-
nova, 2000) interfering with the browning pigment asses-
sment. Thus, a special attempt has to be undertaken for
the fruit with anthocyanin pigmentation.
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