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To assess the UV-screening capacity of plant surface structures, the optical properties of isolated cuticle and
detached peel of apple fruit (Malus domestica Borkh., cv. Antonovka) have been studied. It was found that the cuticle
exhibits considerable scattering of UV radiation, negligible absorption between 500–800 nm and attenuates UV
radiation: on average, cuticular transmittance of non-reflected light amounts to 35.7 ± 20.2 and 14.2 ± 7.1% at 375
and 300 nm, respectively. The principal UV-A absorbers in the cuticle were identified as quercetin glycosides with an
in vivo absorption maximum near 375 nm and content ranging from 10 to 70 nmol cm�2. On the shaded side of apple
fruit, both UV-A and UV-B absorption by the peel is, to a large extent, governed by cuticular phenolics, whereas on
the sunlit surface, the absorption of the peel in the UV-A range is determined mainly by vacuolar peel flavonoids. It
is concluded that a massive build-up of flavonoids in the peel cells located just below the cuticle, resulting in trapping
of radiation in a broad spectral range, plays a dominant role in the long term adaptation of apple fruit to elevated
levels of solar radiation.

Introduction
UV radiation induces different effects in plants, most of which
are known to be deleterious.1–3 To cope with ambient levels
of UV radiation, higher plants have developed a number of
protective mechanisms, including the induction of flavonoid
and phenolic acid 1,2,4–8 synthesis that results in strong screening
effects 2,5,8–13 both in the UV-B (280–315 nm) and UV-A (315–
400 nm) spectral ranges.1

The cuticle (that of the Atonovka apple fruit is shown in
Fig. 1) is the first structure of a plant’s surface to interact with
solar radiation. It is a multi-layer lipid membrane consisting
of a matrix of cutin and a polymer composed of di- and tri-
hydroxy fatty acids, which is encrusted with intracuticular
waxes and covered with crystals of epicuticular waxes.14–16 The
photoprotective capacity of the cuticle is related to its ability to
moderate the wavelengths of light that penetrate into the
tissues.6,17 Cuticles can reduce UV-B penetration either through
reflection, especially in heavily glaucous plants,3 or absorption
by flavonoids localized in the waxy layer and/or by ferulic
acid co-polymerized with cutin.9,18 With a few exceptions, the
reported spectra of cuticles isolated from plant leaves and fruits
are characterized by a high transmittance in the visible range,
decreasing at shorter wavelengths and becoming extremely low
near 300 nm.9

Similarly to leaves, fruits suffer severe damage on exposure to
excessive solar radiation (known as sun-scald or sunburn in
apples) and possess a number of adaptive responses to elevated
levels of UV and visible radiation.19–21 Fruit represents a useful
natural system for investigation of photoadaptation and
protection in plants since only one (sunlit) side of a fruit is
usually affected by direct solar radiation, allowing paired
comparison of optical properties and pigment content within
a single sample. The sunlit surfaces of fruit generally have a
considerably higher content of flavonoids in the peel as com-
pared to the shaded side.19,21 It has been reported that apple
fruit cuticles contain phenolics 22 that could be involved in UV
protection. Previously, we found that the build-up of flavonoids
in apple peel manifests itself through a significant decrease
in whole-fruit reflectance in the blue and UV ranges of the
spectrum. In particular, the sunlit surface of fruit acclimated

to strong solar radiation reflected as little as 4.5–5% of light at
wavelengths shorter than 415–420 nm, whereas the reflectance
of the shaded surface in this region was much higher, with pro-
nounced details of chlorophyll and carotenoid absorption.20,21

In this article, we investigate cuticular optical properties in
more detail and assess the possible significance of the cuticle
in UV protection. For this purpose, apple fruit, which is con-

Fig. 1 Microstructure of Antonovka apple fruit peel and cuticle. (Top)
Phase-contrast microphotograph of peel cross-section (×400).
(Bottom) Scanning electron microphotograph (×3000).
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venient for the elucidation of high sunlight response and
possesses a thick cuticle, allowing easy manipulation during
spectral measurements, was used. We also aimed to characterize
the principal UV-screening compounds in apple cuticles and
to determine to what extent the changes in cuticular optical
properties are involved in whole-fruit reflectance response to
strong solar irradiation.

Experimental

Plant material

Freshly collected anthocyanin-free apple [Malus domestica
Borkh., syn. Malus sylvestris subsp. mitis (Wallr.), cv.
Antonovka obiknovennaya] fruits were obtained from the
Botanical Garden of Moscow State University at the end of
the August (2001). The total UV irradiance during the fruit
development period (June–August) 23 comprised 3581 kJ m�2.
The sunlit and shaded surfaces of fruits were differentiated by
screening of fruit reflectance on the basis of specific reflectance
features near 360–410 nm 21 (see also Fig. 2).

Peel sampling and cuticle isolation

After reflectance measurements of whole fruit were performed,
two pieces of peel (ca. 30 mm in diameter) were cut off from
the sunlit and shaded surfaces of each fruit, respectively. Peel
samples ca. 0.5 mm thick consisting of cuticle, epidermis and
several layers of hypodermal cells and containing the bulk of
the peel chlorophylls, carotenoids and phenolics were obtained
by gentle scraping of flesh with a scalpel and used for further
spectral measurements and isolation of cuticles.

Isolation of fruit cuticle was carried out as described by Ju
and Bramlage,22 with some modification. Peel samples were
rinsed in distilled water, washed with methanol–water–HCl
(50 : 100 : 1 v/v/v) for 5 min and then incubated in an enzyme
solution containing 2% (v/v) pectinase (365 un ml�1) and 1%
(w/v) cellulase (9.8 un ml�1) in acetate buffer (pH 4) at 30 �C for
24 h with continuous shaking in a rocker. After incubation,
the peels were taken out and brushed to remove adhering
epidermal remnants. The liberated cuticles were subjected to
repeated maceration under the same conditions for 24 h. Any

Fig. 2 Representative reflectance spectra of whole apple fruit (1, 2)
and its cuticle (3, 4) recorded on a ‘white’ background, Rg(λ). Samples
from the sunlit (1, 3) and shaded (2, 4) surfaces are shown as open and
closed symbols, respectively.

remaining epidermal remnants were carefully removed by
brushing. Samples were examined under an optical microscope
to make sure there were no epidermal cells attached to the
cuticles. Cuticles were washed with distilled water and then with
1% HCl solution, air-dried at 35 �C and stored at �20 �C.

Analysis of phenolics

Cuticles were twice extracted with methanol for 24 h each time,
then the extracts were combined and their absorbance spectra
recorded. TLC of the extracts was performed on cellulose
plates with n-butanol–acetic acid–water (4 : 1 : 5 v/v/v) as a
developing system. Extracts were also subjected to acid
hydrolysis.24 After hydrolysis, 2 ml of ethyl acetate were added
and the samples were left overnight for phase separation. The
ethyl acetate fraction was collected, the solvent removed with
a rotary evaporator and the residue dissolved in methanol
for further analysis. Phenolic compounds were identified by
means of UV spectroscopy, TLC mobility and characteristic
UV fluorescence before and after spraying with a solution of
0.1% AlCl3 in methanol.24 Flavonoid content was quantified
spectrophotometrically using the molar absorption coefficient
ε358 = 25.4 mM�1 cm�1 determined for rutin in methanol and
expressed in equivalent amounts of rutin on a fruit surface area
basis.

Spectral measurements

Reflectance (R) and transmittance (T m) spectra of whole fruits,
peels and cuticles were recorded with a 150–20 Hitachi
spectrophotometer equipped with a 150 mm integrating sphere
attachment (part no. 150–0901) and expressed as a percentage
of incident light. Reflectance spectra were measured against an
Al2O3 tablet covered with a Munsell white reflective coating. In
most experiments, reflectance spectra of cuticles were acquired
without backing (R0), which is equivalent to reflectance
measurement on a black background.25 In some experiments,
the reflectance spectra of cuticles were also measured on white
reflective backing as a background (Rg). In this case, a 2–3 mm
thick layer of Munsell white reflective coating was applied to a
round-bottom glass flask of 80 mm in diameter (close to that of
the apple fruit studied).

Spectral data processing

Spectral data were imported to an IBM-compatible personal
computer and processed using spreadsheet software.

The absorbance of samples as determined directly from
transmittance and reflectance measurements was expressed as

Correction of absorbance spectra for incomplete collection
of transmitted light by the integrating sphere was performed as
described previously 25 and the corresponding absorbance for
peel samples, Ap(λ), was calculated from

where the last term is the average Am between 760 and 800 nm.
Because Am(λ) of the cuticle showed a significant scattering

contribution, the absorbance spectra were corrected assuming
the absence of chromophore absorption in the region 550–800
nm and that the scattering, As(λ), depends on the inverse power
of the wavelength: 26

where b and s are constants.
After obtaining b and s for the range 550–800 nm, As(λ) was

extended to the whole spectral range measured as shown in

(1)

Ap(λ) = Am(λ) � Am(λNIR) (2)

As(λ) = bλ�s (3)
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Fig. 4 and corrected for scattering absorbance spectra of
cuticles, then Ac(λ) values were calculated:

After correcting the absorbance according to eqn. 2 and 4,
transmittance spectra for peel, T p(λ), and cuticle, T c(λ), were
obtained and expressed as a percentage of non-reflected light:

and

Reagents

All reagents and solvents used were of analytical grade: hydro-
chloric and acetic acids, ethyl acetate, aluminium chloride
(Reakhim, Moscow, Russia), methanol (Merck, Darmstadt,
Germany), rutin (Chemapol, CSSR), and quercetin (Sigma, St.
Louis, MO, USA). The enzyme preparations: cellulase [1.0 un
mg(protein)�1] and pectinase [25.0 un mg(protein)�1] were
obtained from Sigma. White reflective coating (Art. 6080) and
5655 cellulose TLC plates were from Munsell (New Windsor,
NY, USA) and Merck, respectively.

Results
Representative spectra 1 and 2 in Fig. 2 demonstrate spectral
features characteristic of whole apple fruit: high reflectance in
the NIR and bands of chlorophyll and carotenoid absorption
in the visible range.20,21,27 At shorter wavelengths, whole-fruit
reflectance was significantly lower in sunlit compared with
shaded surfaces. Even near 400 nm, the reflectance of the sunlit
surfaces was less than 5%, whereas that of shaded surface was
ca. 15%.

In the NIR and visible ranges, reflectance spectra, Rg(λ)
(curves 3 and 4 in Fig. 2) and R0(λ) (not shown), of isolated
cuticles do not contain spectral features and showed a mono-
tonous decline with wavelength. In the NIR, Rg was higher
(reaching 86%) than whole-fruit reflectance, whereas as R0 was
13.0 ± 4.0%, average (n = 5) ± standard deviation. A consider-
able decrease in cuticular reflectance (both Rg and R0) occurred
at wavelengths shorter than 400 nm. Sunlit cuticle exhibits a
reflectance minimum near 370 nm, whereas that from the
shaded surface of the fruit shows a shoulder at this point. In the
range 300–330 nm, cuticular reflectance undergoes a sharp
decrease and remains low, both in sunlit and shaded cuticles.

In the spectral range 800–500 nm, cuticular absorbance,
Am(λ), shows a monotonous increase, indicative of a scattering
contribution (Fig. 3). To obtain an approximation to the ‘true’
absorbance spectra of cuticle, compensation for scattering
was introduced (eqn. 3 and 4); an example of the scattering
spectrum calculated for apple fruit cuticle is presented in Fig. 3
(curve 2). After compensation for scattering, the cuticular
absorbance, Ac(λ), spectra are essentially flat between 480 and
800 nm, with bands due to the absorptions of chromophores
more apparent at shorter wavelengths near 360–370 and 300 nm
[Fig. 4(A)].

To investigate the compound(s) responsible for UV absorp-
tion by cuticles, samples from sunlit and shaded fruit surfaces
were subjected to methanol extraction. The extraction did not
notably affect cuticular optical properties in the NIR and
visible parts of the spectrum [Fig. 3 and 4(A)]. As a result of the
extraction, a significant decrease in absorbance was detected in
the band 350–400 nm. The difference ‘before � after extraction’
spectra [Fig. 4(B)] show a distinct maximum near 370 nm,
present in both sunlit and shaded cuticles, which is indicative of
methanol-extractable UV-A-absorbing chromophore(s) being
present in the cuticle. Absorbance spectra of the cuticular

Ac(λ) = Am(λ) � As(λ) (4)

T p(λ) = 10[2 � Ap(λ)] (5)

T c(λ) = 10[2 � Ac(λ)] (6)

Fig. 3 Effect of methanol extraction on absorbance spectra of apple
fruit cuticles isolated from sunlit fruit surfaces: (1, 3) average (n = 5,
bars indicate standard deviation) measured absorbance spectra, Am(λ);
(2, 4) scattering, As(λ), spectra used for correction of spectra 1 and 3,
respectively. Spectra 1, 2 and 3, 4 were recorded before and after
methanol extraction, respectively.

Fig. 4 Absorbance spectra of apple fruit cuticles and cuticular
methanolic extracts. (A) Average absorbance spectra of sunlit (1, 2) and
shaded (3, 4) cuticles before (1, 3) and after (2, 4) methanol extraction (n
= 5, bars indicate standard deviation). (B) Difference ‘non-extracted �
extracted’ spectra of sunlit (1 � 2) and shaded (3 � 4) cuticles (see A);
(5, 6) representative spectra of methanolic extract of cuticle before and
after acid hydrolysis, respectively.
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extracts with a near-UV maximum at 368 nm [spectrum 5 in
Fig. 4(B)] exhibit features characteristic of quercetin glycosides.
Acid hydrolysis of the extracts showed that the aglycone of the
flavonoid glycoside exhibits an absorption maximum at 372 nm
in methanol [spectrum 6 in Fig. 4(B)], close to that of quercetin.
Co-chromatography of the aglycone with authentic quercetin
also confirmed its identity. Methanol extraction did not
considerably affect the spectral features of cuticles in the UV-B
range of the spectrum (near 300 nm), even after repeated
extraction for 24 h [Fig. 4(A)].

The attenuation capacity of apple cuticle in the UV range
was estimated in terms of transmittance for non-reflected light.
On average (n = 10), T c amounts to 35.7 ± 20.2 and 14.2 ± 7.1%
at 375 and 300 nm, respectively. As a rule, cuticles isolated from
shaded fruit surfaces exhibit lower transmittance at 300 nm
[Fig. 5(A)] than those from sunlit surfaces (11.6 ± 7.9 vs. 16.7 ±
5.2%, respectively). Sunlit cuticles transmit less radiation at 375
nm (30.6 ± 17.9%) than those from shaded surfaces (40.7 ±
18.6%). At high flavonoid content, the transmittance of cuticles
at 375 nm becomes close to that at 300 nm [Fig. 5(A)]. The
cuticular transmittance at 375 nm [Fig. 5(B)] exhibits a strong
curvilinear relationship with the quercetin glycoside content of
the cuticle (r2 > 0.9).

To estimate the contribution of cuticles to the attenuation of
light by surface structures of apple fruit, their transmittance
was compared with that of thin peel preparations, T p(λ). The
transmittance spectra presented in Fig. 6 show that in the UV-A
range (near 370 nm), the attenuation by cuticles is comparable
with that of peel in the chlorophyll and carotenoid absorption
bands around 440 nm. Transmittance of UV radiation by the

Fig. 5 Relationships between transmittance (T c) and flavonoid
content of apple cuticle. (A) Transmittance at 300 and 375 nm of sunlit
and shaded cuticles isolated from 5 apple samples numbered according
to increasing flavonoid content. Average values ± standard deviation
are indicated (the difference is significant at P > 0.05). (B) Relationship
between transmittance at 375 nm and flavonoid content for cuticles
isolated from sunlit and shaded fruit surfaces (open and closed
symbols, respectively). Dashed lines connect the points obtained from
measurements of the same fruit.

peel is lower than that of the corresponding cuticles, reaching
2.5% at 310 nm in shaded peel and at 360 nm in sunlit peel. In
this region, the transmittance curves of shaded peel resemble
those of the cuticle, but are shifted by 10–12 nm towards longer
wavelengths. In turn, the transmittance curves of sunlit peels
are shifted by ca. 50 nm towards longer wavelengths relative to
shaded peels, with a sharp transition from relatively high
transmittance near 440 nm to extremely low (<2%) values
between 300–360 nm.

Discussion
The data in the literature suggest the presence of phenolics
in plant cuticles screens out a significant amount of UV
radiation.9,12,18 To obtain a more precise estimate of the UV-
screening capacity of plant superficial structures, both the
transmittance and reflectance of isolated apple fruit cuticle as
well as of detached peel have been studied in this work.

Whole apple fruit reflectance in the UV range demonstrates
a remarkable response to intense solar irradiation,20,21 attri-
butable to the changes in the content of pigments localized in
subcuticular structures and, presumably, in the cuticle. In
the NIR range, Rg(λ) of isolated cuticles is high and close to
the whole-fruit reflectance (Fig. 2). This indicates that the
subcuticular tissues of apple fruit reflect a significant part of
the incident light. The spectra of isolated cuticles exhibit
significant featureless changes in reflectance (Fig. 2) and
absorbance (Fig. 3) between 500 and 800 nm, characteristic of
scattering. It is interesting to note that recently, the increase
in scattering coefficient was documented in Golden apples with
time-resolved reflectance spectroscopy.28 The spectra recorded
on a highly reflective background (curves 3 and 4 in Fig. 2),
simulating the contribution of cuticular reflectance to that
of the whole fruit, suggest the presence of UV-absorbing
compounds in the cuticle.

The measurements performed on a black background reveal
substantial reflectance for isolated cuticle in the visible and UV
ranges, which should be taken into account during estimation
of the attenuation capacity of a cuticle. It should be noted
that the whole-fruit reflectance in the UV range (Fig. 2) and
in the presence of large amounts of anthocyanins, near 540–
550 nm,20,21,27 does not drop below 4.5–5.0%. This is in contrast
to the higher reflectance near 390–400 nm recorded in dry
isolated cuticles on a black background (5.8 ± 0.4%, n = 10). A
possible reason for this is the formation of a new partitioning
surface between the inner surface of the cuticle and the air, the
phases with different refraction indexes. Thus, the reflectance of
attached cuticles in situ might be lower than recorded in these
experiments.

Fig. 6 Representative transmittance spectra of peel (1, 2) and cuticle
samples (3, 4) from sunlit (1, 3) and shaded (2, 4) fruit surfaces
calculated for non-reflected light. Corresponding whole-fruit and
cuticular reflectance spectra are shown in Fig. 2.
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Placing the sample “at very short distance in front of the end
window photomultiplier”, Krauss et al.9 reported the transmit-
tance of apple fruit cuticle near 600 nm to be ca. 60%. Our
experiments, performed using an integrating sphere, gave a
measured average cuticular transmittance, T m(λ), at this wave-
length of similar magnitude (65 ± 7.5%, n=10). The Ac(λ) and
T c(λ) spectra obtained after correction for scattering suggest
that apple cuticles exhibit negligible absorption in the NIR
and visible parts of the spectrum (Fig. 3–6). In addition, the
transmittance spectra of apple cuticle show a slight decrease
between 430 and 550 nm (Fig. 6); this spectral feature was also
observed in the spectra of leaf and fruit cuticles.9

Chemical analysis revealed that quercetin glycosides, abund-
ant in apple fruit peel,14,29 are the principal UV-A-absorbing
compounds in apple cuticle. The cuticular flavonoids were
characterized by their long wavelength absorption maximum
around 375 nm in situ [Fig. 4(A)] and at 368 nm in methanol
[Fig. 4(B)]; the broad maximum of total peel flavonoids in
the same solvent is situated near 360 nm.30 Acid hydrolysis
and TLC of cuticular extracts showed that cuticular and peel
flavonoids have the same aglycone (quercetin). The difference in
the spectral properties between cuticular and peel flavonoids
could be related to the specificity of their methylation and/or
hydroxylation patterns.7,24

The quercetin glycoside content of the cuticle was found to
be in the range 10–70 nmol cm�2 [Fig. 5(B)] comprising up to
1/3 and 1/5 of total peel flavonoids 21 in the shaded and sunlit
surfaces of apple fruits, respectively. Cuticles isolated from the
sunlit surfaces present lower T c at 375 nm than those from
shaded surfaces of the same fruit, even when their quercetin
glycoside content was close (Fig. 5). This could originate from
the fact that apple fruits develop thicker cuticles when grown
under strong sunlight conditions.31 According to our prelimin-
ary results, sunlit surfaces of Antonovka apples possess 1.4–1.5
times thicker cuticles as compared to the shaded surfaces. Due
to high scattering in turbid plant tissues, an increase in thick-
ness could result in higher absorption by pigments.32 Fig. 5 and
6 indicate that cuticular flavonoids could account for the
40–95% attenuation of non-reflected light in the band around
375 nm. However, these values could be overestimated, since
no correction for the unknown contribution of compounds
which are non-extractable with methanol has been made.

The compounds responsible for the 80–90% absorption in the
UV-B [Fig. 5(A)] were not readily extractable with methanol
[spectra 2 and 4 in Fig. 4(A)] and the cuticular spectral features
in this range were retained after re-extraction. According to
the data in the literature, the UV-B-absorbing compounds in
the cuticle are phenolics, covalently bound to fatty acids of
cutin. The phenolics in leaf and apple fruit cuticles have
been identified as hydroxycinnamic acid derivatives 18 and
gallic acid,22 respectively. Higher UV-B absorption in shaded
versus sunlit apple fruit cuticles does not seem to be con-
troversial since the biosynthesis of phenolic acids in plants
does not show a significant correlation with ambient radiation
conditions.2,33

The results presented here confirm that phenolics in the
cuticles of apple fruit collectively serve as an efficient external
cut-off filter and are able to trap a significant part of both
UV-A and UV-B radiation before it reaches epidermal and
hypodermal cells. It is noteworthy that, quantitatively, the
UV-screening capacity of apple fruit cuticle (Fig. 4–6, see also
Krauss et al.9) is comparable with that of detached leaf
epidermis.12 On shaded sides of apple fruit, the UV-screening
capacity of the peel is governed to a large extent by cuticular
phenolics (curves 2 and 4 in Fig. 6), whereas on sunlit sides,
these substances contribute much less to the total attenuation
of UV radiation (curves 1 and 3 in Fig. 6).

The UV photoprotection mechanism in leaves involves
accumulation of flavonoids in the vacuoles of epidermal
cells.1,3,4,17 In contrast to leaves, the build-up of vacuolar flavon-

oids (including anthocyanins) observed in apple fruits under
elevated solar radiation conditions is not restricted to a single
layer of epidermal cells, but occurs in deeper layers, including
hypodermal cells, where the accumulation of the bulk of the
phenolics occurs.1,13,34 This is consistent with the data on
transmittance obtained by measuring thin preparations of peel
from sun-adapted surfaces of apple fruit (Fig. 6).

The data obtained in this work show that apple fruit cuticle
possesses a considerable UV-screening capacity, both on sunlit
and shaded sides of the fruit. Although the flavonoid content
tends to increase in sunlit cuticle, comparison of the optical
properties of cuticles isolated from shaded and sunlit fruit
surfaces did not reveal a pronounced effect that could be
specifically related to an adaptation of the fruit to high fluxes
of solar radiation (Fig. 5 and 6), suggesting that cuticular
phenolics have limited potential in the adaptation of plants to
high levels of UV radiation.

Much stronger changes were recorded in the optical prop-
erties of whole fruit and peel in the range 300–380 nm: as a
result of increased solar UV irradiation, both whole-fruit
reflectance and peel transmittance of sunlit surfaces of apple
fruit were extremely low in the range 300–380 nm (Fig. 2 and 6).
It could be concluded, therefore, that a massive build-up
of flavonoids in the peel cells located just below the cuticle,
resulting in trapping of radiation in a broad spectral range,
plays a dominant role in long-term adaptation of apple fruit to
elevated levels of solar radiation.
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