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Abstract. The red color of Royal Gala apple (Malus domestics Borkh.) skin increased in intensity following irradiation with
ultraviolet (UV) and white light. The enhanced red apple color was due to an increase in anthocyanin concentration and
the increase was dose dependent. High-performance liquid chromatography analysis showed that the composition of
flavonoids in UV treated and natural red colored apple skins was similar. The red apple skin color further increased after
storage at 4C in the dark. During the course of irradiation the enzymatic activities of phenylalanine ammonia lyase (PAL)
and chalcone isomerase (CHI) increased 10-to 20-fold. Northern analysis showed an increase in PAL transcripts during
the irradiation treatment, suggesting that the increase in PAL enzymatic activity was due to de novo synthesis of the
enzyme in apple skin cells.
The range of red and purple colors in many flowers and fruits
is primarily a consequence of anthocyanin molecules (Dooner,
1983; Forkmann, 1991; Saure, 1990; Van der Meer et al. , 1993).
The biosynthesis of anthocyanins has been extensively studied in
several plant systems. These molecules, which belong to the
general class of plant secondary metabolizes, are called flavonoids.
These can be synthesized in response to many environmental
factors such as light, cold stress, pathogen attack, mechanical
damage, and developmental–genetic factors (Kuhn et al., 1984;
Lamb et al., 1989; Ohl et al., 1989).

Apple skin color is a significant factor in the economics of the
fresh apple fruit industry, since it plays an important role in
consumer appeal. Although the intensity and quality of the redskin
color is directly related to the anthocyanin concentration and
molecular substitution, the final apple skin color as we perceive it
is thought to be determined by the interaction of anthocyanin
molecules with other compounds (Harborne, 1988; Forkmann,
199 1). Thus, the subtle changes in red color intensity or hues seen
in many apple cultivars may be a consequence of co-pigmentation
(Mazza and Brouillard, 1990) as well as local hydrogen ion
concentration in the individual intracellular vacuoles (Asen et al.,
197 1; de Vlaming et al., 1984), where the anthocyanin molecules
are concentrated (Hrazdina and Wagner, 1985). Recent results
(Lancaster et al., 1994) have shown that the quantities of chloro-
phyll and carotenoid pigments present in the apple skin are also
important factors in determining the final red color. Clearly there
are many complex interactions that will dictate the final color of
apple skin as we perceive it.

The development of postharvest treatment regimes that will
modulate and generate a desirable apple skin color, without affect-
ing other characteristics of the apple cultivar, are important consid-
erations in capturing and developing competitive markets. Al-
though genetic engineering provides an exciting opportunity that
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will eventually influence fruit color, the time frame of 10 to 15
years to deliver a commercial transgenic pipfruit crop and the
limited flexibility to accommodate short-term market trends indi-
cate that nonchemical and nontoxic manipulation of fruit color at
the postharvest level would be a highly desirable intermediate
goal. In this framework we are studying the biosynthesis of
anthocyanin in commercial apple cultivars.

The biosynthesis of anthocyanins in apple skin, as in other plant
tissues, starts with the conversion of phenylalanine to cinnamic
acid by the enzyme phenylalanine ammonia lyase (Lancaster,
1992; Van der Meer et al., 1993). In two subsequent reactions
coumaroyl-CoA is produced. Chalcone synthase (CHS), the first
enzyme in the flavonoid-anthocyanin biosynthetic pathway, then
catalyses the condensation of coumaroyl-CoA with three mol-
ecules of malonyl CoA to produce the yellow colored tetrahydroxy -
chalcone, which is subsequently isomerized by chalcone isomerase
to naringenin. Naringenin, which is colorless, is the first of the
flavonoid molecules in the flavonoid pathway. Subsequent enzy-
matic modification of the flavonoid structure involves hydroxyla-
tion, methylation, acylation, glycosylation, and reduction to pro-
duce the >3500 different flavonoid derivatives including the
unstable leucoanthocyanidins and anthocyanidins (Harborne,
1988). The anthocyanidins are stabilized by glycosylation, a
reaction catalysed by UDPG flavonoid: 3-O-glucosyltransferase
(3GT). The three groups of anthocyanins present in plants are 1)
the cyanidins, 2) the pelargonidins, and 3) the delphinidins. The
latter group of compounds, the delphinidins, are largely absent in
the family Rosaceae, to which apple (Malus) belongs.

In a variety of plant species the biosynthesis of anthocyanins is
regulated in a developmental and tissue specific manner (Coe et al.,
1988; Tonelli et al., 1991; Jackson et al., 1992; Kubasek et al.,
1992). In particular, the R and Cl genes appear to control the
coordinate expression of structural genes involved in the biosyn-
thesis of anthocyanins (Ludwig et al., 1989; Roth et al., 1991;
Consonni et al., 1993; van der Meer et al., 1993). The R and C l
genes belong to a family of genes that code for transcription
factors. The protein structures deduced from the R and Cl D N A
sequences bear a striking resemblance to the proto-oncogenes myc
and myb, respectively, in that the DNA binding domain and the
protein–protein interactive domains of these transcription factors
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Table 1. Royal Gala apple skin color development during storage at
different time points. Apples were irradiated with UV and white light
(UV + W) or white light only (W) for 1,2, or 3 days. Values are means
±SE of six apples before (B), after (A), and after 15 days (D 15) or 70
days (D70) of storage in the dark at 4C. Unirradiated control apples
(Dark) were measured at day 0 (D0), day 15 (D15), and day 70 (D70)
of storage in the dark at 4C.

Fig. 1. Accumulation of red pigment and total anthocyanins in Royal Gala apple
skin after irradiation under constant white light conditions with UV light for 0
 ( ❍ ), 1( ● ),2 (  ■ ), and 3 (  ▲ ) days. Control apples( ❏ ) were left in the dark under
identical conditions. Data points for color (a*) values and anthocyanin
concentrations represent the mean of six and three independent samples
respectively.
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were shown to be highly conserved between animals and plants
(Goodrich et al., 1992; Jackson et al., 1992; Avilla et al., 1993;
Consomi etal., 1993).

Our research has been directed toward understanding the mecha-
nism that controls the degree of pigmentation in several New
Zealand apple cultivars. The results described in this paper are part
of our long-term research goals and strategies to develop new
technology for improving apple color and to understand the
mechanism of induction and expression of specific pigmentation
genes in apple skin.

Materials and Methods

Plant material. Green, preclimacteric Royal Gala apples w
harvested from the shaded centres of the trees and stored at 4C in
the dark for a minimum of 3 days and a maximum of 5 weeks. They
were subjected to ultraviolet (UV) irradiation using a broad 
length UV fluorescent light source with an average fluency rate of
150 µW·cm -2, measured at 310 nm, at a distance of 58 cm wi
radiometer (UVX; UVP, San Gabriel, Calif.) and to white 
from fluorescent lamps that had a fluency rate of 400 µE/m2 per
sec. All irradiation experiments were carried out at 14±0.5C and
the UV and white light sources were 58 cm and 2.6 m from the
apples respectively. Apples were kept on a rotating platfo
during the entire irradiation period.

Color and flavonoid measurements. To determine the develop-
ment of apple skin color in response to irradiation, apple skin color
was measured with a Minolta Chromameter II, in the CIELAB (L*,
a*, b*) color space abbreviation (McGuire, 1992; Voss, 1992). A
good correlation was obtained between the a* values and the
degree of red pigmentation in Royal Gala apple skin. Total
anthocyanins were extracted from apple skin overnight with 1%
HC1–methanol, and the absorbance of extracts was measured at
530 nm and 657 nm as described by Kubasek et al. (1992) from
three independent samples. The difference between A530 and A657

was used to determine the concentration of total anthocyanin and
Fig. 2. Flavonoid quantification  UV-induced and natural red apple skin. Flavonoids
were extracted from UV irradiated and natural (red-tree) apple skin and quantified
by HPLC. The main anthocyanin was cyanidin-3-galactoside. The flavonols
consisted of a number of quercetin glycosides. The proanthocyanidins were
predominantly catechin, epicatechin, and procyunidin B2 and B5. Data is expressed
as the mean of six samples. There were no significant differences in the relative
composition of these individual compounds in the UV irradiated and natural
colored Royal Gala apple skin samples. Control apples were unirradiated
preclimacteric Royal Gala apples.
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Fig. 3. Effect of storage temperature on apple color development. Royal Gala apples
were irradiated with UV and white light for 2 days at 14C and stored in the dark
for an additional 5 days at 4C (  ● ), 14C ( ■  ), and 25C ( ▲  ). Control apples (  ❏ ) were
exposed to white light only for 2 days and were stored in the dark at 14C. Each
data point is the mean of six samples.

Fig. 4. Phenylalanine ammonia lyase and chalcone isomerase activities in apple
skin following irradiation with UV and white light irradiation for;  0, 8, 16, 24,
48, and 72 h. The enzymatic activities for PAL ( ● ) and CHI ( ■ ) are expressed
in pkat/µg of protein. Every point is the average of six samples. Vertical bars
represent SE of the mean.

produced a marked increase in the development of red apple skin
eliminate the contribution made by chlorophyll and its degradation
products (Rabino and Mancinelli, 1986; Feinbaum and Ausubel,
1988).

To correlate the red color development with anthocyanin
accumulation in apple skin, flavonols, anthocyanins, and
proanthocyanins were extracted from six independent samples
and quantified by high-performance liquid chromatography
(HPLC) analysis as described by Lister et al. (1993). The HPLC
eluate was monitored at 350 nm for flavonols and at 530 nm for
anthocyanins. Proanthocyanins were monitored at 280 nm and
phenolic acids at 313 nm. Standards used to quantify the HPLC
data were cyanidin-3-galactoside, quercetin-3-galactoside, quer-
cetin-3-glucose, quercetin-3-rhamnose, and quercetin-3-xylose
(Plantech, Reading, U.K.). (+)-Catechin, phloridzin and querce-
tin-3 -rhamnosylglucoside (rutin) were purchased from Sigma
Chemical Co., St. Louis, and quercetin-3-arabinose was obtained
from Extrasynthese, Lyon, France. (–)–Epicatechin polymer,
(+)–gallocatechin, procyanidin B2, and procyanidin B5 were
donated by L. Porter (Industrial Research Ltd., Lower Hutt, New
Zealand).

Enzyme extraction and assay. To study the activities of en-
zymes in the phenylpropanoid and flavonoid pathways, phenyla-
lanine ammonia lyase (PAL) was extracted and assayed essentially
as described by Faragher and Chalmers (1977). Apple skin (0.5 to
1.0 g) was ground in a mortar and pestle with 10 ml of 0.1 M borate
buffer (pH 8.8) containing 2-mercaptoethanol (20 mM) and 0.4 g
Polyclar AT per gram fresh weight (gfw) of apple skin. The extract
was centrifuged at 20,000× g for 30 min at 4C. Proteins were
precipitated from the supernatant with ammonium sulfate (70%
saturation) and pelleted by centrifuging for 15 min as described
above. The resulting precipitate was gently resuspended in 5 ml of
borate buffer and used as the enzyme solution. The assay mixture
(3 ml) consisted of 0.1 M borate buffer (pH 8.8), 20 µM L -
phenylalanine, and enzyme solution containing 50 to 100 µg
protein. Absorbance measurements were made with a Hitachi U-
2000 spectrophotometer. All reactions were equilibrated for 10
min at 40C. The change in A290 over 60 min was used to determine
PAL activity. Linearity of kinetics was established in separate
experiments. PAL activity was expressed as pkat/pg protein.
Protein concentration was determined by the method of Bradford
(1976) using bovine serum albumin as a standard.
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Chalcone isomerase (CHI) was isolated as described by Mol et
al. (1985). Apple skin (1.0 g) ‘was pulverised in a mortar and pestle
containing 1 g of Dowex 1-X 4, acid-purified sand (0.5 to 1.0 g),
and 5 ml of 0.1 M sodium phosphate pH 8.0 containing 1.4 mM 2-
mercaptoethanol. The homogenate was centrifuged for 15 min
(12,500× g) in a microfuge and the supernatant was used as the CHI
enzyme preparation. The CHI activity was assayed according to
Weely et al. (1983). The reaction mixture (1 ml) contained 0.1 M

sodium phosphate (pH 8.0), 10 mM KCN (to inhibit peroxidase
degradation of the tetrahydroxy-chalcone), 10 mM ethylene glycol
monomethyl ether, and 0.6 mM 2’,4,4’,6’-tetrahydroxy-chalcone.
Tetrahydroxy-chalcone was prepared as described by Mustafa and
Wong (1967). The reaction was started by the addition of CHI
extract, containing 5 to 10 µg of protein. The rate of enzymatic and
nonenzymatic cyclization of tetrahydroxy-chalcone was deter-
mined as a change in A 3 8 5. The enzymatic conversion of
tetrahydroxy-chalcone was measured for 3 rein, during which the
reaction showed linear kinetics. All enzyme activity data were
corrected for nonenzymatic isomerization and the results are
expressed as pkat/µg protein.

RNA isolation and Northern analysis. Total RNA was extracted
from Royal Gala apple skin using a high salt-ethanol precipitation
step and CSC1 ultracentrifugation as described by Mitra and
Kootstra (1993). For Northern analysis, the RNA was electro-
phoresed in a formaldehyde agarose gel (Sambrook et al., 1989)
and the RNA was alkaline transfered to a Hybond-N+ membrane.
The membrane was probed with a 32P labeled probe representing
either the apple PAL gene or the ribosomal gene sequence. Probes
were 32P labeled using a random primer protocol (GibcoBRL,
Bethesda, Md.).

Results and Discussion

Induction of appleskin color. Green, preclimacteric Royal Gala
apples were subjected to continuous irradiation with UV and white
light at 14C for up to 3 days, and the apple color was determined
chromametrically during a 6-day period. Figure 1a shows that
control apples, which were left in the dark under identical condi-
tions, did not change color significantly during the 6-day period.
Exposure of preclimacteric Royal Gala apples to white light alone
produced a striped redpattern that was characteristic of normal tree
ripened fruit. Addition of UV light with a fluency of 150 µW·cm-2
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0 16 32 hours
Fig. 5. Northern analysis of PAL gene expression in Royal Gala apple skin. Total

RNA was isolated from Royal Gala apple skin following UV plus white light
irradiation for 0, 16, and 32 h. Total apple skin RNA was electrophoresed and
transfered to a Hybond-N+ membrane, and probed first for PAL mRNA, stripped
and reprobed for rRNA under standard conditions. The membrane was washed
at high stringency and autoradiography was carried out for 3 days at -70C with
intensifying screens.
color. The increase in red apple skin color took place after an initial
lag period of ≈24 h as has been observed in other apple cultivars
(Arakawa, 1988; Faragher and Chalmers, 1977). Further exposure
to white light, after the 3-day UV light treatment resulted in a
smaller but still noticeable increase in apple skin color. These
results suggest that under the experimental conditions described,
exposure to UV light and white light will significantly enhance the
development of Royal Gala apple skin color by increasing the rate
of anthocyanin biosynthesis.

To determine whether the chromametric a* values correlated
with the anthocyanin concentrations, Royal Gala apple skin was
isolated at different times after UV and white light irradiation and
the anthocyanin concentration was determined from three inde-
pendent analyses using A530 minus A657, The data (Fig. 1 b) show
that total anthocyanins isolated from apple skin increased as a
function of irradiation treatment. The relative changes in apple
skin color (a* values) and the total extracted anthocyanin (A 530

minus A657) during the irradiation treatment were similar. Conse-
quently m these experiments, the a* values adequately reflect the
relative concentration of anthocyanins accumulated in Royal Gala
98
apple skin tissue. However if an accurate description of color is
required, consideration and manipulation of the L* a* b* values as
described by McGuire (1992) and Voss (1992) will be necessary.
Using the a* values (Fig. 1a) or total anthocyanin concentration
(Fig. lb), we observed a 1.6- and 1.8-fold increase respectively in
red pigmentation in Royal Gala apple skirt tissue following expo-
sure to UV light for 1 and 3 days. As shown by Arakawa et al.
(1985) and Faragher and Chalmers (1977) with different apple
cultivars, UV plus white light had a synergistic effect in stimulat-
ing anthocyanin biosynthesis in Royal Gala.

Comparison of metabolizes in UV light induced and natural red
pigmentation. Relative distribution and concentrations of antho-
cyanins, flavonols, and pro-anthocyanins were very similar in the
UV-treated and naturally colored Royal Gala apple skin (Fig. 2).
Thus, the increase in pigmentation caused by UV light did not
involve a major change in the nature of the normal pigments.
Compared to the levels of metabolizes in the nonirradiated Royal
Gala apples (Fig. 2), UV + white light irradiation stimulated the
entire flavonoid pathway, since the anthocyanins, flavonols, and
proanthocyanins were all increased.

Effect of temperature on anthocyanin biosynthesis following
UV irradiation. To determine the effect of temperature on apple
skin color development after UV light exposure, Royal Gala
apples were treated with UV and white light for 2 days and then
stored in the dark at 4, 14, or 25C. Color development was
measured during a 7-day period. As shown in Fig. 3, after 2 days
of UV and white light exposure at 14C anthocyanin accumulation
in the intact apple skin increased daily during storage in the dark
only for apples stored at 4C. Anthocyanin biosynthesis in apples
stored at 14 or 25C showed an increase for the first day in the dark,
after which no significant change was noted. These results indicate
that cool temperatures are needed to enhance the development of
red color development in UV-treated Royal Gala apple skin.

To further examine the development of red pigmentation in the
cold, Royal Gala apples were irradiated for 1,2, or 3 days at 14C
and then stored for an extended period in the dark at 4C. Skin color
was measured before and after UV irradiation (Table 1, B and A
respectively) and after 15 (D 15) and 70 days (D 70) of storage in
the dark at 4C. The results from these experiments showed that
following UV and white light irradiation for 2 days, maximum
apple skin color was obtained after 15 days of storage in the dark.
Longer storage periods did not further increase the pigmentation of
Royal Gala apple skin. Marginal red pigmentation in apple skin
occurred following a 3-day exposure to white light alone following
storage in the dark for 15 days. Thus, red pigmentation in Royal
Gala apple skin can be generated effectively using a combination
of UV and white light (2 days) and cold storage at 4C, since these
two conditions seem to have a synergistic effect on the biosynthe-
sis and accumulation of anthocyanins in Royal Gala apple skin.
These results also demonstrate clearly that the UV enhanced red
pigmentation of the Royal Gala apple skin is stable over prolonged
periods of cold storage.

Induction of PAL and CHI enzymatic activity. Phenylalanine
ammonia lyase (PAL) and chalcone isomerase (CHI) activities
were measured in apple skin extracts after exposure to UV and
white light irradiation for 0,8, 16,24,48, and 72 h. Figure 4 shows
that PAL enzymatic activity in Royal Gala apple skin increased in
a near linear fashion over the 3-day irradiation period. Activity in
nonirradiated fruit was extremely low but it increased ≈ 30-fold
(from 0.025 to 0.78 pkat/µg protein) after irradiation for 3 days.
These results show that the increase in enzymatic activity preceded
the changes in anthocyanin concentrations (Fig. 1). Similar obser-
vations have been described by Faragher and Chalmers (1977)
J. AMER. SOC. HORT. SCI. 120(1):95–100. 1995.



using Jonathan apples, except that the decline of PAL activity they
reported was not observed here. The reason for this is that in their
experiments the UV treatment was only for 15 rein, while under
our experimental conditions the activity of PAL was measured
during a 3-day continuous UV + white light irradiation period.
Thus, Faragher and Chalmers (1977) observed a transient PAL
enzymatic activity following a 15 min exposure to UV light. In
Royal Gala PAL enzymatic activity also decreased following
storage in the dark (unpublished data).

CHI enzymatic activity (Fig. 4) rapidly increased following
irradiation treatment. It reached a maximum after 1 day and then,
unlike PAL, stayed constant during the next 2 days of irradiation.
Thus, the initial enzymatic response to UV irradiation was similar
for PAL and CHI, but only PAL activity continued to increase further
during the 72-h irradiation treatment. The nature of the difference in
enzymatic activity between the two enzymes is subject to further
investigation. These data suggest that the irradiation of intact green
Royal Gala apples stimulates the enzyme activities of PAL and CHI
in a coordinate manner. This increase in enzymatic activity is
probably related to the induction of the PAL and CHI genes in
Royal Gala apple skin. The coordinate expression of several
structural genes in the phenylpropanoid and flavonoid pathways
has been well documented in other plant systems (Goodrich et al.,
1992; Jackson et al., 1992; Kubasek et al., 1992; Martin et al.,
1991; Ohl et al., 1989; Tonelli et al., 1991; van Tunen et al., 1990).

PAL gene expression. To establish whether the increase in PAL
enzymatic activity was a consequence of de novo biosynthesis, we
determined the relative level of the PAL gene activity in apple skin
by estimating the amount of PAL mRNA. Royal Gala apple skin
was irradiated for O, 16, and 32 h and total RNA was extracted from
apple skin tissue as described by Mitra and Kootstra (1993). Total
RNA was subjected to Northern analysis using a PAL probe. The
autoradiogram (Fig. 5) shows that with increasing exposure to UV
plus white light, the amounts of PAL mRNA increased relative to
the ribosomal RNA signals. In the control apple the presence of
PAL mRNA was detectable only as a faint band with longer
exposure. In similar experiments we have also detected an increase
in CHI mRNA synthesis during the irradiation of Royal Gala apple
skin (unpublished data). These experiments provide evidence that
following irradiation of Royal Gala apples flavonoid biosynthesis
is induced in the apple skin and that the increased enzymatic
activity of PAL (and CHI) is probably a consequence of induction
at the level of transcription.

Summary. Analysis of the induction of anthocyanin biosynthe-
sis in Royal Gala apple skin has demonstrated that the flavonoid
pathway can be stimulated by white light. The addition of UV light
significantly increased the formation and accumulation of antho-
cyanins in Royal Gala apple skin in a dose dependent manner.
Storage of irradiated apples at 4C in the dark further increased the
red apple skin color. Quantification of the flavonoids in UV-
induced and naturally colored red apple skin showed that the
relative distributions of flavonols, proanthocyanins and anthocya-
nins were similar, demonstrating that UV irradiation treatment
produced naturally occuring flavonoid molecules. The enzymatic
activity of both phenylalanine ammonia lyase, the first committed
enzyme in the phenylpropanoid pathway, and chalcone isomerase
were increased as a consequence of gene activation. Thus, the UV-
stimulated increase in apple skin pigmentation is accompanied by
de novo synthesis of key enzymes in the phenylpropanoid and
flavonoid pathways.
J. AMER. SOC. HORT. SCI. 120(1):95–100. 1995.
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