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Changes in Pigment Concentrations Associated with
the Degree of Sunburn Browning of ‘Fuji’ Apple
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ABSTRACT. Significant changes in pigments were identified, quantified, and correlated to the changes in color
associated with sunburn browning (SB) of ‘Fuji’ apples (Malus domestica Borkh.). Apples were sorted into five classes:
NB, no sunburn; SB-1 to SB-4, increasing severity of sunburn browning. A decline in chlorophylls a and b and reduced
anthocyanin accumulation with increased sunburn severity were observed. A significant increase in total quercetin
glycosides was seen with slight sunburn (i.e., SB-1) with most of the increase resulting from increased quercetin 3-
galactoside and quercetin 3-glucoside + quercetin 3-rutinoside. Quercetin glycosides increased modestly from SB-1 to
SB-4, but few differences were statistically significant. 3-carotene increased in sunburned apples both years, but
changes in SB-3 and SB-4 were inconsistent between the 2 years. The xanthophylls were significantly higher (P <0.05)
in SB-1 than in NB, but no difference was detected from SB-1 to SB-4. Lutein, a xanthophyll, showed no change as a
result of sunburn in either year. Hue angle was highly correlated (P < 0.05) to the concentrations of total chlorophylls,
idaein, and total quercetin glycosides. Despite minor differences between growing seasons, the overall trends of
decreased chlorophyll and idaein, and increased quercetin glycosides and carotenoids persisted. Lower chlorophyll
and anthocyanin concentrations observed in the sunburned apples allowed the yellows from the carotenoids and
quercetin glycosides to be more prominent. Additionally, the increases in carotenoid and quercetin glycoside

concentrations of sunburned apples made the change in color more striking.

Apple sunburn is a serious problem in many parts of the
world where apples are grown in the presence of high solar
irradiance and high temperature. Three types of apple sunburn
have been characterized in the author’s laboratory at Wash-
ington State University. Sunburn necrosis and sunburn brown-
ing were described by Schrader et al. (2001, 2003a, b), and
photoxidative sunburn was first described by Felicetti (2003).
Sunburn necrosis occurred when fruit surface temperatures
(FSTs) reached 52 = 1 °C, was the result of heat-induced cell
death, and did not require direct sunlight (other than as a heat
source). Sunburn necrosis appeared on the surface of the apple
as a dark-brown or black spot several millimeters thick. The
second type of sunburn, sunburn browning, did not result in cell
death and was characterized by a yellowing or browning of the
skin. It occurred at lower FSTs (46 to 49 °C) than those required
for sunburn necrosis and required sunlight (Schrader et al.,
2001, 2003b). The minimum FST needed for sunburn browning
was referred to as the threshold temperature (Schrader et al.,
2001). The threshold temperature was specifically defined as
the minimum FST needed to induce sunburn browning when
fruit was exposed to sunlight for 1 h (Schrader et al., 2001). The
third type of sunburn is photoxidative sunburn, which has been
hypothesized to be a purely photoxidative process that results in
photobleaching of shaded peel suddenly exposed to sunlight
(Felicetti, 2003).

Schrader et al. (2003a) classified the degree of apple sunburn
into six classes based on appearance. In this system, a rating of
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0 denotes no sunburn, a rating of 5 signifies sunburn necrosis,
and ratings of 1 to 4 refer to different degrees of sunburn
browning. In red cultivars, degrees of sunburn browning (1-4)
were based on reduced red color and increasing yellow and
brown colors. In all cultivars, increased sunburned area,
increased browning, and increased blackened lenticels in the
affected area were observed as the degree of sunburn browning
increased (i.e., 1 had more red color, less browning, fewer
blackened lenticels, and a smaller affected area than 2 to 4).
Schrader et al. (2003a) implied that degrees 1 to 4 were the
result of increased exposure to sunburn browning induction
factors (e.g., sunlight and heat).

This study focused on ‘Fuji’ sunburn degrees 0 to 4, with
rating 5 omitted because it is a different type of sunburn. ‘Fuji’
apples were chosen for this study because they are economi-
cally important to Washington state, they show moderate
sunburn susceptibility in the Pacific northwestern United
States, and they contain anthocyanins. The intent of this study
was to characterize the changes in pigments in an attempt to
understand better how high solar radiation and temperature
affect apple fruit and to determine which changes in pigment
concentrations were related to the observed color changes
associated with sunburn.

Materials and Methods

SITE AND PLANT MATERIAL. This study was conducted in the
2005 and 2006 growing seasons on ‘Fuji’ apples. In 2005, the
orchard was located in Wenatchee, WA, at the Washington
State University—Tree Fruit Research and Extension Center.
In 2006, a commercial orchard west of Yakima, WA, was used.
Both orchards received standard horticultural practices and
disease and pest control (Smith, 2007). Apples were collected
on 14 Oct. 2005 and 18 Oct. 2006 from their respective
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orchards, placed in regular atmosphere cold storage at 0.5 °C,
and sampled the following day. Classification used to separate
sunburn browning into classes was modified from Schrader
et al. (2003a). The highest classification (rating 5) was
eliminated, the nonsunburned apple was labeled NB, and
increasing severity of sunburn browning was labeled SB-1,
SB-2, SB-3, and SB-4 respectively (Fig. 1).

SAaMPLING. In 2005, 10 apples of sunburn degrees 0 to 4 were
selected and four peel disks (16 mm in diameter, | mm thick)
were taken from each apple. Two disks were used for
chlorophyll and carotenoid analysis, and two disks were used
for phenolic analysis. Thus, each degree (class) of sunburn had
10 repetitions, with each repetition composed of two peel disks
from the same apple. In 2006, 20 apples of sunburn degrees 0 to
4 were selected and two peel disks (12 mm in diameter, 1 mm
thick) were taken from the sun-exposed side of each apple. One
of the disks was for chlorophyll and carotenoid analyses, and
the other was for phenolic analysis. Four disks from four
different apples were pooled to make five repetitions per degree
of sunburn, with each repetition composed of four disks from
four apples. All samples were immediately frozen in liquid
nitrogen and stored at —80 °C until analyses were performed.

PEEL coLOR ANALYSES. Color of the area to be sampled on the
sun-exposed side of each apple was determined using a
colorimeter (CR-300 Chroma Meter; Minolta Corp., Osaka,
Japan). The CIE L*a*b* (L*, lightness coordinate; a*, red/
green coordinate; b*, yellow/blue coordinate) color space
was used and the hue angle [h°, tan™' (b*/a*)] and chroma

[C*, 1/ (a*)*+(b*)*] were calculated (McGuire, 1992).

ExTrACTIONS. Frozen samples were crushed and ground into
a fine powder using a mortar and pestle, and liquid nitrogen was
added immediately before the extractions because some of the
pigments are unstable. All extracts were filtered (0.45-um
PTFE membrane) into amber vials. Light exposure was
minimized throughout the extraction process by performing
extractions in near-dark conditions in a hood, with only indirect
light from an adjoining laboratory. Extracts were kept in the
dark when not being handled.

CHLOROPHYLL AND CAROTENOID EXTRACTIONS. The extraction
method used was modified from Rudell et al. (2002). We
experienced the same chlorophyll a (chl a) degradation that
prevented them from quantifying chl a using high-performance
liquid chromatography (HPLC) and determined that the deg-
radation was likely the result of acid hydrolysis (data not
shown). As a result, a buffer was incorporated into the
extraction as follows: Buffer (0.5 mL; 0.1 m HEPES, adjusted
to pH 7 using 0.5 m KOH) was added followed by 1 mL 100%
acetone, and the tissue was ground for an additional 1 min. The

SB-2

Fig. 1. Degrees of sunburn browning of ‘Fuji” apples as modified from Schrader et al. (2003a). NB, no sunburn;
SB-1, sunburn severity 1; SB-2, sunburn severity 2; SB-3, sunburn severity 3; SB-4, sunburn severity 4.
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resultant homogenate was centrifuged at 12,000 g, for 2 min.
Mortar and pestle were rinsed thrice with 1 mL 100% acetone,
and the rinsate was used to resuspend the pellet. The resultant
suspension was centrifuged and the supernatants were com-
bined and partitioned into hexanes (3 X 1 mL). The hexanes
phase was dried using a rotoevaporator (vacuum of 101.3 kPa;
water bath at 20 °C) and reconstituted in 100 uL 100% acetone.

PHENOLIC EXTRACTIONS. The phenolic extraction was mod-
ified from Rudell et al. (2002) as follows: One milliliter of
acidified methanol (1% HCI v/v) was added to the mortar and
the tissue was ground for an additional 1 min. The homogenate
was centrifuged at 12,000 g, for 2 min. The mortar and pestle
were washed with acidified methanol (3 x 1 mL), and washes
were used to resuspend the pellet. This suspension was
centrifuged for 2 min and the supernatant was combined with
the first. The combined supernatants were washed with 1 x 3
mL hexanes, and the hexanes layers were discarded. The
aqueous phase was rotoevaporated under a vacuum of 101.3
kPa to concentrate phenolics and remove any residual hexanes.

PiGMENT ANALYSES. Twenty-five-microliter samples were
analyzed using a reverse-phase HPLC system equipped with
a Series 1100 Hewlett Packard injector, a Hypersil ODS guard
column (5 um, 4.0 X 4 mm; Agilent Technologies, Santa Clara,
CA), a Hypersil ODS column (5 um, 4.0 x 125 mm; Agilent
Technologies), and a photodiode array detector (model 996;
Waters, Milford, MA). Pigments were eluted at a flow rate of
I mL-min ' and a column temperature of 25 °C using a binary
gradient.

The chlorophyll and carotenoid gradient used was modified
from Rudell et al. (2002) and consisted of 100% solvent A
[80:20 Methanol-0.1 m HEPES buffer (pH 7.0, titrated with 0.5
M KOH) (v/v)] for the first 2 min, then solvent B (ethyl acetate)
increased linearly and reached 50% at 21 min. This mixture was
maintained until 40 min, at which time the column was
reequilibrated with 100% solvent A for 12 min. The 0.1 M
HEPES buffer was adjusted to pH 7.0 before mixing with
methanol.

The phenolic gradient used was modified from Rudell et al.
(2002) and consisted of 100% solvent A (1:10:89 H3POy4-
methanol-deionized water v/v) for the first 2 min and then
decreased linearly to 20% solvent A and 80% solvent B
(1:70:29 H3PO4-methanol-deionized water v/v) at 36 min.
From 36 to 40 min, solvent B increased linearly to 100%.
The run ended at 40 min, at which time the column was
reequilibrated with 100% solvent A for 13 min.

PEAK IDENTIFICATION AND QUANTIFICATION. Peaks were iden-
tified by retention time and spectral comparison with authentic
standards. Peaks were quantified using molar absorption
coefficients derived from authentic standards. Exceptions were
violaxanthin and antheraxanthin,
which were identified based on the
elution order and relative peak
heights of similar HPLC methods
(Thayer and Bjorkman, 1990;
Yamauchi and Watada, 1991). The
lutein molar extinction coefficient
was used to quantify violaxanthin
and antheraxanthin. Quercetin 3-xylo-
side, quercetin 3-arabinopentoside,
and quercetin 3-arabinofuranoside
were tentatively identified based on
their retention times, ultraviolet/visible
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spectra, elution order, and their presence in apple as reported
previously (Rudell et al., 2002; Schieber et al., 2002). The
xanthophylls and B-carotene were quantified at 446 nm.
Chlorophyll b (chl b) was quantified at 466 nm and chl a at
660 nm. Epicatechin, chlorogenic acid, the quercetin glyco-
sides, and idaein were quantified at 280 nm, 328 nm, 357 nm,
and 519 nm respectively. Lutein, B-carotene, chl a, chl b,
quercetin 3-B-D-glucoside, quercetin rutinoside, quercetin 3-D-
galactoside, quercetin 3-L rhamnoside, epicatechin, and chloro-
genic acid were purchased from Sigma-Aldrich Co. (St. Louis).

STATISTICAL ANALYSES. One-way analysis of variance was
performed to determine whether significant differences existed
among the pigment concentrations of the peel types. Fisher’s
(Lsp) was calculated when appropriate to determine which
means were statistically different (P <0.05, Proc GLM, Means/
LSD; SAS Institute, Cary, NC). The hue angle was regressed
against the concentrations of total chlorophylls, total carote-
noids, total quercetin glycosides, and idaein to determine linear
R? (Proc REG; SAS Institute).

Results

Both years, chl a and chl b concentrations decreased with
increased severity of sunburn (Fig. 2). In 2005, the chl a
concentration in NB apples was significantly higher than in SB-

20
A ENB
_ 187 [ sB-1
i 16 - = SB-2
g 141 E SB-3
= - N sB-4
- 12 -
=)
=2 101
&
= 8+
g
=
g ° b
e .l
=]
o
2_
0_
B 25
H NB
[1SB-1
20 = SB-2
[ SB-3
15 - b N sB-4

10 4

ol

Concentration (pg-g‘1 fresh wt)

b
i
Chl b
Fig. 2. (A, B) Chlorophyll a (Chl a) and chlorophyll b (Chl b) concentrations in
micrograms per gram fresh weight for ‘Fuji’ apple in 2005 (A) and 2006 (B)
with peel types NB (no sunburn), SB-1, SB-2, SB-3, and SB-4 (sunburn

severity 1-4 respectively). Within pigment and year, bars with the same letter
are not significantly different via Lsp at P = 0.05.

0_

Chla

J. AMER. Soc. Hort. Sc1. 133(1):27-34. 2008.

3 and SB-4, whereas chl b concentrations in SB-1 to SB-4 were
significantly lower than in NB. In 2006, the concentration of chl
aand chl b in SB-1 to SB-4 were significantly lower than in NB,
with SB-3 and SB-4 being significantly lower than SB-1 and
SB-2. In 2006, there was no detectable chl b in SB-3 and SB-4.
Hence, the decrease in chl b was not proportional to the
decrease in chl a, as is demonstrated by a marked increase in
chl a-to-chl b ratios with increased sunburn severity (Table 1).

Both years, xanthophyll results were consistent (Fig. 3).
Violaxanthin, antheraxanthin, and total xanthophylls in
burned apples were higher than in NB apples, but little
difference was observed among burned apples (SB-1 to SB-
4). In 2005, there were no significant differences in lutein
concentrations. In 2006, lutein in SB-3 and SB-4 was signif-
icantly lower than in SB-1 and SB-2. B-carotene was incon-
sistent between the 2 years. In 2005, SB-3 was no different
from NB, but was lower than SB-2 and SB-4. In 2006, this was
not seen, but a substantial increase in B-carotene was deter-
mined in SB-4.

Idaein is the only anthocyanin reported here because it is the
main anthocyanin in apple. Other anthocyanins previously
reported in apple are not reported in this study because their
peaks could not be quantified consistently. Idaein concentra-
tions decreased with increased sunburn severity (Fig. 4). In
2005, idaein concentration steadily decreased with sunburn
severity, but SB-1 was not different from NB. In 2006, the
decrease was very large between NB and SB-1, after which
modest decreases were detected. In both years the idaein
concentrations of SB-4 were lower than in SB-3, but the
differences were not significant.

Quercetin glycosides increased consistently both years (Fig.
5). The main glycosides, quercetin 3-galactoside and quercetin
3-glucoside (Glu + Rut in Fig. 5), were dramatically higher in
the SB-1 when compared with the NB samples and showed
increases of 116% and 307% in 2005 and 69% and 183% in
2006 respectively. More modest increases in these two quer-
cetin glycosides were detected from SB-1 to SB-4. Quercetin
3-xyloside, quercetin 3-arabinopyranoside, quercetin 3-arabino-
furanoside, and quercetin 3-rhamnoside increased more mod-
estly over most peel types. Concentrations of quercetin, the
aglycone of the quercetin glycosides, are reported here even
though it is believed that no free quercetin is stored in apple
peel. Based on a separate experiment (Table 2), quercetin was

Table 1. Chlorophyll a/b ratios for NB (no sunburn), SB-1, SB-2, SB-3,
and SB-4 (sunburn severity 1-4 respectively) ‘Fuji’ apple peel
types in 2005 and 2006.

Chlorophyll a/b (ratio)

Peel type 2005 2006
NB 2.19 2.55
SB-1 3.23 4.08
SB-2 4.077 4.06
SB-3 5.537 NDY
SB-4 5.7 ND¥

“The ratio of average chlorophyll a concentration to average
chlorophyll b (chl b) concentration, even though chl b was not
detectable in some samples.

YThe ratio was not calculable because of undetectable chl b
concentrations in all repetitions.

NB, no sunburn; ND, no data; SB-1, sunburn severity 1; SB-2, sunburn
severity 2; SB-3, sunburn severity 3; SB-4, severity 4.
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shown to accumulate at the expense of quercetin 3-arabinofur-
anoside and, to a lesser extent, quercetin 3-arabinopyranoside.

Chlorogenic acid and epicatechin increased with increased
sunburn severity (Fig. 6). Chlorogenic acid in SB-1 was 50%
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Fig. 5. (A, B) Concentrations of individual quercetin glycosides for ‘Fuji’ apple
in 2005 (A) and 2006 (B) with peel types NB (no sunburn), SB-1, SB-2, SB-3,
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gram fresh weight. Araf, quercetin 3-arabinofuranoside; Arap, quercetin
3-arabinopyranoside; Gal, quercetin 3-galactoside; Glu + Rut, quercetin
3-glucoside and quercetin 3-rutinoside; Quer, quercetin; Rham, quercetin 3-
rhamnoside; Xyl, quercetin 3-xyloside. Within compound and year, bars with
the same letter are not significantly different via Lsp at P = 0.05. “Tentative
identification.

and 70% higher than in NB in 2005 and 2006 respectively.
Chlorogenic acid in SB-4 was 99% and 138% higher than in
SB-3 in 2005 and 2006 respectively. In both years, SB-4 had a
higher chlorogenic acid concentration than all other degrees of
sunburn. In 2005, SB-1, SB-2, and SB-3 were higher than NB,
lower than SB-4, but not different from each other. In 2006,
SB-1, SB-3, and SB-4 were higher than NB, but both SB-1 and
SB-2 were lower than SB-3 and SB-4, and SB-3 was lower
than SB-4.

In 2005, the epicatechin concentration of the NB peel was
significantly lower than that of SB-3 and SB-4, but in 2006 NB
was significantly lower than all the burned peel types (Fig. 6). In
both years, SB-1, SB-2, and SB-3 epicatechin concentrations
were not different from each other. In 2005, SB-1 and SB-2
were significantly lower than SB-4, but in 2006 they were not
different from SB-4.

The colorimetric data showed general increases in the L*
(i.e., getting lighter in color) and the hue angle (i.e., shifting
from red to orange) and a general decrease in C* (i.e., becoming
less saturated) as sunburn severity increased (Table 3). The
exception to this was the 2006 SB-4 peel, which had a lower
L* value than SB-1, and hue angle and C* values that were
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Table 2. Concentrations of individual quercetin glycosides and quercetin in the final extract.

Time after
Extraction
Completion Gal Glu + Rut Xyl* Arap” Araf * Rham Quer
(min) (mg-g ' fresh wt) (mg-g' fresh wt) (mg-g' fresh wt) (mg-g' fresh wt) (mg-g' fresh wt) (mg-g' fresh wt) (mg-g' fresh wt)
0 3.15 0.64 0.50 0.43 1.06 0.37 0.00
55 3.15 0.63 0.49 0.41 0.95 0.38 0.06
110 3.14 0.64 0.49 0.38 0.86 0.38 0.14
165 3.07 0.63 0.47 0.36 0.78 0.37 0.21
220 3.15 0.64 0.47 0.26 0.73 0.37 0.26
275 3.14 0.65 0.46 0.24 0.68 0.36 0.31
330 3.11 0.66 0.46 0.23 0.63 0.36 0.36
385 3.08 0.65 0.44 0.21 0.59 0.35 0.39
440 3.10 0.63 0.44 0.19 0.55 0.34 0.44
495 3.08 0.63 0.43 0.19 0.51 0.34 0.47

“Tentative identification.

Araf, quercetin 3-arabinofuranoside; Arap, quercetin 3-arabinopyranoside; Gal, quercetin 3-galactoside; Glu + Rut, quercetin 3-glucoside and
quercetin 3-rutinoside; Xyl, quercetin 3-xyloside; Quer, quercetin; Rham, quercetin 3-rhamnoside.

between the SB-2 and SB-3 values. The hue angle was linearly
correlated to the changes in total quercetin glycosides, idaein,
and total chlorophyll concentrations (Table 4). The hue angle
was also linearly correlated to the total carotenoid concentra-
tion in 2006 (Table 4).

Discussion

The data showed significant concentration changes in pig-
ments that are associated with changes in the degree of sunburn.
Results of the chlorophyll and carotenoid analyses are consis-
tent with previous reports on the responses of leaves and apple
fruit to increasing solar radiation (Demmig-Adams, 1998;
Demmig-Adams and Adams, 1992; Ma and Cheng, 2003,
2004; Thayer and Bjorkman, 1990). These reports compared
shaded versus sun-exposed tissues and reported that shaded
tissues contained more chlorophyll, less violaxanthin and
antheraxanthin, and the same amount of lutein. The increase
in the chl a-to-chl b ratio is particularly indicative of a light
acclimation response and indicates a reduction in the amount of
light harvesting complex II (LHCII), which contains most of the
chl b (Green and Durnford, 1996; Kitajima and Hogan, 2003).

We suggest that an upregulation of violaxanthin and
antheraxanthin accounts for the higher concentrations of these
pigments seen in SB-1 to SB-4 compared with NB. This
increase indicates a need for increased nonphotochemical
quenching capacity, which suggests that the SB peel types
received more irradiation than the NB peel type. However, the
relative lack of differences among the SB peel types suggests 1)
there is no need for further upregulation or 2) there is a limited
capacity of the xanthophyll pigments to upregulate. The step-
wise decline of the chlorophylls suggests a need for further
upregulation of the xanthophyll cycle, but the data show a
limited capacity to upregulate. This limitation could be the
result of limited finite resources (i.e., enzymes and precursors)
that are needed to synthesize the xanthophylls. Because B-
carotene is an immediate precursor to violaxanthin and anther-
axanthin, the fact that it was detected indicates that the
limitation is not the result of limited precursors. Not only was
B-carotene found, but it was also found in higher concentra-
tion in the burned apples. It is important to note that the per-
cent increase of P-carotene was greater than violaxanthin
and antheraxanthin. This is important because it indicates that
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more P-carotene had been produced than was converted to
xanthophylls.

The increase in P-carotene under these stress conditions
suggests that it is not being converted to xanthophylls. One
possible explanation for this is the deactivation of carotenoid
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Table 3. Colorimetric data for 2005 and 2006 ‘Fuji’ apples with peel types NB (no sunburn), SB-1, SB-2, SB-3, and SB-4 (sunburn severity

1-4 respectively).
Lightness factor” Hue angle” Chroma*
Peel type 2005 2006 2005 2006 2005 2006
NB 34.9 (d)™ 39.4 (d) 24.7 (d) 21.6 (d) 33.1 (a) 34.2 (a)
SB-1 44.0 (c) 50.3 (¢) 39.6 (¢) 448 (c) 32.9 (a) 31.4 (b)
SB-2 47.3 (b) 55.3 (b) 45.8 (b) 56.9 (b) 31.5 (a) 26.2 (¢c)
SB-3 54.1 (a) 61.0 (a) 57.2 (a) 68.0 (a) 25.8 (b) 20.7 (d)
SB-4 52.9 (a) 48.0 (¢) 59.7 (a) 57.1 (b) 24.4 (b) 24.6 (¢)

“Increases in lightness factor indicate that the color is becoming lighter.

YIncreases in hue angle indicate a shift from red to orange.
*Decreases in chroma indicate reduced color saturation.

“Means with the same letter in parenthesis are not significantly different via Lsp at P = 0.05.
NB, no sunburn; ND, no data; SB-1, sunburn severity 1; SB-2, sunburn severity 2; SB-3, sunburn severity 3; SB-4, severity 4.

Table 4. Equations for the linear regression of hue angle” against total
chlorophylls, total carotenoids, idaein, and total quercetin
glycosides in ‘Fuji’ apples.

Slope y-intercept RrR? P
Year (m) (b) value value
2005
Total chlorophyll -0.59 55.9 0.20 0.0012
Total carotenoids 0.43 35.52 0.05 0.12
Idaein -0.17 60.80 0.57 <0.0001
Total quercetin
glycosides 0.0034 24.84 0.34  <0.0001
2006
Total chlorophyll -1.55 70.17 0.79  <0.0001
Total carotenoids 0.56 25.18 0.31 0.0042
Idaein -82.41 61.41 0.89 <0.0001
Total quercetin
glycosides 4.84 -3.40 0.73 <0.0001

“Hue angle = (m X pigment concentration) + b.

b-ring hydroxylase, which is the enzyme responsible for the
conversion of B-carotene to zeaxanthin. The deactivation of this
enzyme would prohibit the formation of violaxanthin and
antheraxanthin.

It should be noted that B-carotene does not solely exist as a
precursor to the xanthophylls. It is an accessory pigment that is
found in the P680 reaction centers, where it scavenges singlet
oxygen and quenches triplet state chlorophyll to protect
photosystem II (PSII) (Demmig-Adams et al., 1996). Hence,
-carotene may be upregulated to help protect PSII under such
conditions.

Earlier in the discussion we noted that the observed decline
in chlorophyll concentrations was consistent with increased
solar radiation. However, under sunburn conditions the fruit
surface reaches temperatures in excess of 45 °C (Schrader et al.,
2003b). Reports linking photoxidative stress to lower chloro-
phyll levels (Merzlyak et al., 1998) and reports that high
temperatures alone can reduce photosynthetic efficiency by
53%, thus implying increased photoxidative stress (Torres
et al., 2000), raise the question of whether the decline in
chlorophyll concentration is solely the result of the increased
solar radiation or increased photoxidative stress resulting from
high temperatures and high light. Both are possible explan-
ations and, given the conditions under which sunburn occurs, it
would be easy to assume the differences in chlorophyll
concentration were the result of photoxidative stress. However,
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this assumption is confounded by the fact that the chl a-to-chl b
ratio dramatically increased. The increase in chl a to chl b
would require that LHCII be preferentially oxidized over the
other chlorophyll-containing protein complexes. Although
LHCII is photoxidized, reports indicate that the oxidation
results in widespread photoxidation and photobleaching of all
the chlorophyll-containing protein complexes (Olszowka et al.,
2003; Zucchelli et al., 1988). The change in the chl a-to-chl b
ratio indicates that the change is more likely the result of high
solar radiation. However, it is not possible to conclude from this
experiment whether the changes are the result of varying solar
radiation or varying degrees of photoxidative stress.

The phenolic results are particularly intriguing. The most
dramatic changes observed were the increases in quercetin
glycoside concentrations and the decrease in anthocyanin
(idaein) concentration with increased severity of sunburn.
Increases in chlorogenic acid, epicatechin, and quercetin
glycosides are not surprising given the conditions under which
sunburn occurs, because their induction by light is well
documented (Bruns et al., 1986; Dixon and Paiva, 1995;
Feinbaum et al., 1991; Schmelzer et al., 1988; Spayd et al.,
2002; Tattini et al., 2004; Vanderauwera et al., 2005). Although
ultraviolet B radiation seems to be a common source of
induction for these compounds, anthocyanins are synergisti-
cally induced by red light (Arakawa et al., 1985). The
accumulation of these compounds has been linked to protection
against radiation in the ultraviolet and visible ranges, with
quercetin glycosides protecting against the former and antho-
cyanins protecting against the latter (Li et al., 1993; Smillie and
Hetherington, 1999).

The induction of phenolic compounds by ultraviolet and
visible radiation explains the increased chlorogenic acid,
epicatechin, and quercetin glycosides concentrations but not
the decreased anthocyanin concentrations. Examining the
effect of temperature on anthocyanin accumulation can help
explain this. Anthocyanins are also induced by cold and
inhibited by warm temperatures (Creasy, 1968; Curry, 1997,
Dela et al., 2003; Faragher, 1983). This temperature relation-
ship seems to indicate that heat stress would suppress antho-
cyanin development in apples. However, the literature indicates
that this suppression is not permanent (Dela et al., 2003). This
should be kept in mind when discussing the temporal separation
between sunburn events, normal anthocyanin accumulation,
and sample harvest.

Air temperature data (Washington State University, 2007)
near the orchards in 2005 and 2006 indicate that ambient
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temperatures in 2005 did not exceed 27.2 °C from 8 Sept. to
14 Oct. (2005 harvest date). In 2006, the temperature did not
exceed 31.1 °C from 9 Sept. to 18 Oct. (2006 harvest date).
In the Pacific northwestern United States, ‘Fuji’ apples start
to develop color in early September and continue to develop
color until harvest. It is not known when the sunburn occurred,
but given the ambient temperatures it likely did not occur
after 9 Sept. either year. This provided ~5 weeks of sunburn-
free conditions for the apples to accumulate anthocyanins during
their typical peak anthocyanin accumulation period. The fact
that anthocyanin accumulation is depressed indicates a long-
term heat stress effect on anthocyanin accumulation in apples.

Decreased anthocyanin concentration is not surprising given
the appearance of sunburned apples, but given the current state
of knowledge about the biosynthetic pathway of phenolic
compounds in apples, it is particularly intriguing that anthocy-
anin concentrations decreased while epicatechin concentrations
increased. Both anthocyanins and epicatechin are synthesized
from cyanidin. UDP-glycosyl:flavonoid-3-O-glycosyltrans-
ferases (UFGTSs) transfer glycosides to cyanidin to form
anthocyanins, whereas anthocyanidin reductase (ANR) reduces
cyanidin to epicatechin. It may be expected that the difference
lies in UFGT. However, UFGT is also required and used to
glycosylate quercetin to form the quercetin glycosides. Because
quercetin glycosides increased, it appears that UFGTs were
present and active. The lack of anthocyanins despite the
availability of cyanidin, as demonstrated by the presence of
epicatechin, and UFGT has been reported in green leaves
(Pfeiffer et al., 2006). Pfeiffer et al. (2006) hypothesized that
relative activities of ANR and UFGTs could account for such a
dichotomy, and also suggested that temporal and spatial
separations in compound formation as well as the transport or
the lack of transport of anthocyanins to the vacuole were con-
siderations. The data presented here show increases in epica-
techin that pale in comparison with the increases in quercetin
glycosides. This suggests that UFGT activities were at least
comparable with that of ANR. Because these data represent
only one point in time, and ANR and UFGTs were not assayed,
it is not known when these compounds were formed or that
there were indeed coincidental enzyme activities. Thus, the
increases in various compounds may have occurred at dif-
ferent times. Despite this concession, the data do not favor an
explanation involving differential enzyme activities, but rather
spatial or temporal separation, or issues involving the transport
to the vacuole.

As mentioned earlier, quercetin is an artifact of analysis, and
is mainly a direct result of the acid hydrolysis of quercetin 3-
arabinofuranoside and, to a lesser extent, quercetin 3-arabino-
pyranoside (Table 2). This degradation process explains the
significant decrease in quercetin 3-arabinofuranoside concen-
tration observed in 2006 paralleled by a significant increase in
quercetin. This degradation is time dependent and can be
significant in samples that sit on an autosampler for several
hours before being injected into the HPLC system.

Aside from providing an objective measure of the color of
the varying degrees of sunburn, the colorimetric data allow
probing into the relationship between changes in peel pigments
and changes in color. The consistent significant correlation of
hue angle to changes in total quercetin glycosides, idaein, and
chlorophylls indicate that these pigments are likely contributing
to color changes, whereas inconsistent correlations of hue angle
to changes in carotenoid concentrations make their involve-
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ment less certain. These relationships should be interpreted
cautiously and are not meant to be used to calculate pigment
concentrations based on hue angle, because it is possible to
achieve the same hue angle with multiple combinations of
pigments (Lancaster et al., 1997). Here they are strictly used to
explore the nature of the color change in relationship to changes
in the individual pigments.

Although the exact conditions that caused the varying
degrees of sunburn browning are not known, sunburn of this
type is caused by high FST and high sunlight. It is not
unreasonable to speculate that the varying degrees discussed
here are the result of differences in FST, irradiance, and/or time
of exposure to these factors (i.e., SB-1 was exposed to a lower
FST and/or less sunlight than SB-2, 3, or 4). Although it was
not the intent of this study to determine the specific conditions
at which the varying degrees of sunburn occur, the results
support the notion that increased sunburn severity is the result
of increased exposure to light or heat stress. Growers can
decrease the incidence of sunburn browning by using manage-
ment practices that keep fruit from attaining a high peel
temperature, or that block or reflect harmful ultraviolet radia-
tion. Practices available include overhead evaporative cooling
and use of sprayable sunburn protectants such as RAYNOX
(Pace International, LLC, Seattle, WA) or particle films such as
Surround WP (BASF, Ludwigshafen, Germany). Combining
RAYNOX with evaporative cooling was shown to be the most
effective treatment for reduction of sunburn (Schrader et al.,
2003b)

In conclusion, significant changes in pigment concentrations
are associated with changes in sunburn severity, and these
changes in concentrations help explain the color changes. The
loss of chlorophylls (green) and the decreased anthocyanin
(red) accumulation in the sunburned peel allow the colors of
the carotenoids (yellow) and quercetin glycosides (yellow, tan)
to be more apparent. In addition, the increases in carotenoids
and quercetin glycosides cause the discoloration to be even
more dramatic.
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