Separ ation of Sunlight and Temperature Effects on the

Composition of Vitisviniferacv. Merlot Berries
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Anthocyanin and phenolic profiles of berry skins from Vitis vinifera cv. Merlot in the Yakima Valley of
Washington were influenced by sun exposure and temperature in 1999 and 2000. Growing degree days
(base 10°C) accumulated between veraison and harvest were lower in 2000 than in 1999. Total skin
monomeric anthocyanin (TSMA) concentrations were higher in 2000 than in 1999 in any given treatment.
Berry temperature was increased as much as 13°C above ambient and shaded cluster temperatures when
clusters were exposed to sunlight, regardless of aspect for north-south oriented rows. However, maximum
fruit temperatures were higher for clusters on the west side of the canopy because ambient temperatures
were higher after 1200 hr. Temperatures of west-exposed clusters at times exceeded 40°C. East-exposed
clusters had higher TSMA concentrations than west-exposed or shaded clusters. To separate light and
temperature effects, west-exposed clusters were cooled to the temperature of shaded clusters and shaded
clusters were heated to the temperature of west-exposed clusters. Exposure to sunlight increased TSMA
concentrations regardless of temperature in both years. In 1999 and 2000, cooling sun-exposed clusters
increased TSMA concentrations. Heating shaded clusters decreased TSMA concentrations in 1999, but had
no effect during the cooler ripening period of 2000. Ultraviolet (UV) light barriers did not influence either
cluster temperature or TSMA concentrations. Decreased TSMA concentrations in berry skins from west-
exposed clusters were due to temperature and not to UV radiation. Exposure to solar radiation increased
concentrations of the 3-glycosides of quercetin, kaempferol, and myricetin. In 2000, sun-exposed clusters,
regardless of aspect, had almost 10 times greater concentrations of total flavonols than shaded clusters.
UV-light barriers significantly reduced individual and total flavonol concentrations, while temperature had
little to no effect on their concentrations.
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Canopy management has received considerable research at-
tention during the past several decades[5,18,26,27,28]. Thein-
tent of this research was to develop viticultural practices that
provided adequate exposure of fruit to sunlight while provid-
ing adeguate, but not excessive, leaf areato ripen the fruit and
improve fruit composition at harvest. These practices included
trellis systems and leaf, shoot, or partial shoot removal (hedg-
ing). Cool climates, where fruit maturation may belimited, were
to a great extent the impetus for much of this research. How-
ever, viticultural practices developed for climates with limited
solar radiation are at times adopted in other regions with little
consideration for the effects of excessive exposure of fruit to
solar radiation. To achieve maximum color development in
warm regions, prolonged exposure of clustersto sunlight should
be avoided [1]. With the advent of viticultural practicesthat re-
sulted in much more open canopies (for example, deficit irri-
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gation, leaf removal, and reduced use of nitrogen fertilizer) in
eastern Washington, increased sunburning of fruit was observed,
particularly on the west side of north-south oriented rows and
on the south side of east-west oriented rows.

The relationship between sunlight exposure and temperature
of grape clustersisimportant to berry composition and metabo-
lism. Millar [22] showed that berry temperatures paralleled the
diurnal solar radiation curve. Differences in temperature be-
tween ambient air and exposed fruit increased as solar radia-
tion increased and wind speed decreased, as one might expect
from heat transfer principles. Smart and Sinclair [29], who pur-
sued an energy balance approach, indicated that solar radiation
and wind velocity were the two most important determinants
of fruit temperature: during the day shortwave radiation was
the primary source of fruit warming and convection was the
primary source of heat transfer away from the cluster. Fruit size,
albedo, wind direction, and net long-wave radiation were less
important. They reported that shaded grape berries typically
were 2.4°C above ambient, while “hot-spot” temperatures on
tight and loose clusters were up to 12.4 and 11.1°C above am-
bient, respectively. Elsewhere, sunlit leaves and clusters were
5 to 10°C higher than shaded leaves and fruit [16]. In another
study, shaded clusters were cooler than sun-exposed clusters
during the day, but were warmer than sun-exposed clusters at
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night [6], suggesting greater net radiation loss by the exposed
berries at night.

For red-fruited cultivars, shading of clusters decreased color
and anthocyanin concentrations [9,30], decreased soluble sol-
ids [9,24], and increased titratable acidity [9,24]. Exposure to
sunlight increased total phenol concentration in Pinot noir skin
disks, but did not affect anthocyanin concentrations [23]. Con-
centrations of quercetin glycosideswere 10-fold greater in skin
disks from sun-exposed berries than from shaded berries. The
response of berry growth and physiology to light varies during
fruit development [7].

The effects of temperature on grape berry composition have
been studied extensively, primarily in growth chambers, glass-
houses, and phytotrons to compare constant day and/or night
temperatures|[3,7,15,16,17,21]. In one phytotron study, cool day
temperature (15°C) during ripening improved color develop-
ment in Cardinal, Pinot noir, and Tokay berries, while hot day
temperature (35°C) significantly reduced or completely inhib-
ited formation of anthocyanins [17]. A cool night temperature
(10 or 15°C) did not reverse the effect of hot day temperature
on berry color. Grapesfrom vines held at warm day (25°C) and
cool night (15°C) temperatures devel oped less color than those
fromvinesheld at cool day and night temperatures (both 15°C).
The higher anthocyanin content at the cool er temperatures was
not related to juice soluble solids concentrations, which tended
to be greater at the higher day temperatures. In a glasshouse,
berry color development for Cabernet Sauvignon was greater
when day temperature was a constant 20°C than aconstant 30°C,
both with a constant night temperature of 15°C [3]. Soluble sol-
ids did not differ. At the higher day temperature, berries had
higher proline and malate concentrations.

Separating the effects of temperature and sunlight on grape
berry composition is difficult because many of the biochemi-
cal pathways are both light and temperature sensitive. In a phy-
totron study using container-grown vines, coloration of Pinot
noir grapes was alwaysless under low [5.38 x 10%to 2.15 x 10*
Lx(500 to 2000 ft-c)] than high [2.69 x 10* to 5.38 x 10*Lx
(2500 to 5000 ft-c)] light conditions at either alow (20°C) or a
high (30°C) temperature[15]. With aconstant daytime tempera-
ture of 30°C, fruit temperatures were between 33 and 35°C.
Spectrophotometric measurementsindicated a slight reduction
in anthocyanin concentration in Pinot noir berries grown at the
higher temperature. Cardinal berry color was more sensitive to
high temperature (less color) but less sensitive to light inten-
sity than Pinot noir. Daytime fruit temperatures of 32 to 36°C
nearly inhibited anthocyanin synthesisin Cardinal.

The objectives of this study were to examine how the com-
position of Merlot grapes was affected by sunlight exposure and
to separate, in situ, the effects of temperature from solar radia-
tion on the anthocyanin and phenol composition of Merlot

grapes.

Materialsand Methods

The study was conducted during 1999 and 2000 at the Irri-
gated Agriculture Research and Extension Center (IAREC) in
Prosser, Washington (lat. 46.30°N, long. 119.75°W) within a

1.2-ha vineyard planted in 1983. The experimental plot was
planted to Vitis vinifera L. cv. Merlot, comprising three rows
of 13 vines each, oriented N-S. Vines were double-trunked,
trained to a bilateral cordon at 1.2 m, and spur-pruned. Each
row was treated as a replicate (three replicates). Each cordon
was treated independently of its mate in terms of sunlight ex-
posure on the clusters. Clusters of a given cordon were either
shaded or sun-exposed by positioning shoots to the side of the
canopy that was to be shaded. Shoots were brought over a
“wind” wire (1.5 m) and tied to a catch wire (1.2 m) parallel to
the cordon and wind wires. Because one layer of V. vinifera
leaves will absorb 80 to 90% of incident solar radiation [27],
this natural shading technique was expected to allow predomi-
nantly only diffuse light to strike the shaded clusters.

In 1999, berry samples were collected randomly twice after
veraison from clusters that were (1) exposed to direct sunlight
on the east side of the canopy, (2) exposed to direct sunlight on
the west side of the canopy, (3) shaded from sunlight on the
east side of the canopy, and (4) shaded from sunlight on the
west side of the canopy. Because no differences were found in
the 1999 preharvest samples from shaded clusters, fruit from
the two shaded treatments was pooled for analysis at harvest in
1999 and both before and at harvest in 2000. Only one
preharvest sample was obtained in 2000 because afrost (-2.2°C)
on 23 September curtailed the experiment.

In 2000, an additional fruit exposure treatment was added
to determinetheinfluence of ultraviolet radiation (UV). Acrylic
sheets (0.9 m x 1.2 m x 3.75 mm thick) that either absorbed
(98% below 400 nm; Acrylite OP-2, Cyro Industries, Mt. Ar-
lington, NJ) or transmitted UV (Acrylite OP-1, Cyro Industries)
were installed at a45° angle, 0.5 to 0.8 min front of west-fac-
ing, sun-exposed fruit. The sheets extended from just above the
canopy to just below the fruiting zone. Cluster temperatures
were recorded for four clusters per cordon (n=8 per screening
material). A temperature-stabilized UV-B sensor (280 to 320
nm; model CUV-B1, Kipp and Zonen, Delft, The Netherlands)
was used to determine the actual transmittance of the screen-
ing materials.

In situ temperature control study. All clusters used were
on the west side of the canopy of three adjacent vines. Four
clusters were monitored in 1999 and 2000 in each of six treat-
ments: (1) sun-exposed (sun control); (2) shaded by shoots
(shade controal); (3) sun-exposed and chilled to the temperature
of shaded clusters (sun-cooled); (4) shaded and heated to the
temperature of sun-exposed clusters (shade-heated); (5) sun-ex-
posed with ambient air blown on the cluster at same rate as
chilled air (sun-blower); and (6) shaded with ambient air blown
on the cluster at same rate as heated air (shade-blower). The
sun-blower and shade-blower treatments served as controlsfor
the effects of forced convection. The system used for heating
and cooling the clusters is described elsewhere [31]. Briefly,
control clusters were used as “thermostats’ to determine the
temperature to which the treated clusters were to be heated or
cooled. Shaded clusters set the temperature for sun-exposed,
cooled clusters, while sun-exposed clusters set the temperature
for shaded, heated clusters. The temperature of thetreated clus-
ters provided feedback to the system to control delivery of
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heated or chilled air. Temperatures were controlled from around
bunch closure to harvest. This period was from 13 Aug to 12
Oct 1999 and from 28 July to 24 Sept 2000.

Because of the limited size of the experimental plot and the
small number of clustersinvolved, fruit was sampled only when
clusters were harvested. In 1999, clusters were divided along
the vertical axis into exterior and interior faces. Berries from
all clusterswithin atreatment were pooled and then divided into
three repetitions for laboratory analysis. In 2000, each cluster
was analyzed separately. Interior and exterior face berrieswere
not segregated.

Micrometeorological measurements. Several berries on
individual clusters were used to estimate average cluster tem-
perature and the difference between exterior and interior faces
of the cluster. A four-junction, fine-wire (36 American Wire
Gauge [AWG]) thermocouple (type T [copper-constantan])
wired in parallel was used as a unit for each measurement. In-
dividual junctions (2 mm long) were manually inserted just be-
neath the berry skin at approximately the equator of the sphere.
Berries were selected from near the cluster shoulder and mid-
way along its vertical axis. Before veraison, some berries de-
veloped necrosis around the thermocoupl e insertion hole. These
junctions were moved to nearby berries on the same face of the
cluster. After veraison, no necrosis was observed at the ther-
mocoupl e entry points.

Ambient air temperaturesinside the canopy and at 2 m above
the canopy were measured by shielded, aspirated, fine-wire ther-
mocouples (36 AWG; type T). Global irradiance was measured
by a pyranometer (model 8-48, Eppley Laboratories, Newport,
RI). Irradiance at the fruiting zone was measured parallel to
shaded and sun-exposed cordons by 1-m long tube solarimeters
(model TSL, Delta-T Devices, Cambridge, UK). All signals
were scanned at 10-sec intervals and averaged every 12 min by
a datalogger (CR-10X, Campbell Scientific, Logan, UT) that
also controlled multiplexers designed specifically for thermo-
couples (AM25T, Campbell Scientific, Logan, UT). Datawere
collected continuously for 60 daysin 1999 and 58 daysin 2000,
approximately from bunch closure to harvest. Wind speed at
2 mwas measured by a 3-cup anemometer (Wind Sentry, R.M.
Young, Traverse City, MI) at the Public Agriculture Weather
System station at the IAREC facility. Signals were recorded
every 10 sec and averaged every 15 min.

Laboratory analyses. Fifty to 100 berries from each treat-
ment were counted, weighed, and used for fresh berry analy-
ses. Twenty berries were subsampled from each treatment and
frozen at -35°C for later anthocyanin and phenol analyses.
Rohapect D5-L (Scott Laboratories, San Rafael, CA) was added
to the equivalent of 1 mL of enzyme/kgof fresh berries. Ber-
rieswere pureed in alaboratory blender at high speed for 1 min.
The homogenate was filtered through fluted filter paper (no.
588, Schleicher and Schuell, Keene, NH). Thefiltrate was used
for determination of percent soluble solids, pH, titratable acid-
ity (TA), and total color at 520 nm (TC520). Percent soluble
solids was measured using a temperature-compensating Abbé
refractometer (Model 10450, American Optical Corp., Buffalo,
NY). The pH was measured with apH meter (model 455, Corn-
ing Inc., Kennebunk, ME) standardized to pH 7.0 and 4.0. Ti-
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tratable acidity was determined by titrating 5 mL of juice di-
luted with 100 mL of boiling distilled water to pH 8.2 with 0.1
N NaOH and was expressed as g tartaric acid/L. For TC520, a
5 mL-aliquot of juice was diluted to a volume of 25 mL with
acidified ethanol (pH 1.0). Absorbance was measured at 520
nm using a spectrophotometer (DU 600, Beckman, Irvine, CA).
TC520 was calculated by multiplying absorbance at 520 nm
by the dilution factor of five and expressed as absorbance units
per mL of juice.

Ten frozen berries per sample were removed from the freezer
the day of extraction and allowed to thaw slightly to facilitate
removal of the skins. Whole skins were peeled from berries.
L oose pulp was removed from the back of the skins by blotting
with aKim-Wipe® (Kimberly-Clark Corporation, Roswell, GA).
Using an 8-mm diameter cork borer, two skin disks were re-
moved from each berry for atotal of 20 disks per sample, rep-
resenting about 10 cm? of skin surface. Disks were placed in a
10-mL test tube to which were added 2 mL of 100% ethanol
containing 0.2% HCI and homogenized (model PRO250, PRO
Scientific Inc., Monroe, CT). The homogenizer was rinsed with
an additional 2 mL of acidified ethanol that was added to the
10-mL tube containing the homogenized grape skin. Samples
were placed in the refrigerator overnight (ca. 16 hr). The fol-
lowing morning samples were centrifuged at 1200 x g for 15
min. The supernatant was transferred to a 10-mL volumetric
flask. Sample pellets were extracted two more times by mixing
the pellet with 2 mL of acidified ethanol, holding for 2 hr un-
der refrigeration, centrifuging, and transferring the supernatant
to the 10-mL volumetric flask. Three milliliters of ultrapure
water (18 MQ) were added to each volumetric flask. The ex-
tract was taken to 10.0 mL with acidified ethanol. A more ex-
haustive extraction performed (7 x 1 mL) on four of the samples
indicated that 97% of the anthocyanins and flavonols were ex-
tracted using the triple extraction described above (datanot pre-
sented). Sampleswere stored under nitrogen headspace at -5°C.
At thetime of analysis, extracts were thawed at room tempera-
ture (ca. 20°C) and diluted 1:1 with ultrapure water.

All HPLC hardware was from Dynamax (Rainin, Oakland,
CA) and was controlled by proprietary software (Dynamax 1.9).
The system consisted of three pumps (model SD-200), an
autosampler (model Al-1A), aphotodiode array detector (PDA;
model PDA-1), and afluorescence detector (model FL-2). Col-
umn temperature was maintained at 35°C for al separations.

The method of Lamuela-Raventos and Waterhouse [20] was
used for the 1999 grape skin extracts. The column was a Wa-
ters (Milford, MA) Novapak C18 (3.9 x 150 mm) with 4 ym
particle size and a guard column of the same packing. In 2000
eluant A was omitted because flavonoids and anthocyaninswere
the only phenols identified from the 1999 skin extracts (Table
1). Additionally, the eluant ramp for B and C was adjusted and
column length was increased to 250 mm to provide improved
peak separation. Concentrations of monomeric anthocyanins
and total monomeric anthocyanins were expressed as pg
malvidin 3-glucoside/cm? skin.

Experimental design and statistical analyses. For theclus-
ter location study, the design was randomized complete block
with rows as replicates for all berry samples (3 replicates x 3
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Table 1 Gradients for separation of anthocyanins and flavonols from

grape berry skin extracts.

this period were warmer than average in 1999 and
lower than average in 2000.

In situ temperatur e control study. Fruit tempera-

1999 2000

ture accumulation was greater from bunch closure to

Proportion of

Time interval eluant A in eluant B2 Time interval

Proportion of
eluant A in eluant B

harvest in 2000 than in 1999 (Table 2). Between ini-
tiation of veraison for east-exposed clusters, which we
will refer to as veraison in the remainder of the text,

(min) (%) (min) (%)
0to 10 18 to 20 Oto2 100
10 to 30 20to 40 21010 100 to 94
30to 32 40 to 80 10 to 40 94 to 88
32t0 33 held at 80 40 to 60 881to 75
33to0 36 80to 18 60 to 64 75to 10

64 to 69 held at 10
69 to 70 10 to 100

and harvest there were 54 daysin 1999 and 33 daysin
2000. Absolute temperature accumulation by the fruit
was greater in 1999 than 2000 because of the longer
period. However, on average, more growing degrees
days were accumulated per day in 2000. Generally,
temperature accumul ations by heated and cooled clus-

aEluent A was 20% ultrapure water and 80% acetonitrile (v/v) containing 0.25 mL
85% phosphoric acid/L. Eluent B was 85% phosphoric acid diluted to 1.0 L with

ultrapure water and adjusted to pH 1.5 as required.

bEluent A was ultrapure water containing 0.25 mL 85% phosphoric acid/L, adjusted
to pH 2.6 as required. Eluent B was 20% ultrapure water and 80% acetonitrile (v/v)

containing 0.25 mL 85% phosphoric acid/L.

cluster locations). Preharvest berry samplestaken on more than
one date were treated as a split-plot in time where appropriate.
Data were subjected to analysis of variance using the general
linear model, F-tests, orthogonal polynomial regression,
stepwise multiple regression, and Duncan’ s new multiple range
test (p = 0.05) using SAS (Cary, NC).

Results

At the IAREC, growing degree day (GDD) accumulations
from 1 April to 31 Oct (base temperature 10°C) were 1247 in
1999 and 1384 in 2000. The average GDD for the period 1955
t0 2000 is 1389. The pattern of GDD accumulation differed be-
tween years. In 1999, GDD accumulation was slow from April
through July, the third lowest during the period 1955 to 1999.
During the same period in 2000, GDD accumulation was the
twelfth highest between 1955 and 2000. Conversely, between
1 Aug and harvest, the trend was reversed between the two
years, with 2000 cooler than 1999 (Figure 1). Temperaturesfor
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Figure 1 Growing degree day accumulation (base 10°C) at WSU,
Prosser from DOY 213 to 278, 1999 and 2000.

ters reflected the temperature regimens we were try-
ing to achieve. Temperature accumulations of cooled,
sunlit clusters were within 3 GDD of shaded clusters
in both growing seasons. Shade-heated clusters were
within 14 GDD of sunlit control clustersfor both years
and measurement periods. In both years, temperature
accumulations for the shade-blower and sun-blower
fruit wereintermediate to their control and temperature-mani pu-
lated counterparts. During the 1999 ripening period, minimum
berry temperatures ranged from -1.2 to +0.4°C and occurred
before dawn on either 29 Sept or 3 Oct. In 2000, a frost oc-
curred on the night of 23 to 24 Sept. Air temperature was be-
low 0°C for 3.8 hr with the minimum air temperature reaching
-2.4°C. Minimum berry temperaturesranged from-2.1t0-3.6°C
and were below 0°C for 3.4t0 4.0 hr.

Ambient global irradiance accumulated from veraison to har-
vest was 1,007 MJm?in 1999 and 643 MJm?in 2000. The dif-
ference in accumulated irradiance was due to the differencein
the length of time between veraison and harvest between the
two years. Solar radiation exposure at the fruiting zone of ex-
posed clusters was about 60% of ambient, whereas about 10%
of ambient levels of solar radiation wereincident on shaded clus-
ters (Table 2). Between 19 Aug and 21 Sept, corresponding to
the veraison to harvest period in 2000, cumulative solar radia-
tion exposure was similar in both years (data not shown).

Neither temperature nor exposure to sunlight affected berry
mass within either year, but berry mass was greater in 2000
(Table 3). Although there were some differencesin soluble sol-
ids among the six temperature-sunlight treatments, there were
no consistent patterns. Whether based on juice concentration
or per berry (data not shown), TA of sun-control berries was
higher in 1999 than in 2000, while it was similar in concentra-
tion between the two years for shade-control berries. In both
years, sun-cooled fruit had the highest mean concentration of
soluble solids, but this treatment did not differ from the other
two sunlit treatments. Also in both years, shade-heated and sun-
control berries had the lowest and shade-control berrieshad the
highest TA. Titratable acidity did not differ among any of the
sunlit treatments in either year. Titratable acidity of shade-
blower fruit was |ower than shade-control fruit and higher than
shade-heated fruit; it was similar to that of sun-blower and sun-
cooled fruit. Fruit pH wasinversely related to TA.

In 1999, sun-cooled clusters had the highest and shade-
heated clusters had the lowest TC520 of the six in situ tempera-
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Table 2 Temperature accumulation by clusters, expressed as growing degree days, as
calculated from actual fruit temperatures using a base temperature of 10°C. Cumulative
exposure to solar radiation determined from tube solarimeters placed in the fruiting zone.

we compared the effects of light on TSMA con-
centration by comparing the difference in con-
centration between treatments within each of the

temperature regimes. For the high temperature

1999 2000

clusters, TSMA concentration was 120 pg/cnv

Growing degree days
(°C) (°C)

Growing degree days

higher in light-exposed clusters than in shaded-
heated clusters. For the cool temperature clusters,

Bunch Solar Bunch Solar TSMA concentration was 115 pg/cn? higher in
closureto Veraison radiation closureto Veraison radiation sun-cooled clustersthan in shade-control clusters.
Treatments harvest® to harvest® (MJ/m?) harvest? to harvest® (MJ/m?) -
Therefore, under both temperature conditions,
Sun differencesin TSMA concentration between sun-
Control 495 434 549 586 289 360 lit and shaded clusters of the same temperature
Blower 467 406 — 565 272 — od 117 2 of i tina thei
Cooled 442 385 — 519 252 — averaged 117 ug/cm? of skin, representing thein-
Shade fluence of light on TSMA concentration.
Control 439 382 129 521 250 69 In 2000 sun-exposed clusters, TSMA concen-
Blower 443 385 — 551 266 — ; 2 i hi
Heated o5 113 _ 002 507 _ tration was 102 pg/cm? skin higher for cooled

clustersthan the control clusters. For shaded clus-

21999 = 13 Aug to 12 Oct; 2000 = 9 Aug to 25 Sept.
1999 = 20 Aug to 12 Oct; 2000 = 23 Aug to 25 Sept.

ture control treatments (Table 3). TC520 was lower and differ-
encesin TC520 among treatments were not as great in 2000 as
in 1999. Lower TC520 in 2000 may have resulted from higher
berry mass. Trends indicated that shade-control, shade-heated,
and sun-control clusters had the least TC520, while sunlit-cooled
clusters had the most TC520. In 1999, cluster “face” had no
effect on berry composition, whether or not the cluster was
shaded or sunlit. Because TC520 did not differ in 1999, thefol-
lowing procedures were followed: (1) in 1999, berriesfrom the
exterior and interior cluster “faces” were pooled for individual
anthocyanin determinations and (2) individual anthocyanins
were not determined for sun- and shade-blower treatments; and
(3) in 2000 no differentiation in cluster “face” was made.

Although TC520 of juice from awhole berry macerate was
greater in 1999, total anthocyanin concentrations in skin ex-
tracts were about 50% higher in 2000 (Table 4), suggesting the
dilution of TC520inthewhole berry extracts dueto larger berry
mass (Table 3). Total monomeric skin anthocyanins (TSMA)
were affected by sunlight and temperature in both years, but
not to the same degree (Table 4). Of the four treatmentsin 1999
and six treatments in 2000, sun-cooled clusters tended to have
the highest TSMA concentrations. In 1999 shade-heated clus-
tershad thelowest TSMA concentrations of the four treatments.
In 2000, the three shade-cluster treatments tended to have the
lowest TSMA concentrations. However, shade-blower clusters
did not differ from sun-control clusters.

We examined the effects of temperature on TSMA concen-
tration by comparing the difference in concentration between
treatments within each of the light conditions. In 1999, for sun-
exposed clusters, anthocyanin concentration was 87 pg/cm? skin
higher in cooled clusters than in the control clusters (Table 4).
For shaded clusters, TSMA concentration was 92 pg/cm? skin
higher in nonheated, control clusters than in heated clusters.
Therefore, under both light conditions, differences in TSMA
concentrations between the control and the temperature-modi-
fied clusters were about 90 pg/cm? skin. This value represents
theinfluence of temperatureon TSMA concentration. Similarly,

ters, heating clusters had no effect on TSMA con-
centrations. Again, we compared the effects of
light on TSMA concentration by comparing the
difference in concentration between treatments within each of
the temperature regimes. For the high temperature clusters,

Table 3 Effect of sun exposure and temperature on Merlot berry
composition at harvest, 1999 to 2000.

Berry  Soluble Total
mass solids TA color
(g/berry) (%) (%) pH  (AU/mL)®
1999
Treatment®
Sun
Control 1.00ad 23.2c 0.60c  3.59bc 16.2b
Blower 1.08a 24.1ab 0.64bc 3.61b 17.3b
Cooled 1.02a 24.4a 0.62bc  3.63b 21.7a
Shade
Control 1.13a 23.8b 0.73a  3.56¢c 16.9b
Blower 1.00a 23.8b 0.66b 3.60bc  17.0b
Heated 1.06a 23.2¢c 0.59c 3.68a 12.5¢
Cluster face®
Exterior 1.03a 23.7a 0.63a 3.62a 16.8a
Interior 1.06a 23.8a 0.65a 3.60a 16.9a
2000
Treatmentf
Sun
Control 1.32a 22.3ab 0.51cd 3.78bc 11.6b
Blower 1.23a 22.2ab 0.59bc 3.70c 14.3ab
Cooled 1.15a 23.0a 0.59bc 3.70c 15.2a
Shade
Control 1.33a 21.2c 0.76a 3.73bc 10.7b
Blower 1.28a 22.3ab 0.65b 3.78b 13.1ab
Heated 1.27a 21.6bc 0.46d 3.89a 10.9b

aExpressed as tartaric acid.

bAbsorbance at 520 nm of an acidified ethanol extract, pH 1.0.

¢Means pooled across three repetitions and two cluster faces.

dMean separation within columns within treatment, cluster face, and years
by Duncan’s new multiple range test (p = 0.05). Means followed by the
same letter do not differ.

eMeans pooled across three repetitions and six heating/cooling treatments.
fMeans pooled across four repetitions.
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Table 4 Influence of cluster temperature and exposure to sunlight on anthocyanin and flavonol concentrations in Merlot berry skins, 1999 to 2000.

1999 2000
Sun Shade Sun Shade

Control Cooled Control Heated Control Blower Cooled Control Blower Heated
Total anthocyanins? 349.0ab® 436.2a 321.3b 228.9c 529.9b 597.7a 631.9a 414.7c 501.0b 415.2c
Delphinidin 3-glucoside® 60.1b  83.9a 59.9b 29.8c 110.7c 132.0b 159.3a 75.6d 96.2c  54.6e
Cyanidin 3-glucoside? 17.9b 31.7a 16.8b  7.50c 39.0b 47.4b 60.7a 20.9c 22.6c 10.1c
Petunidin 3-glucoside? 39.3b 51.8a 37.3b  20.6c 63.2bc 71.8ab 80.8a 45.4d 56.3c  38.5d
Peonidin 3-glucoside® 31.1lb 49.3a 29.8b 17.2c 45.0bc 53.2ab 60.4a 32.6de 35.6cd 22.0e
Malvidin 3-glucoside® 96.7ab 107.2a 84.0b 68.1b 135.8a 148.2a 138.4a 118.3a 142.0a 138.0a
Delphinidin 3-glucoside acetate® 115a 13.3a 12.0a 6.3b 18.4bc 22.0ab 24.2a 17.2c 20.3abc 12.5d
Cyanidin 3-glucoside acetate? 4.40a 5.53a 4.20a 2.10b 6.65ab 7.30ab  8.45a 4.45cd 5.52bc  2.90d
Petunidin 3-glucoside acetate? 10.5a 11.9a 10.3a .10b 14.7a 15.8a 16.3a 13.5ab 16.0a 11.8b
Peonidin 3-glucoside acetate® 7.57ab 8.63a 7.37ab  5.60b 8.48a 9.08a 8.65a 7.82a 8.92a 8.30a
Malvidin 3-glucoside acetate® 32.1a 334a 28.5a 29.8a 44.5bc 45.0bc  37.3c 43.6bc 51.8ab 60.7a
Delphinidin/cyanidin 3-glucoside coumarate? 6.10ab 7.27a 5.53b 5.13b 6.60a 7.28a 7.20a 4.00b 4.88b 4.25b
Petunidin 3-glucoside coumarate? 7.00a  7.00a 5.33ab 4.67b 7.98a 8.80a 7.38a 5.58b 7.40a 7.38a
Peonidin/malvidin 3-glucoside coumarate? 25.0a 25.7a 20.3a 25.0a 28.7b  30.1b 22.8b 25.8b 33.6b 44.1a
Total flavonols® —d — — — 82.7a 82.7a 76.0a 10.2b  22.9b 17.8b
Quercetin 3-glucoside® 22.0b 31.7a 7.13c 7.27c 59.9a 62.8a 56.6a 7.50b 14.6b 12.5b
Myricetin 3-glucoside® — — — — 9.12a 850a 8.15a 0.0l1lb 3.15b 1.80b
Kaempferol 3-glucoside® — — — — 13.7a 114a 1l1l.3a 2.68c 6.72b 4.80bc

agxpressed as pg malvidin 3-glucoside chloride/cm? skin; abbreviated TSMA in text.
bMean separation within years within rows by Duncan’s new multiple range test (p = 0.05). Means followed by the same letter do not differ.

°Expressed as pg quercetin 3-glucoside/cm? skin.
dNot determined in 1999.

TSMA concentration was 115 pg/cm? skin higher in exposed
clustersthan in shade-heated clusters. For the cool temperature
clusters, TSMA concentration was 217 pg/cm? skin higher in
sun-cooled clusters than in shade-control clusters.

In 1999, the response of individual anthocyaninsto light and
temperature treatments tended to follow the pattern of TSMA
concentration with lower individual pigment concentrationsin
berry skins that were exposed to higher temperatures or were
shaded (Table 4). These trends were not as clear in 2000 asin
1999, although sun-cooled clusters tended to have the highest
concentration of pigments. Using stepwise multipleregression,
92% of the variability in total anthocyanin concentration in the
skins was accounted for by petunidin 3-glucoside.

Skins from sun-exposed clusters had 3 to 4.5 times higher
concentrations of quercetin 3-glucoside than skinsfrom shaded
clusters (Table 4). Although sunlight was the overriding factor
influencing quercetin 3-glucoside concentrations, cooling the
sun-exposed clusters increased quercetin 3-glucoside concen-
trations by about 40% in 1999. In 2000, quercetin 3-glucoside
concentrations were four to eight times greater in skins from
sun-exposed clusters than in those from shaded clusters.
Kaempferol 3-glucoside was 1.5- to 5-fold greater in skinsfrom
sun-exposed than shaded clusters. Cluster temperature did not
affect concentration of the three flavonols in 2000.

UV barriers. Berry temperatures behind the UV blocking
and UV passing screens were not measurably different from
those of unscreened, west-exposed fruit (Figure 2). Thus, any
effect of the screening materials on fruit composition was not
due to differences in fruit temperature. The acrylic material

deemed UV -absorbing transmitted an average of 4.2% of UV-
B over the course of aday, whereas the UV -transmitting mate-
rial only transmitted 56% of incident UV-B (data not shown).
Incident UV-B at the fruiting zone averaged 88% of the ambi-
ent (sky) value.

Blocking the UV waveband from sun-exposed clusters on
the west side of the canopy did not affect berry mass or soluble
solids (Table 5). The effects of the two barriers on TA and pH
were not consistent, while TC520 of the acidified ethanol ex-
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Figure 2 Berry temperatures from clusters that were exposed to the
sun on west side of the canopy, west-exposed but behind a UV ab-
sorbing material, or west-exposed but behind a UV-transmitting mate-
rial. Data collected 10 days to one week before harvest, 2000.
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Table 5 Effect of UV radiation on anthocyanin and flavonol concentrations in

Merlot berry skins, 2000.

tract was reduced as compared to the control. How-
ever, TSMA concentrations did not differ between
the two UV panels and the control clusters. Some of

Treatment the individual anthocyanins were affected by UV
UV barriers screening. Concentrations of the 3-glucosides of
Control  Transmitting Absorbing quercetin, myricetin, and kaempferol were greatly
Berry composition reduced when UV radiation was blocked from the
Berry mass () 1.23a2 1.25a 1.24a clusters.
Soluble solids (%) 22.9a 22.2a 22.0a Cluster location: Fruit temperature. Of the
Titratable acidity (%)° 0.55a 0.48b 0.53ab three cluster locations (eas[-exposed, Weg-exposed,
pH 3.64b 3.78a 3.75ab and shaded), absolute fruit temperatures were high-
Total colore 11.8a 9.6b 8.4b est on the east side before solar noon and on the west
Skin anthocyanins and flavonols side after solar noon (Figure 3). East-exposed fruit
Total anthocyanins? 592.6a 551.0a 561.8a warmed earlier inthe day than west-exposed fruit and
Delphinidin 3-glucoside® 132.4a 108.3a 108.3a remai ned near ambient shade temperatures during the
Cyanidin 3-glucoside? 54.0a 33.6ab 31.9b afternoon. Grape berries exposed to sunlight were
Petunidin 3-glucoside? 69.9a 63.6a 63.6a warmer than berries shaded from sunlight by the
Peonidin 3-glucoside? 54.6a 43.1b 30.6b grape\” ne canopy (Figure 4) The maximum da||y
Malvidin 3-glucoside? 135.1a 148.7a 151.8a differencesin temperature (ATmax) between east-ex-
Delpr.]ir.ﬂdin 3-g|ucpside acetate? 22.2a 19.8a 21.3a posed and shaded berries ranged from 3.3t0 11.7°C
Cya”'F"T‘ 3-g|uc03|.de acetate 8.98a 5-6b 56D (between 6.0 and 10.7°C in 2000) on dayswith clear
Petunidin 3-glucoside acetate? 16.0a 14.6a 15.3a .
Peonidin 3-glucoside acetate® 10.0a 9.0a 9.0a skies, and g_ene_:rally occurred between_ 080_0 md J_'OOO
Malvidin 3-glucoside acetate® 43.7a 50.6 49.3a hr LST. Thissizable range on dayswith similar irra-
Delphinidin/cyanidin 3-glucoside coumarate?  7.2a 5.8ab 4.7b diance was due to variations in wind speed, with
Petunidin 3-glucoside coumarate® 8.2a 8.9a 8.0a more effective convection away from the exposed
Peonidin/malvidin 3-glucoside coumarate 30.6b 39.2a 36.6ab clusters than from those in the relatively calm inte-
Total flavonols® 71.3a 67.0a 40.8b rior of the canopy (data not shown). Daily ATmax be-
Quercetin 3-glucoside® 52.9a 50.2a 31.2b tween west-exposed and shaded berries was 2.5 to
Myricetin 3-glucoside® 7.4a 6.3 1.9b 9.2°C (between 3.8and9.7°Cin 2000) on daySWlth
Kaempferol 3-glucoside® 11.0a 10.5a 7.7b clear skies. Again, thevariability in AT __ under simi-

aMean separation within rows by Duncan’s new multiple range test (p = 0.05). Means
followed by the same letter do not differ. Means were pooled across four repetitions.

bExpressed as tartaric acid.

¢Absorbance at 520 nm of an acidified ethanol extract, pH 1.0.

dExpressed as pg malvidin 3-glucoside chloride/cm? skin; abbreviated TSMA in text.

eExpressed as pg quercetin 3-glucoside/cm? skin.

lar irradiance was due to differences in convection
(wind speed). Generally, AT__ occurred between
1400 and 1600 hr LST. In both years, on days with
clear skies the exposed berries on either side of the
canopy were 4 to 13°C warmer than ambient air at
reference height at the time of daily AT, (data not
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Figure 3 Typical diurnal pattern of berry temperatures for fruit exposed to sunlight on the east or west sides of the canopy, or
shaded from sunlight by the canopy, on a day with clear skies. Shaded temperatures are the mean of clusters from both east and
west sides of the vine. Solar radiation was measured on-site with a pyranometer. (A) DOY 234 in 1999; (B) DOY 234 in 2000. In both
years, fruit was approaching veraison.
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Figure 4 Difference in fruit temperature (AT) between fruit exposed to
sunlight (east-exposed or west-exposed) and fruit shaded by the canopy
on the same side of the vine. Arrows indicate solar noon. (A)
Postveraison, 1999. DOY 261 to 264 had clear skies and maximum
mid-day irradiance of 720 to 725 W/m?2. (B) Postveraison, 2000. DOY
265 was cloudy with average mid-day irradiance of 250 W/m?2. DOY
266 and 267 mid-day irradiance was 705 W/m? but average wind speed
differed between the days.

shown). Only thetimeof AT, differed; itsmagnitude was simi-
lar for the two sides of the canopy.

An indicator of fruit exposure to heat was constructed by
calculating GDD from berry temperatures at each cluster loca-
tion (Table 6). In both years, between bunch closure and har-
vest or between veraison and harvest, therewaslittle difference
(~2%) in the accumulation of GDD between east- and west-
exposed clusters. Shaded clusters consistently accumulated
fewer GDD than sun-exposed clusters. Clusters screened by the
UV materials accumulated similar numbers of GDD as
unscreened, west-exposed clusters.

Accumul ated temperature, although an important indicator,
may not be as critical to fruit physiology as the length of time
the berries are subjected to specific temperatures. Threshold
temperatures of 30, 35, and 40°C were selected to determine
differences in high temperature duration among the four clus-
ter exposures (Table 7). The number of hours above 30°C was
lessin 2000 than in 1999 for all cluster locations. During both
growing seasons, east-shaded clusters experienced the lowest
number of hours at temperatures greater than 30°C, while west-
exposed clusters had the highest number of hours. Perhaps the

Table 7 Number of hours Merlot berry temperature exceeded selected
temperature thresholds from about bunch closure to harvest,
1999 to 2000.

Threshold temperature (°C)
Cluster position >30 >35 >40

1999 (1437 total hours of monitoring from 13 Aug to 12 Oct)

East exposed 148.2 3.2 0.0
East shaded 53.2 0.0 0.0
West exposed 181.4 73.6 2.8
West shaded 83.0 0.0 0.0
2000 (1094 total hours of monitoring from 9 Aug to 25 Sept)
East exposed 114.6 7.6 0.0
East shaded 45.0 2.6 0.0
West exposed 149.6 67.4 2.6
West shaded 61.0 2.6 0.0

greatest differencesin fruit temperatures among the four clus-
ter locations were in the number of hours above 35°C. In both
years, west-exposed clusters were above 35°C for more than
65 hr between bunch closure and harvest, while clustersin the
other three locations were above 35°C for no more than 7.6 hr.
Of the four locations, only west-exposed clusters reached tem-
peratures greater than 40°C in either year.

Cluster location: Preharvest berry composition. In 1999
and 2000, sample date and cluster | ocation influenced the com-
position of berries in the preharvest samples. There were no
interactions between sample date and cluster location (data not
shown). Therefore, only the main effects will be presented
(Tables8 and 9). Berry mass decreased between sampling dates
in both 1999 and 2000 (Table 8). In 1999, soluble solids, pH,
and TC520 increased, while TA did not differ between sam-
pling dates. In 2000, soluble solids, TA, and TC520 werelower
on 25 Sept than on 21 Sept. The decrease in soluble solids and
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TC520 probably resulted from several hours below 0°C on 23
Sept that damaged the fruit, forcing harvest on 25 Sept. I1n 1999,
berries on the west side of the canopy weighed less than ber-

Table 8 Main effects of sample date and cluster position on berry
mass and composition of Merlot, 1999 and 2000.

Soluble Total
Berry mass solids TA color
(g/berry) (%) (%) pH  (AU/mL)®
1999
Date
28 Sept 1.23a° 22.2b 0.74a 3.43b 13.9b
7 Oct 1.19a 23.6a 0.72a 3.61a 16.8a
Cluster position
East exposed 1.27a 23.0ab 0.71b 3.50b 18.4a
East shaded 1.29a 23.3a 0.81ab  3.49b 16.7ab
West exposed  1.15b 22.5b 0.59¢ 3.62a 11.6¢
West shaded 1.14b 22.9ab 0.82a 3.46b 14.7b
2000
Date
21 Sept 1.45a 23.4a 0.67a 3.59b 15.6a
26 Sept 1.29b 22.4b 0.60b 3.65a 14.3b
Cluster position
East exposed 1.47a 23.2a 0.61b 3.61b 18.0a
Shaded 1.35a 22.4b 0.76a 3.55¢c 13.2b
West exposed  1.30a 22.7ab  0.52c 3.71a 13.7b

aExpressed as tartaric acid.

bAbsorbance at 520 nm of an acidified ethanol extract, pH 1.0.
‘Mean separation within columns within year within main effect by
Duncan’s new multiple range test (p = 0.05). Means followed by the
same letter do not differ.
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ries on the east side of the canopy. Shaded berries on the west
side of the canopy tended to have lower soluble solidsthan their
east-side counterparts, but the maximum difference in soluble
solids among all cluster locations was only 0.8%. Titratable
acidity was highest in shaded fruit, followed by east-exposed
and the lowest concentration in west-exposed fruit. West-ex-
posed fruit had the highest pH of the four cluster locations.
TC520 was highest for east-exposed and lowest for west-ex-
posed clusters. In 2000, shaded clusters were sampled from both
sides of the canopy for a combined shaded fruit sample. Clus-
ter location did not affect berry mass. Asin 1999, the maxi-
mum difference in soluble solids was 0.8% among all cluster
locations, with east-exposed fruit having the highest and shaded
fruit having the lowest concentrations. Titratable acidity re-
flected berry temperatures. Shaded berries had the highest TA
followed by east-exposed berries. Berry pH was inversely re-
lated to TA. TC520 was highest in east-exposed fruit with no
difference in TC520 between shaded and west-exposed fruit.
On 5 Sept 2000 on the same vine, based on berry color, west-
exposed clusters apparently were still in the early stages of
veraison, while most east-exposed clusters were fully colored.
This extreme difference was not noticed in 1999. Preveraison
temperatures in 2000 were warmer than during the same pe-
riod in 1999.

Merlot berry skins were analyzed for changes in the distri-
bution of individual anthocyanins on each of the two preharvest
sample dates and on the day of harvest in 1999 and on one
preharvest sample datein 2000 (Table 9). In 1999 cluster loca
tion contributed more to the variability in concentration of in-
dividua monomeric anthocyanins and TSMA concentrations

Table 9 Influence of sample date and cluster position on concentration of anthocyanins and flavonols in skins of Merlot berries, 1999 to 2000.

1999 21 Sept 2000
Sample date Cluster location Cluster location

28 Sept 7 0Oct 13 Oct East Shade West East Shade West
Total anthocyanins? 353.6a° 365.4a 409.4a 433.0a 378.3b 317.2c 784.8a 521.8b 545.3b
Delphinidin 3-glucoside® 66.0a 64.4a 70.2a 81.8a 68.6b 50.2¢c 183.5a 115.9b 112.9b
Cyanidin 3-glucoside? 23.4b 25.1a 21.8c 29.4a 24.4b 16.4c 50.3a 38.5a 45.7a
Petunidin 3-glucoside? 41.6a 42.8a 45.9a 51.7a 44.4b 34.3c 105.8a 63.1b 63.1b
Peonidin 3-glucoside® 36.7a 39.4a 40.2a 45.3a 39.8b 31.3c 64.9a 47.2a 47.2a
Malvidin 3-glucoside? 87.0b 93.2ab 108.8a 110.7a 91.4b 86.9b 206.0a 126.3b 134.5b
Delphinidin 3-glucoside acetate® 11.7a 12.6a 13.5a 13.5a 14.8a 9.54b 25.7a 21.3a 18.1a
Cyanidin 3-glucoside acetate? 4.74a 491a 5.08a 5.16a 5.58a 4.00b 6.73a 6.80a 7.07a
Petunidin 3-glucoside acetate? 10.4a 23.0a 12.6a 11.7a 24.9a 9.30a 19.1a 14.6a 13.5a
Peonidin 3-glucoside acetate® 7.44a 8.32a 9.34a 8.34ab 9.09a 7.67b 9.40a 9.00a 8.70a
Malvidin 3-glucoside acetate® 29.6b 29.8b 37.7a 33.9a 32.1a 31.0a 55.5a 42.7b 40.3b
Delphinidin/cyanidin 3-glucoside coumarate? 5.77b 6.61lab 7.16a 6.48a 6.39a 6.67a 7.90a 5.60a 6.77a
Petunidin 3-glucoside coumarate? 6.50a 5.44a 7.44a 7.67a 6.17b 5.56b 11.9a 6.57b 8.6b
Peonidin/malvidin 3-glucoside coumarate? 22.5b 22.2b 29.6a 27.2a 22.9b 24.1ab 38.0a 26.6b 31.7ab
Total flavonols® — — — — — — 111.1a 12.7b 1111
Quercetin 3-glucoside® 29.6a 25.6b 18.4c 34.4a 9.47b 32.4a 76.6a 8.48b 82.8a
Myricetin derivative® — — — — — — 22.9a 423c 15.4b
Kaempferol 3-glucoside® — — — — — — 11.6a 0.01b 12.9a

agxpressed as pg malvidin 3-glucoside equivalents/cm? skin; abbreviated TMSA in text.
bMean separation within rows within years within sample date and cluster position by Duncan’s new multiple range test (p = 0.05). Means followed by

the same letter do not differ.

°Expressed as pg quercetin 3-glucoside/cm? skin.
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in skin tissue than did date of sampling. There were no signifi-
cant interactions between date of sampling and cluster location.
Therefore, only main effect means of date and cluster location
are shown. With means pooled across cluster location, malvidin
3-glucoside was the only nonsubstituted anthocyanin to increase
in concentration during the sampling period. In 1999, TSMA
concentration tended to increase with time.

In 1999, TSMA concentration differed among cluster loca-
tionswith concentration decreasing from east-exposed to shaded
to west-exposed clusters (Table 9). East-exposed clusters had
the highest concentrations of each of the nonsubstituted antho-
cyanins, while west-exposed clusters had the lowest concen-
trations. Shaded clusters were intermediate to east- and
west-exposed clusters, with the exception of malvidin 3-gluco-
side where shaded and west-exposed clusters had similar skin
concentrations. In 2000, concentrations of TSMA and severa
of the individual anthocyanins were highest in the berry skins
of east-exposed clusters, while shaded and west-exposed clus-
ters did not differ.

In both 1999 and 2000, quercetin 3-glucoside concentration
was lowest in the skins of shaded berries (Table 9). In 2000,
we tentatively identified a derivative of myricetin, based on
retention time, and confirmed the presence of kaempferol 3-
glucoside. Both of these flavonols responded to sunlight expo-
sure in the manner of quercetin 3-glucoside. Total flavonol
concentration was almost 10 times greater in skins of sun-ex-
posed than shaded clusters, regardless of aspect.

Combined light and temperatur e effects. Forward selec-
tion, stepwise multiple regression was used to devel op amodel
for factors contributing to anthocyanin accumulation in berry
skins. Mean TSMA concentrationsfrom thein situ and the clus-
ter location studies were regressed against their corresponding
veraison-to-harvest GDD accumulation, accumulated solar ra-
diation, and hoursfruit temperature exceeded 30, 35, and 40°C.
For the cluster location study, the day of harvest samplein 1999
and the preharvest sample in 2000 were used in the regression.
To be retained in the model, the contribution of a variable had
to besignificant at p < 0.15. Acrossthe two years and two stud-
ies, GDD between veraison and harvest was the first indepen-
dent variable added to the model and accounted for about 45%
of the variability in TSMA concentrations. Accumulated solar
radiation (partial r>=0.306) wasthe second variable added, giv-
ing amodel that accounted for 76% of the variability in TSMA
concentrations (r>=0.758). Number of hours above 35 and 30°C
wereincluded in the final model, in that order. However, these
variables accounted for far less variability than GDD and ac-
cumul ated solar radiation (partial r?-values of 0.046 and 0.076,
respectively). The final model generated was:

TSMA=869 + (-1.88*GDD) + (1.67*SR) + (-3.24*H35) +

(1.67*H30)

where TSMA istotal skin monomeric anthocyanin concentra-
tion (ug/cm?); GDD is growing degree days (base 10°C) from
veraison to harvest; SR is accumulated solar radiation (MJ/m?)
from veraison to harvest; H35 is hours above 35°C; and H30 is
hours above 30°C. The final model accounted for 88% (p =
0.006) of the variability in TSMA concentration. Recognizing

that interrelations exist among the four independent variables,
the model was tested for collinearity. The condition index for
themodel was 15.9. Therefore, although the variables are physi-
cally related, their biological effect on anthocyanin concentra-
tion had a low degree of collinearity.

Discussion

In the present study, sunlight influenced grape berry com-
position through at least two mechanisms: temperature and so-
lar radiation. Visual evidence of sunburn, browning, or russeting
of berry skinswas observed on clusters exposed to sunlight on
the west side of north-south oriented rows. Berry temperatures
exposed to sunlight on either side of the canopy were elevated
above ambient to the same degree. However, actual berry tem-
peratures were higher on sun-exposed clusters on the west side
of the canopy due to the normally higher ambient temperatures
that occurred after solar noon. Shaded berries were at ambient
temperature. Maximum berry and ambient temperatures oc-
curred about 1600 hr. Varying magnitudes of temperature el-
evation due to exposure to sunlight were reported in other
studies [1,14,16,22,24,29]. With sun exposure, Smart and
Sinclair [29] found that the temperature of tight clusters (12.4°C)
increased above ambient more than loose clusters (11.1°C).
They reported a maximum increase over ambient of 15.7°C,
while we recorded a maximum increase above ambient tem-
perature of 12.3°Cin 1999 and 13.0°C in 2000. Merlot clusters
in our study were relatively loose. For east-west oriented rows,
mid-day berry temperatures of south-exposed clusters were 3
to 4°C higher than north-exposed clusters[1]. Sunburn has been
observed in eastern Washington on south-exposed clustersfrom
east-west oriented rows.

To support the effects of temperature and light on phenol
components, we focused in part on some of the basic berry
measurements (berry mass, soluble solids, TA, and pH). Our
dataregarding the effect of temperature and light on these mea-
surements did not conflict with previousreports[9,14,15,18,24].
Shaded and exposed berries differed little in massin our study
even though cluster exposure treatments were imposed during
stage | (peasize) of berry growth. Heat stress of Napa Gamay
vines during Stage | and Stage |1 of berry growth resulted in
greater loss of berry massthan heat stressduring Stage I11 [21].
Crippen and Morrison [6] reported shade berries of Cabernet
Sauvignon were heavier and larger than sun-exposed berries.
Of the fruit components measured, percent soluble solids was
perhaps the least affected by either exposing/shading clusters
from sunlight or artificially altering cluster temperature. This
was in agreement with Crippen and Morrison [6], who did not
differentiate between east- and west-exposed clusters. Reynolds
and coworkers[24] reported that soluble solids of east and west
exposed clusters were higher than partially and fully shaded
clusters. North-exposed clusters of Cabernet Sauvignon were
found to have lower soluble solids than south-exposed clusters
at a given level of mid-day PAR [1]. In general, TA between
the various treatments was inversely related to the overall tem-
perature to which atreatment was subjected: the greater the heat
summation the lower the acidity. However, preveraison tem-
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peratures as well as postveraison alteration of conditions that
influenced fruit temperatures apparently influence TA, as con-
centrations were higher in 1999 than in 2000. GDD accumula-
tion in 1999 was|ower preveraison and higher postveraison than
in 2000. Fruit pH wasinversely related to TA. For Seyval blanc,
TA was higher preveraison and lower postveraison in exposed
clusters than shaded clusters with malate concentrations paral -
leling TA [24]. The pattern of differencesin TA and pH be-
tween south-exposed and north-exposed Cabernet Sauvignon
clusters reported by Berggvist et al. [1] paralleled differences
observed in the present study.

Light and temperature effects on anthocyanins and phenols,
primarily flavonols, in berry skinswere the focus of our study.
Lower anthocyanin concentrations found in skins from west-
exposed clusters appear to be due to elevated temperature ei-
ther through degradation, inhibition of synthesis, or, morelikely,
both. Thisis supported by the measured increase in skin antho-
cyanins when west-exposed clusters were chilled to the tem-
perature of shaded fruit. Temperature had little to no effect on
flavonol concentrations. Light increased total concentration of
monomeric anthocyanins and flavonols. UV-light stimulated
flavonol biosynthesis as evidenced by the decreased concen-
tration in skins of berries shielded by UV-barriers from bunch
closure to harvest. The UV-barriers did not affect total mono-
meric anthocyanin concentrations. Roubel akis-Angelakis and
Kliewer [25] reported that total phenol accumulation in Cardi-
nal berry skins responded differently to light and temperature
than did anthocyanin accumulation. The authors suggested that
in grape berry skinsthereisindependent regulation of these two
pools. However, one must consider that anthocyanins and fla-
vonols share the flavonoid biosynthetic pathway to the point of
formation of dihydroflavonols [19].

Concentration of the quercetin aglycone was decreased by
UV-restriction as were the glycosylated forms of quercetin,
kaempferol, and myricetin. There was no apparent proportional
inhibition of biosynthesis of the glycosylated forms of the an-
thocyanins. Asrevealed in our study, inhibition of biosynthe-
sis in grape berry skins of quercetin and the 3-glycosides of
quercetin, kaempferol, and myricetin before formation of
dihydrokaempferol and/or dihydroquercetin due to restriction
of UV isunlikely, as anthocyanin biosynthesis was not inhib-
ited. Therefore, for at least some period during grape berry rip-
ening, UV is required to stimulate gene transcription for
production of flavonol synthase (FLS). FL S catalyzes the con-
version of dihydromyricetin to myricetin, dihydrokaempferol
to kaempferol, and dihydroquercetin to quercetin [12].
L eucoanthocyanidins are formed from dihydroflavonolsin the
next step of the anthocyanin biosynthetic pathway [19]. In our
study, it was unlikely, but not impossible, that there were suffi-
cient concentrations of |eucoanthocyanins to sustain anthocya
nin synthesisat thelevel of fully solar-irradiated clustersduring
the six-week period of restriction of UV-radiance. Light is es-
sential for anthocyanin synthesis in petunia (Petunia hybrida
L.) flowers with the active spectrum including most of the vis-
ible range, but not UV [13]. Blocking UV-B from apple flow-
ersinhibited anthocyanin accumulation but did not completely
inhibit anthocyanin synthesis[8]. Neither UV-B nor UV-C had
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an effect on anthocyanins of table grapes during postharvest
storage [4]. Gallop and coworkers [10] suggested the possible
role of UV receptors in induction of gene expression of leu-
coanthocyanidin dioxygenase (LDOX), the enzyme that cata-
lyzesthe conversion of leucoanthocyanidinsto anthocyanidins.
Their supposition was based on stimulation by white light and
calcium of the expression of the LDOX gene in cell suspen-
sions of red-fruited V. vinifera cultivars. Of seven genes in-
volved in anthocyanin biosynthesis in grapes that were
examined, including LDOX, the gene responsible for encod-
ing UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT)
was the only one not detected in flowers and berry skins up to
four weeks postflowering [2]. Expression of these genes then
declined to veraison and then increased during grape berry rip-
ening[2,11]. UFGT expression was detected only after veraison.
Our study was based on end-product concentration rather than
gene expression. Concentrations of monomeric anthocyanins
were not affected by blocking greater than 95% of UV from
bunch closure through harvest.

Roubelakis-Angelakis and Kliewer [25] reported that therate
of anthocyanin accumulation and final anthocyanin concentra-
tion in the epidermal layer of excised Cardina berries was
greater at 35°C than at either 14 or 22°C. In the present study,
the number of hours above 35°C was associated with anet loss
of TSMA. However, number of hours above 30°C was posi-
tively related to TSMA concentrations. Apparently, excessively
high temperatures were detrimental to anthocyanin accumula-
tion in the skins, but some degree of heat was needed for syn-
thesis. The critical temperature for net anthocyanin
accumulation in Merlot berry skins may lie between 30 and
35°C. More information is needed on critical temperature
range(s) in vivo for anthocyanin biosynthesis and degradation
in grape berry skins, recognizing that it may vary with cultivar.
Once fundamental mechanisms are understood, practical meth-
ods for balancing cluster temperature with degree of sunlight
exposure can be devel oped.

Conclusions

Excessive absolute fruit temperatures, rather than the differ-
ence between fruit temperatures and ambient temperatures, re-
duced anthocyanin concentrationsin sun-exposed grape berries.
East- and west-exposed clusters received the same total expo-
sureto solar radiation on cloudless days and were heated to the
same degree above ambient temperature at the time of maxi-
mum sun exposure. The highest absolute fruit temperatures
occurred in west-exposed fruit because ambient temperature
typically increases throughout the day. In warm to hot
viticultural regions, exposure of grapesto full sunlight on west-
and south-facing canopies should be avoided unless some
method is used for reducing fruit temperature. Complete fruit
shading is not recommended because some sunlight is needed
for maximum anthocyanin synthesis and for balancing the com-
position of other fruit components. Partial shade might be pro-
vided in vertical shoot positioned canopies by incomplete
positioning of shoots on west- and south-facing canopies. Ad-
ditionally, leaf stripping should be minimized unless there are
multiple layers of leaves.
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