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Grape (Vitis vinifera cv Silvaner) vine plants were cultivated under shaded conditions in the absence of ultraviolet (UV)
radiation in a greenhouse, and subsequently placed outdoors under three different light regimes for 7 d. Different light
regimes were produced by filters transmitting natural radiation, or screening out the UV-B (280-315 nm), or screening out
the UV-A (315-400 nm) and the UV-B spectral range. During exposure, synthesis of UV-screening phenolics in leaves was
quantified using HPLC: All treatments increased concentrations of hydroxycinnamic acids but the rise was highest, reaching
230% of the initial value, when UV radiation was absent. In contrast, UV-B radiation specifically increased flavonoid
concentrations resulting in more than a 10-fold increase. Transmittance in the UV of all extracted phenolics was lower than
epidermal UV transmittance determined fluorimetrically, and the two parameters were curvilinearly related. It is suggested
that curvilinearity results from different absorption properties of the homogeneously dissolved phenolics in extracts and of
the non-homogeneous distribution of phenolics in the epidermis. UV-B-dependent inhibition of maximum photochemical
yield of photosystem II (PSII), measured as variable fluorescence of dark-adapted leaves, recovered in parallel to the buildup
of epidermal screening for UV-B radiation, suggesting that PSII is protected against UV-B damage by epidermal screening.
However, UV-B inhibition of CO, assimilation rates was not diminished by efficient UV-B screening. We propose that
protection of UV-B inactivation of PSII is observed because preceding damage is efficiently repaired while those factors

determining UV-B inhibition of CO, assimilation recover more slowly.

Photosynthetic organisms form energy-rich com-
pounds using the energy of the sun’s visible radia-
tion. When harvesting light, photosynthetic organs
are inevitably exposed to the UV region of natural
radiation. In general, UV radiation damages lipids,
nucleic acids, and proteins in leaves of higher plants,
and specifically targets the photosystem II (PSII) re-
action center, Rubisco, chloroplast ATPase, and vio-
laxanthin deepoxidase (Jordan, 1996; Vass, 1997).

To cope with UV radiation damage, plants have
evolved a variety of mechanisms including: screen-
ing out UV radiation by accumulating UV-absorbing
phenolic compounds in the leaf epidermis, repairing
UV-induced DNA damage, and formation of antioxi-
dants to scavenge peroxides and oxygen radicals
(Bornman and Teramura, 1993; Jordan 1996). In-
creases in natural UV radiation due to decreased
stratospheric ozone concentrations have stimulated
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research on mechanisms and maximum capacities for
protection against UV exposure (Caldwell et al., 1998).

Studies with Arabidopsis mutants deficient in syn-
thesis of phenolic sunscreens have demonstrated the
essential role of epidermal screening in UV protec-
tion (Li et al., 1993; Lois and Buchanan, 1994; Landry
et al., 1995; Booij-James et al., 2000; Mazza et al.,
2000). In many higher plants, two classes of phenolics
are involved in epidermal UV screening: the hy-
droxycinnamic acids, exhibiting a C4-C; carbon skel-
eton; and the more complex flavonoids, which have a
C,5 backbone that synthesized from simple phenyl-
propanoids via chalcone synthase (Cockell and
Knowland, 1999; Forkmann and Heller, 1999).
Landry et al. (1995) indicated that in Arabidopsis,
hydroxycinnamic acids are particularly effective in
screening out UV-B radiation because they absorb
effectively in the UV-B spectral region; in compari-
son, flavonoid absorbance peaks are often located in
the UV-A range.

Many herbaceous plants do not have efficient UV
protection per se but respond to high UV fluxes by
stimulating flavonoid synthesis (Bornman and Tera-
mura, 1993; Beggs and Wellmann, 1994). Beggs and
Wellmann (1994) showed that flavonoid concentra-
tion in parsley cell cultures is particularly elevated by
UV-B radiation and rather insensitive to visible light.
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Synthesis of hydroxycinnamic acids was considered,
hitherto, to be largely unaffected by ambient radia-
tion conditions (Bornman et al., 1997; Burchard et al.,
2000). However, Mirecki and Teramura (1984) dem-
onstrated that strong visible light effectively in-
creased the absorbance of total phenolics: The obvi-
ous conclusion that visible light might specifically
trigger synthesis of hydroxycinnamic acids has not
been investigated.

We were interested, therefore, in how natural irra-
diances of visible and UV radiation might contribute
to formation of epidermal screening for UV radia-
tion. For UV screening, the physiologically relevant
figure is not the concentration of phenolics but the
percentage of UV radiation transmitted by the epi-
dermis. Epidermal UV screening is assessed most
frequently from absorbance of extracted phenolics.
Absorbance of extracted phenolics, however, cannot
be used as a simple measure of epidermal screening:
The relation between epidermal transmittance and
absorbance of phenolics frequently fails to exhibit the
theoretically expected exponential relationship (Day,
1993; Day et al., 1994; Barnes et al., 2000). To deter-
mine epidermal transmittance, fiber optics are often
utilized (Bornman and Vogelmann, 1988; Day et al.,
1992; Cen and Bornman, 1993). However, this spe-
cialized technique is difficult to apply in the field.
More simple methods were introduced recently that
derive epidermal UV transmittance from intensities
of UV-excited chlorophyll fluorescence from intact
leaves (Sheahan, 1996; Bilger et al., 1997; Barnes et al.,
2000; Burchard et al., 2000; Mazza et al., 2000; Mark-
stadter et al.,, 2001). In this paper, we employ the
latter technique for determining epidermal UV
screening. To examine how effectively epidermal
screening protects the leaf mesophyll from UV dam-
age, we measured the state of the UV-B-sensitive PSII
and also CO, assimilation rates.

RESULTS
Light Climate

Figure 1A shows transmittance spectra of the three
foil types under which plants were exposed out-
doors: In the visible region, all foils exhibited high
transmittances. The teflon foil was fairly transparent
down to 290 nm. Because UV radiation at the earth’s
surface is restricted to wavelengths above 290 nm
(Caldwell and Flint, 1997) the light climate under
teflon foils contained the entire range of natural UV
radiation (Fig. 1B) and, subsequently, will be denoted
“vis + UVA + UVB.” The polyester and LEE 226 UV
foils excluded most radiation below 320 or 400 nm,
respectively. As a consequence, irradiance was de-
pleted in UV-B (“vis + UVA” condition), or in the
UV-B plus UV-A spectral range (“vis” condition).
Figure 1B also demonstrates that light in the green-
house was almost devoid of natural UV radiation.

864

100

[e8]
o
1

0
2
(=)
(&)

[e2]
o
1

100 o

oD
[=]
1

Transmittance ( % )

Y
o
)

20 4

Spectral irradiance (mW- mZnam

350
Wavelength (nm)

T T T T T

300 400 500 600 700 800

Wavelength (nm}

Figure 1. Light conditions. A, Transmittance spectra of the teflon (1),
polyester (2), and LEE 226 UV foils (3) used to modify natural sunlight
to produce “vis + UVA + UVB,” “vis + UVA,” and “vis” regimes,
respectively. B, Spectral irradiances under the foils, and also in the
greenhouse (4, gray line).

Under vis + UVA + UVB conditions, total UV
irradiance (280-400 nm) at solar noon was 33 W m 2.
Compared with vis + UVA + UVB, total UV irradi-
ance was reduced to 80%, 10%, and 2% by vis +
UVA, vis, and greenhouse conditions, respectively.
Biologically effective irradicance (UVgg; calculated
according to Caldwell et al., 1983) was 120 mW m?
under vis + UVA + UVB conditions but was reduced
below 1% of this value under all other conditions. For
all three outdoor conditions, the photosynthetically
active radiation at solar noon was 1,500 mMol m™?
s~ ! and exceeded the greenhouse radiation intensity
by a factor of 7.

The photosynthetically active radiation (PAR) dur-
ing our outdoor exposure of 7 d was continuously
recorded close to our experimental plot: mostly
cloudless conditions, resulting in maximum daily
PAR doses of 40 mol m™?, prevailed during most
days; overcast skies reduced PAR doses to about 50%
of the maximum value at d 4 and 7. UV-A and UV-B
irradiances were recorded by the ELDONET dosim-
eter at the University of Erlangen (Germany; see
“Materials and Methods”). Using ELDONET data
and considering nonspecific attenuation of radiation
by teflon foils, we calculated 0.9 m] m™2 and 24 k]
m ™2 for the maximum daily UV-A and UV-B doses,
respectively.

Identity and Concentration of Phenolic Compounds

Figure 2 shows chromatograms of methanolic ex-
tracts from a greenhouse-grown leaf and from leaves
exposed for 7 d to the three different outdoor condi-
tions. Ten major peaks, labeled 1 through 10, ac-
counted for about 92% and 96% of the chromato-
graphically detected A, and Ajgy nm, respectively.
Spectroscopic properties divide the peaks into two
groups (Fig. 3); first, peaks 1 through 6 exhibited
maximum absorbance between 310 and 330 nm, which
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Figure 2. Chromatography of phenolic compounds. HPLC analyses
(unprocessed A, versus retention time) of methanolic extracts from
a greenhouse-grown leaf (0:GH), and from leaves exposed for 7 d to
vis, vis + UVA, or vis + UVA + UVB conditions designated “7:vis,”
“7wvis + A" and “7:vis + A + B,” respectively, are shown. Absor-
bance spectra representing the peaks labeled 1 through 10 are de-
picted in Figure 3. Std, The internal standard, quercetin.

dropped to zero for wavelengths longer than 380 nm;
second, peaks 7 through 10 were characterized by a
maximum around 260 nm and another near 355 nm.

Based on the known spectral characteristics of phe-
nolic compounds of grape (Vitis vinifera cv Silvaner)
leaves (Cheban et al., 1976; Weber, 1992, Hmamouchi
et al.,, 1996), we classified the chromophores giving
rise to peaks 1 through 6 as hydroxycinnamic acids,
and those of 7 through 10 as flavonoids. More de-
tailed identification was carried out by comparing
the hydrolytically released chromophores with au-
thentic standards. Alkaline hydrolysis of leaf extracts
produced five peaks of hydroxycinnamic acids, but
trans-caffeic acid and trans-coumaric acid occurred at
highest concentrations (not shown). This is consistent
with Weber (1992) and Guidoni et al. (1997) who
identified tartaroyl esters of trans-caffeic acid and
trans-coumaric acid as the principal hydroxycin-
namic acid derivatives in grape leaves. Based on
spectral similarities with published data from grape
(Singleton et al., 1978; Salgues et al., 1986) we suggest
that peaks 2 and 4 in Figure 2 represent trans-caffeoyl
tartaric acid and trans-coumaroyl tartaric acid, re-
spectively. Two minor peaks obtained after alkaline
hydrolysis were identified as cis-caffeic acid and cis-
coumaric acid. We infer from the known spectro-
scopic and chromatographic behavior of phenolics
from grape (Singleton et al., 1978; Weber, 1992; Kara-
giannis et al., 2000) that peaks 1 and 3 in Figure 2
correspond to the cis-isomers of peaks 2 and 4, re-
spectively. The fifth peak released by alkaline hydro-
lysis included cis- and trans-ferulic acid: Based on
spectroscopic data of Weber (1992), we tentatively
conclude that peak 5 is derived from feruloyl tartaric
acid. We were unable to identify the chromophore of
peak 6.

Among the flavonoids, the absorbance spectra of
peaks 7 and 8 were matching and indistinguishable
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from the spectrum of quercetin-3-O-galactoside.
Also, peaks 9 and 10 exhibited matching absorbance
spectra that agreed in wavelength positions of ab-
sorption peaks and spectral shape with kaempferol-
3-O-7-O-diglycoside. Further, the only flavonoids re-
leased by acidic hydrolysis were the flavonols
kaempferol and quercetin. Weber (1992) detected dif-
ferent O-glycosides of quercetin and kaempferol in
grape leaves. As a consequence, we propose that in
Figure 2 peaks 7 and 8 correspond to different
quercetin-O-glycosides, and peaks 9 and 10 to differ-
ent kaempferol-O-glycosides.

Caffeoyl tartaric acid concentration was increased
1.6-fold after 7 d under vis + UVA or vis + UVA +
UVB conditions (Fig. 4A), but under visible light
alone the increase was 2.3-fold. Concentration of cou-
maroyl tartaric acid was 10% to 20% of that of caf-
feoyl tartaric acid. Seven days of exposure under all
three conditions produced an almost 4-fold increase
in coumaroyl tartaric acid (Fig. 4C). The cis-isomer of
caffeoyl tartaric acid always contributed less than 4%
to total caffeoyl tartaric acid, but about 20% of total
concentrations of coumaroyl tartaric acid consisted of
the cis-isomer (data not shown).

Seven days of vis + UVA + UVB, vis + UVA, and
vis exposure increased total quercetin concentration
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Figure 3. Absorbance spectra of phenolic compounds. The absor-
bance spectra of chromatographically detected compounds, normal-
ized to their long-wavelength maximum, are shown. Numbers iden-
tifying spectra refer to the peak numbers in Figure 2. The spectrum of
compound 7 was indistinguishable from that of compound 8; the
spectra of compounds 9 and 10 were also indistinguishable.
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Figure 4. Concentration of phenolics during outdoor exposure. The figure depicts concentrations, normalized to leaf area,
of the sum of cis- and trans-caffeoyl tartaric acid (A), and cis- and trans-coumaroyl tartaric acid (C) during exposure of grape
leaves to different light conditions as defined in Figure 1. Data, normalized to leaf area, for quercetin (quel + que2) and
kaempferol (kael + kae2) are shown in B and D, respectively. quel and que2 stand for HPLC peaks 7 and 8 (Fig. 2)
representing different quercetin glycosides, and kael and kae2 correspond to peaks 9 and 10 (Fig. 2) representing different
kaempferol glycosides. Here, and also in subsequent figures, triangles, squares, and diamonds symbolize data obtained
under vis, vis + UVA and vis + UVA + UVB conditions, respectively. The white circles denote the initial data from
greenhouse-grown vines measured immediately before outdoor exposure. For clarity, symbols of identical time intervals
were slightly shifted relative to each other. Bars indicate ses of means (4 = n = 6). In the cases of small sts, bars are hidden
by symbols. In A, vis data differed significantly those of the other treatments; in B and D, vis + UVA + UVB data differed
significantly from those of the other treatments (see “Materials and Methods”).

by a factor of 15, 8, and 5, respectively (Fig. 4B).
Kaempferol contributed 33% to the total flavonol
pool at most. Like quercetin, the kaempferol concen-
tration was specifically enhanced by UV-B radiation
(Fig. 4D).

Relation between Phenolic Compounds and Epidermal
UV Screening

The distribution of phenolics in grape leaves was
investigated by fluorescence microscopy (Fig. 5).
Ammonia treatment resulted in conspicuous green
fluorescence from the upper epidermis (compare Fig.
5, B with C) that was unevenly distributed, indicating
accumulation of phenolics in the epidermal vacuoles
(Day et al., 1993; Hutzler et al., 1998).

Chlorophyll fluorescence from intact leaves elicited
by UV-B radiation (Fyy.g) decreased continuously
during outdoor exposure and reached about 20% of
the initial value after 7 d under all light climates (Fig.
6A). UV-A-excited fluorescence (Fyn,._,) responded
differently to the different light regimes: After 7 d of
exposure to vis + UVA + UVB, vis + UVA, and vis
conditions, Fyy_, decreased to 8%, 17%, and 31% of

866

the initial value, respectively (Fig. 6B). Compared
with Fyy.p and Fyy.a, fluorescence excited by blue-
green light (Fp) varied moderately during exposure
(Fig. 6C).

From fluorescence measurements, epidermal trans-
mittance for UV-B and UV-A radiation (Tyy.5 and
Tuv.a, Tespectively) was derived as described in
“Materials and Methods.” Prior to exposure, mean
values of Tyy_g and Ty, were 20% and 36%, respec-
tively; after 7 d, the Tyy.p decreased to 3%, and the
Tyv.a to 2.5%, 5.5%, and 10% under UVB + UVA +
vis, UVA + vis, and vis conditions, respectively.
Most values for transmittance of extracted com-
pounds at 314 nm (T54) and at 360 nm (T54,) were
smaller than the corresponding data for Ty and
Tuv.a, respectively, and dropped close to zero by the
end of exposure (data not shown). The relationship
between epidermal UV transmittance and transmit-
tance of extracted phenolics is illustrated in Figure 7.
For T340 > 3%, Tyy.a was linearly related to T;q. For
Tse0 = 40%, absolute values for Ty, Were similar to
the corresponding T;4; at values for Tsqq < 30%,
Tiv.a was higher than T;4,; below 3%, data deviated
from the linear relation because Tyy_, was markedly

Plant Physiol. Vol. 127, 2001



Figure 5. Micrographs of a cross section from a grape leaf. The figure
shows a light transmission image (A) and fluorescence images (B and
C) either untreated (A and B) or ammonia treated (C) of the same
cross section of a grape leaf acclimated to full sunlight. The presence
of phenolic compounds in the upper epidermis is indicated by
ammonia-enhanced green fluorescence (C).

higher relative to Ts4. Also, Tyy.g was linearly re-
lated to T5;4 when Tjy, was greater than 3%. In the
linear range, Tyy.g was always higher than Tsy4. De-
viations from linearity below T3, = 3% resulted
from much higher Ty relative to T;qy.

Photosynthesic Parameters during Exposure

Greenhouse-grown leaves exhibited a normalized
variable chlorophyll fluorescence (F,/F,) of 0.78,
which dropped to 0.5 after 1 d of exposure for all
three conditions (Fig. 8A). During further exposure,
leaves under vis + UVA and vis conditions recov-
ered slightly. Under vis + UVA + UVB conditions,

Plant Physiol. Vol. 127, 2001
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F,/F,, stayed below values of the other conditions
during d 2 to 5; at the end of the experiment, F, /F,
recovered to the data of vis + UVA and vis (Fig. 8, A
and C). The light-saturated CO, assimilation rate
(Jco,) was decreased from 6.1 to about 4 pmol m 2
s~ after 1 d of exposure under all conditions and
tended to decrease during further exposure under all
conditions (Fig. 8B). However, vis + UVA + UVB
conditions depressed ], significantly more than the
other treatments. In contrast to F,/F,, UV-B-
dependent inhibition of J.o, is not recovered by the
end of exposure (Fig. 8D).

DISCUSSION

In our grape leaves, the main hydroxycinnamic
acids were coumaric acid and caffeic acid (Fig. 2),
which were increased by all three exposure condi-
tions (Fig. 4); therefore, high visible radiation stimu-
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Figure 6. Intensity of chlorophyll fluorescence excited by UV or
blue-green light. Unprocessed chlorophyll fluorescence at the F,
level excited by UV-B (F_y.g), UV-A (Fyy.a), and blue-green radia-
tion (Fgg) is depicted in A, B, and C, respectively. See Figure 4 for
comments on symbols and error bars. In B, vis data differed signifi-
cantly from those of the other treatments (see “Materials and
Methods”).
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Figure 7. Relation between epidermal screening and UV absorption of phenolics. Data of individual leaves are shown. In A
and B, we plot epidermal transmittance for UV-A radiation (T,y.,) against transmittance of extracted leaf phenolics at 360 nm
(T360), and epidermal UV-B transmittance (T ,,g) against transmittance of extracted leaf phenolics at 314 nm (T5,,), respec-
tively (extracted phenolics correspond to peaks 1-10 in Fig. 2). In A and B, the bold line results from linear regression to solid
circles, that is for T;4o > 3% and T3, > 3%. In A and B, coefficients of determinations are » = 0.874 and r* = 0.750, and
equations resulting from regression analyses are Ty, o = 11 + 0.72 X T3¢0 and Tyyg = 8 + 1.22 X Ty, respectively. White
circles (T5¢o Or T3y, < 3%) are also shown at amplified scales in inserts (ordinate, 0%—-12%; abscissa, 0%—3%).

lates synthesis of hydroxycinnamic acids in grape
leaves. Hitherto, concentrations of hydroxycinnamic
acids were considered to be independent from the
plant’s light environment (Bornman et al., 1997; Bur-
chard et al., 2000); however, these studies designed to
investigate UV-B action were not suited to recognize
visible light effects. Because all our light regimes
include the visible and far-red spectral range, we
cannot differentiate between blue or red-light-
sensing photoreceptors, which have both been shown
to regulate phenolic biosynthesis (Beggs and Well-
mann, 1994).

Caffeic acid, which represented most of the hy-
droxycinnamic acid fraction, was particularly en-
hanced by vis conditions, but under this same situa-
tion flavonoid concentrations were lowest (Fig. 4). Li
et al. (1993) observed increased concentrations of
hydroxycinnamic acids in an Arabidopsis mutant de-
fective in the first step specific to flavonoid biosyn-
thesis and suggested that the precursors from the
blocked flavonoid pathway were shunted into syn-
thesis of hydroxycinnamic acids. In accordance, we
believe that the particular high caffeic acid concentra-
tions under vis conditions result from relatively mod-

Figure 8. Photosynthetic parameters during ex- o8 70 € E v
posure. Time courses of normalized variable ®) A @ is+U B
chlorophyll  fluorescence, F/F,, of dark- — 6.0 F 2 V!S:U$2+UVB
adapted leaves and of light-saturated CO, as- 07 T @ ok xB
similation rate Uco,) are shown in A and B, < c\'JE
respectively. For both parameters, UV-B- w064 5 407
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ing mean values of vis + UVA + UVB minus = 0.5 4 ﬁ’ Tn ’
mean values of vis + UVA conditions (C and D). : ® Q 20
See Figure 4 for comments on symbols and error § = 10
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erate rates of flavonoid biosynthesis that direct pre-
cursors toward synthesis of hydroxycinnamic acids.

In contrast to the stimulation of hydroxycinnamic
acids by visible light, biosynthesis of kaempferol and
quercetin was specifically increased by UV-B radia-
tion (Fig. 4): This is consistent with the action spec-
trum for flavonoid synthesis in parsley cell cultures,
which exhibits the maximum at 295 nm with little
effectiveness for wavelengths > 320 nm (Beggs and
Wellmann, 1994) and indicates that specific UV-B
photoreception is involved in stimulation of fla-
vonoid biosynthesis.

Fluorescence microscopy suggested the presence of
considerable amounts of phenolic compounds in the
upper epidermis of grape leaves (Fig. 5). Hence, the
observed increase in leaf phenolics during exposure
should improve epidermal UV screening, which we
measured fluorometrically (Bilger et al., 1997). The
reliability of the Bilger method was supported re-
cently by correlation between fluorometric results
and spectrophotometrically measured transmittance
of epidermal peels from Vicia faba (Barnes et al., 2000;
Markstdadter et al., 2001); however, Barnes et al.
(2000) pointed out that in some species, epidermal
anthocyanins absorbing in the visible region can re-
duce fluorescence elicited by blue-green light (Fpg).
Because epidermal transmittance is calculated using
Fpg as the reference signal (see “Materials and Meth-
ods”), anthocyanin absorption would produce erro-
neous results; however, the Fg did not drop during
vine exposure, nor did we detect anthocyanins by
HPLC (Figs. 2 and 6). Therefore, anthocyanin absorp-
tion appears not to interfere with determinaton of
epidermal transmittance.

Concomitant with chromatographically deter-
mined increase in phenolics during outdoor expo-
sure, Fyy.p and Fyy_, decreased markedly, thus sup-
porting the role of phenolic compounds in UV
screening (compare Fig. 4 with Fig. 6). In contrast to
enhancement of flavonoid concentration by UV radi-
ation, specific effects of UV radiation on epidermal
screening was only observed in the case of Fyy_a:
Under all conditions, Fyy.g was similar (Fig. 6). The
similar Fy;y g probably arises from relatively moder-
ate absorption of grape leaf flavonols in the UV-B
spectral region (Fig. 3) and, hence, a predominant
role of hydroxycinnamic acids in UV-B screening.
The UV-dependent response of Fyy,._, is consistent
with the data of Mazza et al. (2000), who measured in
soybean (Fabaceae) chlorophyll fluorescence excited
by broad-band UV radiation of leaves exposed to
different light regimes in the field. That Mazza et al.
(2000) also observed UV-B-dependent decrease in
Fyv.p could be explained by insignificant contribu-
tion of hydroxycinnamic acids to epidermal screen-
ing: Low contents of hydroxycinnamic acids were
observed in the Fabaceae V. faba (Markstddter et al.,
2001).

Plant Physiol. Vol. 127, 2001
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In most leaves, epidermal transmittance was higher
than transmittance of total leaf phenolics (Fig. 7):
This could be attributed to the fact that phenolics of
the entire leaf exceed those of the epidermis because
they also occur in the lower epidermis and in the
mesophyll tissue (Weissenbock et al., 1986; Cen and
Bornman, 1993; Day et al., 1996; Hutzler et al., 1998;
Grammatikopoulos et al., 1999). The curved relation-
ships between epidermal transmittance and transmit-
tance of extracted phenolics (Fig. 7) could be ex-
plained by assuming that leaves with high total
phenolic concentrations posses considerably more
phenolics in the lower epidermis and the mesophyll
relative to the upper epidermis than leaves exhibiting
low phenolic concentrations. However, high phenolic
concentrations in the abaxial epidermis are not con-
sistent with fluorescence microscopy of sun-exposed
grape leaves (Fig. 5). Further, studies demonstrating
rather constant mesophyll concentrations over a
wide range of total leaf concentrations of phenolics
(Grammatikopoulos et al., 1999; Burchard et al., 2000)
do not support an accumulation of mesophyll phe-
nolics in grape leaves. Also, false correction for the
scattering signals of the Xe-PAM fluorometer or an
erroneous value for 100% transmittance (see “Mate-
rials and Methods”) could have produced the curved
relationships; however, such artifacts can only ac-
count in part for curvilinearity as varying these ex-
perimental parameters did only moderately affect
curvature.

We favor the view that curvilinearity in Figure 7
results to a great part from confinement of epidermal
phenolics to the vacuoles (Fig. 5), leaving non-
vacuolar cell spaces and anticlinal cell walls rela-
tively transparent to UV radiation as has been shown
by Day et al. (1993) and that gives rise to the so-called
“sieve effect.” The lack of epidermal blue fluores-
cence in untreated samples (Fig. 5B) agrees with UV-
transparent cell walls because blue fluorescence
would indicate the presence UV-absorbing phenolics
(Hutzler et al., 1998). In support of our suggestion, a
comparable relationship between leaf transmittance
and transmittance of homogenized leaf pigments was
derived using a simple model that takes into account
the sieve effect (McClendon and Fukshansky, 1990).
Burchard et al. (2000) observed linearity between
epidermal absorbance derived from fluorometry and
HPLC-detected absorbance of epidermal phenolics in
Secale cereale that might be related to the high
amounts of UV-absorbing constituents of the Poaceae
cell wall (Lichtenthaler and Schweiger, 1998), hence
negating the sieve effect.

We utilized F,/F,, to determine maximum photo-
chemical quantum yield of PS II (Butler, 1978; Schre-
iber et al., 1994). PSII was inactivated under all ex-
posure conditions, but a transient extra reduction
occurred under UVB + UVA + vis conditions (Fig.
8). This extra reduction is consistent with suscepti-
bility of PSII to UV-B radiation (Jordan, 1996; Vass,
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1997), whereas decreased PSII activity under vis con-
ditions can be attributed to reaction center damage
by strong visible light (Baker et al., 1997; Melis, 1999).

Reduced J-o, observed during exposure to the vis
treatment (Fig. 8) could be related to PSII damage by
visible light. As observed for F,/F,,, the vis + UVA
+ UVB treatment caused an additional decrease in
Jco, relative to vis and vis + UVA conditions. The
time course of the inhibitory effects of UV-B on
F,/F,, and Jco, revealed, however, that these param-
eters are affected differently by UV-B. Compared
with vis + UVA conditions, vis + UVA + UVB
caused a further 20% decrease in F,/F,, at most, but
Jco, was decreased by a further 50% In addition,
UV-B inhibition of F o/ Fn, disappeared by the end
of our experiment but UV-B- -specific inhibition of
Jco, persisted. Because UV-B effects on PSII were
small and transitory when compared with CO, as-
similation, we suggest that under natural light inten-
sities UV-B inhibition of photosynthesis is not con-
trolled by UV-B inhibition of PSII, as has also been
proposed by Allen et al. (1998) and Xiong and Day
(2001).

The extent of UV-B inhibition of F,/F,, decreased
with decreasing Fyy.p, except during the 1st d of
exposure (compare Fig. 6A with 8C), which supports
the physiological significance of epidermal UV-B
screening. The PSII reaction center is known as a
target for UV-B inhibition (Renger et al., 1989) but it
is also well known for its outstandingly high protein
turnover rates that result in efficient PSII repair
(Andersson, 1992); it has also been shown that natu-
ral UV-B radiation further stimulates PSII repair
(Greenberg et al., 1989). Therefore, we explain the
recovery of UV-B-dependent reduction of F,/F,, by
the combined action of epidermal UV-B screening
and repair. This might explain why UV-B-dependent
inactivation of PSII was hardly detectable under nat-
ural conditions. Krause et al. (1999) only recently
demonstrated marked effects of UV-B radiation on
PSII efficiency when plants grown in deep shade
were exposed to tropical UV-B intensities that corre-
spond to comparable conditions to those applied in
this paper. Krause et al. (1999) interpreted high A,
of leaf extracts as an indicator for sufficient epider-
mal screening in shaded plants. Spectral analysis
during HPLC of our leaf extracts, however, indicated
that long-wavelength absorbance flanks of many
compounds, measurable at 282 nm, do not extend
significantly into the physiologically relevant UV
range. Therefore, PSII inactivation observed by
Krause et al. (1999) could well have been conducted
with leaves inefficiently screened against UV-B
radiation.

Inhibition of CO, assimilation by UV-B could be
due to limitation of stomatal gas exchange (Correia et
al., 1999; Nogués et al., 1999) but calculated internal
CO, concentrations gave no indication of increased
stomatal limitation (data not shown) and grape
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leaves are hypostomatal (Diirinig, 1980) so that sto-
mata are exposed to only moderate UV intensities.
Thus, UV-B does not appear to affect stomatal func-
tion. More likely, UV-B could have affected CO, as-
similation by inhibiting Rubisco activity (Strid et al.,
1990; Huang et al., 1993; Rao et al., 1995). That UV-B
inhibition of CO, assimilation did not respond to
buildup of epidermal screening suggests that recov-
ery of the factors inhibited by UV-B is sluggish and
preceding damage could not be as rapidly repaired
as PSIIL.

CONCLUSION

Because plants in this study were grown under
reduced UV radiation and low visible light intensi-
ties, extrapolation of our results to acclimation pro-
cesses in the natural environment requires consider-
able care. Nonetheless, interesting information and
questions have been generated: in grape leaves, syn-
thesis of hydroxycinnamic acids was stimulated by
strong visible light but flavonoid production was
specifically enhanced by UV radiation. Hence, it re-
mains to be clarified if plants grown under prolonged
weather conditions of low visible light intensities
posses diminished UV-B screening ability and, hence,
increased susceptibility to UV-B damage when sub-
sequently exposed to conditions of high UV fluxes
under clear skies. Our data indicate that epidermal
UV screening of leaves after short exposure to high
natural radiation is sufficient to prevent UV-B-
dependent reduction of PSII activity in the field.
When photosynthetic performance was assessed by
CO, gas-exchange measurements, however, UV-B
was inhibitory. For this reason, further investigations
of UV-B effects on photosynthetic performance
should not be confined to the study of PSII inhibition.

MATERIALS AND METHODS
Plants and Experimental Design

Two-year-old rooted grafted grape (Vitis vinifera cv Sil-
vaner) vines were obtained from a local supplier in the
winter of 1999 through 2000, stored at 1°C and 95% to 100%
(v/v) relative humidity, and planted in pots of garden
mulch in April 2000. The vines were grown in a shaded
glasshouse, and fertilizer (Flory 3, Euflor, Munich) was
applied twice a week. Plants were exposed to three differ-
ent light conditions in the Botanical Garden of the Univer-
sity of Wiirzburg (49.8° N, 9.9° E) at an altitude of 200 m
between August 12 and 18, 2000.

Different light regimes were provided by foils exhibiting
different transmittance properties in the UV range (see Fig.
1 for transmittance spectra): teflon foils (Novofol, Siegs-
dorf, Germany), polyester foils “Melinex 400 Glasklar”
(Piitz, Taunusstein, Germany), and “Lee 226 UV” foils
(FFL-Rieger, Munich). Exposure of vines was performed in
boxes (3 X 1 m) constructed with roofs and walls of these
foils, and aligned with the longer axis in an east-west
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direction: The roof sloped from 1.8 m (north) to 1.2 m
(south), and the northern wall remained open for ventila-
tion; diffuse radiation from the north was minimized by
shielding the open end with the appropriate foil (3.5 X
1.5 m) mounted at 45° and 20 cm from the box.

Transmittance spectra of our foils were measured in the
turbid sample compartment of a UV4 spectrometer (Uni-
cam, Cambridge, UK). Spectral irradiances below foils, and
in the greenhouse, were measured with the OL 754-O-PMT
optics head equipped with a dome window of an OL 754
UV-Visible Spectroradiometer (Optronic, Orlando, FL).
The spectroradiometer was configured with 0.25-mm en-
trance and exit slits that produced a half bandwidth of =2
nm. Calibration was against a tungsten filament quartz
halogen lamp that itself was calibrated against a standard
light source (National Institute of Standards and Technol-
ogy, Washington, DC). Spectra were recorded at solar
noon * 1 h under cloudless conditions during early August
2000. Natural PAR was continuously recorded by using an
LI-190SZ quantum sensor (LI-COR, Lincoln, NE); PAR in
the greenhouse and in exposure boxes were measured with
an LI-189 quantum sensor (LI-COR). Daily courses of irra-
diance in the UV-A and UV-B range were obtained from
the ELDONET dosimeter located at a distance of 80 km at
the University of Erlangen (200-m altitude, 49.5° N, 11° E;
Marangoni et al., 2000).

Each of the light regimes was represented by two boxes
in each of which five plants were exposed. In total, 38
grapevine plants were investigated. Initial conditions were
measured on August 11 with plants not assigned for out-
door exposure. 30 plants were transferred into our expo-
sure boxes at 11 PM local summer time, on August 11. To
provide comparable exposure conditions for differently
orientated leaves, plants were rotated by 120° counter-
clockwise each hour from 9 Am until 5 PMm, resulting in three
complete turns per day.

Only fully developed leaves of insertion levels 3 to 6,
counted from the bottom to the top, were investigated. Five
leaves per day for each light condition usually were sam-
pled. Prior to the experiment, the sequence of leaf sampling
was established using a random number generator. Daily
measurements started at 4 pm by recording CO, gas ex-
change of attached leaves. At 6 pm, these leaves were
detached, the petiole dipped in tap water, and kept in
darkness in humidified air, for at least 1.5 h. Thereafter,
PSII photochemical yield was estimated by measuring vari-
able chlorophyll fluorescence followed by establishing epi-
dermal UV transmittance using UV-excited chlorophyll
fluorescence (see below). Finally, leaf discs were punched
out, frozen in liquid nitrogen, and stored at —80°C until
chromatographic analysis of phenolic compounds.

CO, Gas-Exchange Measurements

Leaf gas exchange was studied using a CO, porometer
(CQP-130, Walz, Effeltrich, Germany) which was set up in
the greenhouse before outside exposure, and subsequently
in a tent near the outdoor experimental site. Cuvette tem-
perature was 28°C to 30°C, and relative humidity was 70%
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to 90% (v/v). Saturating photon flux density (around 700
pmol m 2 s~ ') was supplied by an FL-440 lighting unit
(Walz). CO, measurements were done using a BINOS in-
frared gas analyser (Rosemount, Hanau, Germany) operat-
ing in differential mode, and a second BINOS in absolute
mode was used to determine the CO, concentration of the
air flowing through the system (360-405 wL L'). The
upper half of the leaf was enclosed in the cuvette, and a
reading was taken as soon as equilibrium was reached,
which was typically after 2 to 4 min. All gas-exchange
parameters subsequently were calculated following Von
Caemmerer and Farquhar (1981).

Fluorescence Measurements

Maximum photochemical yield of PSII was measured as
variable chlorophyll fluorescence of dark-adapted leaves at
room temperature [F,/F,, = (Fy — Fy)/F\y Schreiber et al.,
1986) with a PAM-2000 fluorometer (Walz). Using fiber
optics (Walz), the adaxial leaf side was examined. Mini-
mum fluorescence (F,) was excited at 655 nm and 600 Hz
modulation frequency, and maximum fluorescence (F,,)
was measured with 100-kHz modulation frequency. The
Fy; was elicited by saturating flashes of 0.8-s duration from
a built-in miniature halogen lamp.

Epidermal transmittance of UV radiation was deter-
mined as described earlier (Bilger et al., 1997) using an
Xe-PAM fluorometer (Walz) equipped with a high-power
xenon flash lamp (L4634, Hamamatsu, Herrsching, Germa-
ny). Constant chlorophyll fluorescence at the F, level from
dark-adapted samples was elicited by 2-Hz flashes. Using
filters obtained by Walz, we recorded chlorophyll fluores-
cence at wavelength > 690 nm, elicited by UV-B (314 nm,
bandwidth 24 nm), UV-A (360 nm, bandwidth 28 nm) or
blue-green radiation (490 nm, bandwidth 165 nm). Fluores-
cence resulting from these excitation bands will be denoted
as Fyy_g, Fuv.a, and Fyg, respectively. In the absence of any
sample, all three excitation wavebands produced small
scattering signals that were subtracted from the corre-
sponding leaf signal, prior to any data manipulation.

Epidermal transmittance for UV-B and UV-A radiation,
denoted Ty and Ty, respectively, can be estimated by
normalizing fluorescence quotients from intact leaves to
fluorescence quotients from epidermis-free leaf mesophyll
(Markstédter et al., 2001):

Tuys = 100 - (Fyy.s/Fsa) * (Fytesuv-s/ Fatessa) (1)
Tyv-a = 100 - (Fyy.a/Fsc) * (Fues,uv-a/ Futessc) ™ 2)

where Fyps uv.s, Fumes,uv-a, and Fygs pe denote the fluo-
rescence from mesophyll tissue excited by UV-B, UV-A, or
blue-green light, respectively. In the case of grape leaves,
stripping of the epidermis was not possible; hence, we
determined values for Fyg from the greenhouse-grown
Pisum sativum mutant Argenteum, which possesses a loosely
attached leaf epidermis.

HPLC

One liquid nitrogen-cooled leaf disc (1.3-cm diameter)
together with 250 uL of extraction medium (50% [v/v]
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aqueous methanol containing 0.01% [w/v] phosphoric acid
and 30 pg mL™' quercetin as an internal standard) was
reduced to a fine frozen suspension in a 5-mL teflon sample
flask of a Mikro-Dismembrator II equipped with an agate
grinding ball (B. Braun Melsungen, Melsungen, Germany),
which had both been immersed in liquid nitrogen. The
frozen suspension subsequently was thawed, centrifuged,
and the supernatant collected. Pellets were extracted twice
more at room temperature with 250 uL of extraction me-
dium, respectively. The extract was clarified by further
centrifugation before analysis on a 1100 Series chromato-
graph (Hewlett-Packard, Waldbronn, Germany) that in-
cludes a quaternary pump and a 1040M diode array
detector.

Chromatograms were recorded at 314 and 360 nm,
which represent the maximum transmittance of the UV-B
and UV-A excitation window of our Xe-PAM fluorometer,
respectively. Instrument control and data analysis were
carried out using the HP ChemStation software. Separation
of phenolics was on a 5-um particle LiChrospher-100 RP18
column of 250-mm length and 4.6-mm i.d. thermostatted at
20°C (Knauer, Berlin) using a flow rate of 1 mL min~'. The
injection volume was 10 uL. For separation of phenolics,
the gradient program of Veit et al. (1992) was modified:
Elution started with a linear decrease of solvent A (0.01%
[w/v] HyPO,) from 80% (v/v) to 66% (v/v) with solvent B
(methanol:0.1% [w/v] H3PO, [9:1, v/V]) over a period of 7
min, followed by isocratic elution for 5 min. A decrease to
56% (v/v) of solvent A then occurred within 2 min, to 40%
(v/v) during a further 18 min, and to 35% (v/v) during
another 3 min. Finally, 100% solvent B was reached during
a 2-min gradient followed by isocratic elution for 5 min.
Starting conditions were restored during a 1-min gradient
followed by column equilibration for 7 min; HPLC grade
solvents (Fluka, Deisenhofen, Germany) were used.

For identification of phenolic chromophores, we com-
pared hydrolytically released compounds with authentic
markers; leaf extracts were evaporated under a nitrogen
stream at 40°C. Hydrolyses were performed for 40 min in 1
N HCl at 90°C, or for 5 min under nitrogen gas in 1 N NaOH
at 70°C: The latter reactions were stopped by adding equi-
normal amounts of HCI. Acid hydrolyzates were prepared
for chromatography by evaporation under a nitrogen
stream at 40°C and dissolving the residues in 50% (v/v)
aqueous methanol. Alkaline hydrolyzates were extracted
repeatedly with diethylether, which was then removed by
evaporation; the residues were dissolved in 50% (v/v)
methanol before analysis by HPLC.

Authentic markers of flavonols (kaempferol and querce-
tin) and trans-hydroxycinnamic acid derivatives (caffeic
acid, coumaric acid, and ferrulic acid) were purchased
from Fluka. Rutin [quercetin-3-O-(6-O-rhamnosyl) glu-
coside] was obtained from Carl Roth GmbH (Karlsruhe,
Germany). Quercetin-3-O-galactoside and a kaempferol-3-
O-7-O-diglycoside were a gift from Dr. Christiane Loffler
(Universitdat Wiirzburg). Trans-coumaric acid propanoyl
ester was provided by Dr. Claus Markstadter (Universitét
Wiirzburg).
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Concentrations of trans-hydroxycinnamic acid deriva-
tives were derived from the linear relationships existing
between molar concentrations of the chromophore stan-
dards and Ajy,. The relationships obtained with the pure
trans-hydroxycinnamic acids were used to calculate con-
centrations of the respective tartaroyl esters in grape leaves
(Weber, 1992) because we obtained identical calibration
curves for trans-coumaric acid and trans-coumaric acid
propanoyl ester. In addition, response factors for Aj,,, as
derived from data of Okamura and Watanabe (1981), were
identical for caffeic acid and caffeoyl tartaric acid, and
deviated by only 15% in the case of coumaric acid and
coumarioyl tartaric acid.

Cis-isomers of the commercially obtained hydroxycin-
namic acids, dissolved in 50% (v/v) methanol at a concen-
tration of 250 pg mL ™!, were enriched by 1-h illumination
with natural sunlight or by TL12 fluorescent tubes (TTS-
Product Service GmbH, Bad Sulza, Germany). After irradi-
ation, molar ratios of cis- to trans-compounds (Mr g tans)
were determined by gas chromatography (Markstadter,
1994). For the same isomer mixture, the A, of the trans-
relative to the cis- compound (Ar,, .., ,/cis) Was determined by
HPLC. Calibration factors (F_,) for cis-caffeic acid and cis-
coumaric acid were calculated according to:

Fcis = mrcis/trar\s * Artrans/cis ° Ftrans (3)

where F,.., corresponds to the calibration factor deter-
mined for the respective trans-component.

Concentrations of flavonols were determined using A,
Calibration factors were obtained with kaempferol and
quercetin standards. We used the factors of pure chro-
mophores to calculate concentrations of glycosides from
grape leaves (Weber, 1992) because identical response in
HPLC of quercetin and its glycoside rutin indicated that
glycosylation has an insignificant effect on flavonol absor-
bance.

Molar concentrations (cP) of a phenolic compound (P)
were normalizedto leaf area using quercetin as an internal
standard (free quercetin was not detected in grape leaves).
The standard is present at a known concentration cStdg, in
the extraction solvent. Concentration changes of extracted
phenolics after extraction due to solvent evaporation or
adsorption of phenolics to inner surfaces of test vessels can
be corrected using Equation 4:

CStdEX VStd
Agignpic(V) *Fs(M)  app 4)

cP = Apppic(A) - Fp(A) -

where Ap 1;pr (M) and Fp(A) represent the area of the HPLC
peak of P at wavelength A and the HPLC calibration factor
at A for P, respectively. The peak area and the calibration
factor for the internal standard are designated Ag,4 yypr (M)
and Fg4()), respectively. Vg4 and a;p signify the total
volume used for extraction of one leaf disc (i.e. 0.75 mL)
and the extracted leaf disc area (1.33 cm?), respectively; the
fraction Vg,4/a;r normalizes the true concentration of P in
the extract to leaf area.

Removing HPLC calibration factors and replacing con-
centrations with absorbance terms, allows us to transform
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the Ap 1yprc(A) into in vivo absorbance of P, Ap, (M), ac-
cording to Equation 5:

AgapA)  Vsa/d
Ap1r(A) = Apprc(A) - Asappic(d) ) arp (5)

where Ag, g, (A) corresponds to the absorbance of the in-
ternal standard in the pure extraction solvent as deter-
mined with a UV/Vis spectrometer UV4 (Unicam). The
parameter d denotes the optical path length of the extrac-
tion solvent in the spectrophotometer (1 cm); to account for
the dependence of absorbance measurements on optical
path length, the fraction of Vg,4/d is required to normalize
the true absorbance of P in extracts to leaf area. Absorbance
values were converted into transmittance using the known
exponential relation between the two parameters.

Microscopy

Cross sections of freshly harvested leaves of 70- to
100-um thickness were prepared using a hand microtome
(Leica Instruments GmbH, Nuploch, Germany). Samples
were immediately examined in water and then in 0.5%
(w/v) ammonia introduced under the coverslip using blot-
ting paper (Hutzler et al., 1998). Transmission and fluores-
cence images were obtained using an Axioplan microscope
(Zeiss, Oberkochen, Germany). In fluorescence micros-
copy, we used the Zeiss filter set number 5 that excites in
the range from 395 to 440 nm and detects fluorescence at
wavelengths > 470 nm. Images were recorded using a
3-CCD color video camera (INTAS Imaging Instruments,
Gottingen, Germany).

Statistics

For statistical analyses, we utilized Sigma Stat for Win-
dows Version 2.03 statistical software (SPSS, Munich). To
test if any of the three different light conditions produced
statistically significant differences, we used one-way anal-
ysis of variance. In the case of statistical significance (i.e.
P < 0.05), the Student-Newman-Keuls method was per-
formed to determine which data groups are different. Sta-
tistically significant differences were concluded for P val-
ues < 0.05. Handling and fitting of data was achieved
using SigmaPlot scientific graphing software (SPSS).
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