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Abstract

The optical properties of leaves from five species,
Norway maple (Acer platanoides L.), cotoneaster (Co-
toneaster alaunica Golite), hazel (Corylus avellana L.),
Siberian dogwood (Cornus alba L.), and Virginia
creeper (Parthenocissus quinquefolia (L.) Planch.), dif-
fering in pigment composition and at different stages
of ontogenesis, were studied. Anthocyanin absorption
maxima in vivo, as estimated with spectrophotometry
of intact anthocyanic versus acyanic leaves and mi-
crospectrophotometry of vacuoles in the leaf cross-
sections, were found between 537 nm and 542 nm,
showing a red shift of 5-20 nm compared with the
corresponding maxima in acidic water-methanol
extracts. In non-senescent leaves, strong anthocyanin
absorption was found between 500 nm and 600 nm
(with a 70-80 nm apparent bandwidth). By and large,
absorption by anthocyanin in leaves followed a modi-
fied form of the Lambert-Beer law, showing a linear
trend up to a content of nearly 50 nmol cm™2, and per-
mitting thereby a non-invasive determination of antho-
cyanin content. The apparent specific absorption
coefficients of anthocyanins at 550 nm showed no
substantial dependence on the species. Anthocyanin
contribution to total light absorption at 550 nm
was followed in maple leaves in the course of autumn
senescence. Photoprotection by vacuolar antho-
cyanins is discussed with special regard to their
distribution within a leaf; radiation screening by
anthocyanins predominantly localized in the epidermal
cells in A. platanoides and C. avellana leaves was also
evaluated.

Key words: Absorption, anthocyanins, carotenoids,
chlorophyll, leaves, light screening, photoprotection.

Introduction

In addition to other roles (Harborne, 1976; Chalker-Scott,
1999; Close and Beadle, 2003), anthocyanins (AnC), the
red pigments of plants, prevent photoinhibition and photo-
damage through the absorption of excessive solar radia-
tion that would otherwise be absorbed by chloroplast
pigments (for a review see Chalker-Scott, 1999; Field
et al., 2001; Hoch et al., 2001; Steyn et al., 2002; Close
and Beadle, 2003; Hughes et al., 2005; Pfiindel et al.,
2006; Hughes and Smith, 2007, Merzlyak et al., 2008;
Solovchenko and Merzlyak, 2008). For reasons that are
still poorly understood, higher plants vary considerably in
their ability to synthesize AnC. The characteristic red
anthocyanic pigmentation is abundant in juvenile and
senescing leaves; its expression is intensified by elevated
UV, high PAR irradiance, extreme temperatures, drought,
nutrient deficiency, and other stress factors (Chalker-Scott,
1999; Field et al., 2001; Hoch et al., 2001, 2003;; Steyn
et al., 2002; Close and Beadle; 2003; Hughes and Smith,
2007). The distribution of AnC within leaf tissues differs
considerably among the species; as a rule, they localize in
cell vacuoles, in or just below the adaxial epidermis, but
occasionally the AnC pigments involved in photoprotection
also accumulate in cell vacuoles of the abaxial epidermis,
palisade and spongy mesophyll (Chalker-Scott, 1999;
Pietrini et al., 2002; Steyn et al., 2002; Hughes et al.,
2005; Hughes and Smith, 2007) (see also Fig. 1).

Plant tissues are intricate, inhomogeneous optical
systems, whose spectral properties depend on the
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a) Acer platanoides L. (spring)

50 um

Fig. 1. Schematic representation of the anatomy of spring (a, b) and autumn (c—f) leaves of the species studied. The chloroplasts and anthocyanin-

containing vacuoles are shown in green and magenta, respectively.

anatomical features and pigment compositions of various
intracellular compartments (Osborne and Raven, 1986;
Richter and Fukshansky, 1996; Ustin et al., 2001; Pfiindel
et al., 2006). The understanding and quantitative descrip-
tion of the photoprotective function of AnC, essential for
ecophysiological studies, requires a knowledge of the lo-
calization and spectroscopic properties in vivo of all the
pigment pools (Gould et al., 2002; Merzlyak et al., 2008).

The fraction of incident light, /o(A), absorbed by a leaf,
denoted by A and called absorptance, can be calculated by

measuring leaf hemispherical reflectance R(\A) and trans-
mittance T(A); these quantities are related as follows

A =1—R(\) —T(L) (1)

Absorptance plots of leaves with different AnC content,
like those presented in Fig. 2 (curves 1 and 2) for maple and
hazel, have been documented in the literature for various
plant species (Pietrini and Massacci, 1998; Field et al.,
2001; Gitelson et al., 2001; Pietrini et al., 2002; Hughes
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Fig. 2. Absorptance plots of spring green (1) and red (2) A. platanoides
(A) and C. avellana (B) leaves with pigment content shown in Table 1.
Spectrum 3 is the model of chloroplast thylakoid pigment absorption in
anthocyanic leaves as screened by anthocyanins (see Discussion).

et al., 2005; Hughes and Smith, 2007). A remarkable
feature of higher plant leaves is that only chlorophyll
(Chl) pigments contribute to light absorption in the red
region of the visible spectrum; absorption at shorter wave-
lengths, particularly in the green to blue region, can be
attributed to other principal leaf pigments: carotenoids
(Car) and flavonoids (including AnC) (Gitelson et al.,
2001; Cerovic et al., 2002; Merzlyak et al., 2003, 2005,
2008; Solovchenko and Merzlyak, 2008). A comparison
of the absorptance plots (against wavelength) of antho-
cyanic and acyanic leaf specimens with similar Chl con-
tents, showed that AnC peaks are located around 550 nm
in Acer platanoides, Cotoneaster alaunica, Cornus alba,
and Pelargonium zonale (Gitelson et al., 2001). Further-
more, it was found that leaf absorptance near 550 nm
(Gitelson et al., 2001) and that in the band 400-600 nm
(Pietrini and Masacci, 1998) are linearly related with AnC
content.

It is convenient to consider, in addition to absorptance,
a quantity that was found to be useful for discussing
leaf optical properties (Merzlyak and Gitelson, 1995;
Merzlyak et al., 2002, 2005); named here as attenuance
and defined by the relation

000 = o T2 ]

it compensates for light losses due to reflection, and pro-
vides a check on the extent to which leaf optics may be
said to follow the Lambert—Beer law of transmission spec-
troscopy. The relation between absorptance and attenu-
ance can be expressed as A=(1-R)(1-10™). In a simple
case, assuming independence of light absorption by the pig-
ments of chloroplast thylakoids (Chl and Car) in acyanic
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green (G) and, in addition, any other absorber (X) present
in anthocyanic leaves, and a strictly linear dependence of
D on the concentration, one can express attenuance of the
red (R) leaves as: D®W)=DC)+D®(\) and the
difference, AD()), between red and green leaves,

AD(1)=D™ (2)=D™ (3)-D'®) (1) (2)

should correspond to AnC and/or other light-absorbing
substances.

The aim of this work, which deals with five plant
species, is to characterize AnC absorption in greater detail
and to quantify it in sifu. Young and senescing leaves pos-
sessing characteristic anatomy and differing widely in
their pigment contents were examined. Our analysis of
both leaf absorptance and attenuance was based on paired
comparison of anthocyanic and acyanic specimens with
similar Chl absorption in the red region of the spectrum
(rather than similar Chl content) taking into account
some uncertainties in routine leaf spectral measurements
(Merzlyak et al., 2002, 2004). In addition, microspectro-
phometric measurements of vacuolar AnC absorption in
leaf cross-sections have been carried out. Furthermore, the
screening effect of AnC on light absorption by the chlo-
roplast pigments has been quantified by using anatomical
information about the pigment distribution and the results
of spectral measurements.

Materials and methods

Plant material

Healthy and homogeneously coloured leaves of Norway maple
(Acer platanoides L.), cotoneaster (Cotoneaster alaunica Golite),
Siberian dogwood [Cornus alba L. (Swida alba (L.) Opiz.], hazel
(Corylus avellana L.), and Virginia creeper (Parthenocissus
quinquefolia (L.) Planch.) collected in a park at Moscow State
University (1992-2007) were used in the study. In sunlit leaves of
C. avellana, the bright anthocyanic pigmentation developed in May
but was not observed during autumn senescence; in autumn, the
shaded leaves were green-to-yellowish. In the other four species,
AnC synthesis was expressed in sun-exposed plants and/or in sunlit
leaves located at the outer part of the canopy. In A. platanoides, the
red anthocyanic pigmentation appeared most often during seasons
with the temperature lower than the annual average. In addition, leaf
optical properties were investigated in young A. platanoides and
C. alaunica leaves when anthocyanic pigmentation developed as a
result of an abrupt decrease of temperature in the last ten days of
May (1999). From the data sets, green and red leaves with similar
Chl absorption were selected for pairwise comparisons.

Pigment analysis

Leaf pigments were analysed as described in Gitelson et al. (2001).
In some experiments the procedure allowing elimination of Chl and
Car in AnC analysis was applied (Solovchenko et al., 2001). The
discs were homogenized in 10 ml of a chloroform—methanol (2:1, v/v)
mixture and the homogenate was passed through a paper filter.
Distilled water was then added to equal 0.2 of the extract volume,
and the diluted filtrate was centrifuged in glass test tubes for 10 min
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at 3000 g to separate the chloroform and water—methanol phases.
Chl and Car recovered in chloroform were separated and quantified
using absorption coefficients in Wellburn (1994). The absorption
spectra of the water—methanol fraction before and after the addition
of a few drops of concentrated HCl were taken and their difference
spectrum was calculated. With both procedures, an AnC absorption
coefficient of 30 mM' em™! at 530 nm (Strack and Wray, 1989)
was used. The pigment content was expressed on a leaf area basis.

Microscopy

The light microphotographs of hand-made cross-sections of leaves
were taken with an Axioscope (Carl Zeiss, Jena, Germany) micro-
scope fitted with a MRC digital camera (Carl Zeiss, Germany). The
absorption spectra of vacuoles were measured in the same leaf
cross-sections with a customized Leitz MPV2 system (Ernst Leitz,
Wetzlar GmbH, Germany) equipped with a 150 W high-pressure
xenon lamp as a light source and a USB 2000 (grating no. 2)
spectrometer (Ocean Optics, USA); for a detailed description of the
experimental setup see Merzlyak et al. (2005). An area adjacent to
the pigmented part under examination was taken as the reference,
and attenuance was identified with the quantity log;o[Lo(A)/L(A)],
where Lo(A) and L(L) are the radiant powers transmitted through the
sample and the reference, respectively.

Leaf spectral measurements

Adaxial leaf reflection and transmission spectra (against barium
sulphate as a standard) were recorded by means of a 150-20 Hitachi
(Japan) spectrophotometer equipped with a 150 mm diameter inte-
grating sphere attachment. The data were sampled at 2 nm intervals
in the 350-800 nm range. The transmission spectra were corrected
for incomplete collection of light by the integrating sphere, as
described in (Merzlyak et al., 2002), by assuming negligible
absorption around 800 nm and setting R+T=1.

Results

Leaf anatomy

The leaf blades of the five species investigated in this
work revealed similar anatomy (Fig. 1), that was typical
of deciduous shrubs and trees (Esau, 1960; Fahn, 1990).
The leaves of all species studied possessed adaxial and
abaxial epidermis comprizing a single layer of cells almost
devoid of plastids (with the exception of chloroplast-
containing guard cells) and covered with a cuticle of
1.5-3.0 pm thickness. Beneath the adaxial epidermis,
a well-differentiated palisade parenchyma composed of
a single (A. platanoides, C. alba, and P. quinquefolia;
Fig. 1A, C, D, F) or double (C. alaunica and C. avellana;
Fig. 1B, E) cell layer was situated which accounted for
40-60% of the overall leaf blade thickness. The palisade
parenchyma contained tightly packed elongated cells with
a vast number of green-to-yellowish lens-shaped chlor-
oplasts localized within a thin parietal layer of cytoplasm.
The bulk of the cell volume was occupied by a large
vacuole. The spongy parenchyma was built by three to
five irregular layers of roundish cells interleaved by large,
mainly blind pits. These cells contained, like those of the
palisade parenchyma, a large number of chloroplasts in

the parietal layer of the cytoplasm as well as large vacuoles
(Fig. 1). No remarkable difference in leaf anatomy was
found between the green and AnC-containing leaves of the
same age.

The location of AnC-containing cells differed consider-
ably between autumn and spring leaves. In the former
case (Fig. 1C-F), AnC pigments were predominantly in
the vacuoles of the cell layer of palisade parenchyma; by
contrast, juvenile leaves of C. avellana (Fig. 1C) and low-
temperature affected leaves of A. platanoides (Fig. 1A)
were characterized by epidermal localization of AnC. In
A. platanoides, the pigments were found in the vacuoles
of the adaxial epidermis, whereas in C. avellana, they
were localized both in the adaxial and abaxial epidermis.

Pigment content

The leaves examined here contained moderate amounts of
Chl (less than 35 nmol cm ™ 2); in the autumnal leaves the
Chl content was lower (Table 1). The Car/Chl ratio, low
in spring leaves, became larger in senescing leaves, and,
except P. quinquefolia, it was higher in the red leaves
(compared with the green leaves). The quantitative data
indicate that some leaves graded as green contained
noticeable amounts of AnC. As compared with spring
leaves, AnC content in the red autumnal leaves was
higher, reaching c¢. 100 nmol cm 2 in P. quinquefolia.
Absorption spectra of AnC were recorded in Chl- and
Car-free leaf extracts as described in the Materials and
methods section. Extracts from leaves with an AnC con-
tent ranging from 15—45 nmol cm™? (n=31) did not reveal
any appreciable difference in the features of AnC absorp-
tion between species: in acidified water—-methanol, the
AnC maximum was situated at 525.7+1.3 nm, and
absorption at 440 nm was 25.04.5% of that in the main
maximum, which is compatible with the spectra of
cyanidin glycosides (Harborne, 1958). On average, the spec-
tral width of the AnC absorption band was 74.8*+1.7 nm.

Table 1. Pigment content (nmol cm ™) for green and red leaves
for which absorption spectra are presented in Figs. 2, 4 and 5

Species Pigment content and carotenoid-to-chlorophyll

molar ratio in green/red leaves

Chlorophylls Carotenoids Carotenoids/ Anthocyanins

Chlorophylls

Spring leaves

A. platanoides 23.6/26.8 11.6/12.1  0.49/0.45 0.1/20.8
C. alaunica 29.7/23.1 11.0/7.6 0.37/0.33 0.8/20.0
C. avellana 34.2/30.7 12.6/10.7  0.37/0.35 5.6/30.3
Autumn leaves

A. platanoides  6.9/10.9 6.3/14.1  0.91/1.29 3.9/47.7
C. alaunica 18.1/15.9 6.8/13.0  0.38/0.82 7.1/23.4
C. alba 15.7/14.4 8.1/9.0 0.52/0.63 1.2/37.2
P. quinquefolia 9.8/1.9 5.2/3.7 0.53/0.47 1.1/43.6
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Anthocyanic leaves with low chlorophyll content

Figure 3 displays attenuance plots of autumn leaves of P.
quinquefolia, which are able to accumulate large amounts
of AnC. At the advanced stages of Chl degradation, leaves
with low AnC (see curve 1) were pale-yellow in appear-
ance and were characterized by two bands around 440—
450 nm and 480 nm attributable to Car on a background,
rising rapidly at shorter wavelengths, probably due to the
accumulation of UV-absorbing phenolics and/or their
polymerization products (Merzlyak et al., 2004). In these
leaves, absorptance at 550 nm was as high as 15%. A
build-up of AnC exerted a strong content-dependent effect
on light absorptance of the leaves between 500 nm and
600 nm, and was accompanied by peak broadening.

AnC maxima in attenuance plots were found between
530 nm and 542 nm; the apparent bandwidth comprised c.
110-130 nm. The shapes of the AnC band in the nor-
malized attenuance spectra for the Chl-free leaves strongly
differing in AnC content were more or less similar (not
shown). Attenuance at 550 nm displayed a non-linear de-
pendence on [AnC], the AnC content (Fig. 3, insert); the
data could be fitted satisfactorily to a smooth curve D, de-
fined by the relation D =a loglo(l + oy [AnC]), where
oo and o; are constants; when o;[AnC]<<1, one can write
D =~ opo [AnC], which explains the initial near-linear
behaviour. Absorptance at 550 nm departed from a linear
trend at lower values of [AnC], which is to be expected
from the definition of this quantity.

Chl-containing leaves

In the light of the foregoing observations, further AnC-
related optical properties in leaves with substantial amounts
of Chl were analysed in terms of attenuance. The spectra

100 T T T T T T T
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Anthocyanins, nmol cm” .
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Fig. 3. Effect of anthocyanin on light absorption by autumn
P. quinguefolia leaves with low Chl (<1 nmol cm?). Representative
absorptance plots of leaves with anthocyanin content (nmol cm™>):
1-0.9, 2-12.9, 3-26.9, 4-38.9, and 5-53.1. Insert: Relationships
between absorptance (curve 1, left scale), attenuance (curve 2, right
scale) at 550 nm versus anthocyanin content.
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of the leaves (Figs 4, 5) displayed, in addition to strong
bands of Chl (in the red and the blue) and Car (as
shoulders in the blue), absorption increasing towards near
UV and related, presumably, to flavonols (Merzlyak et al.,
2004, 2008). AnC in red leaves manifested itself as an
increased absorption or as a shoulder between 500 nm and
600 nm.

For young A. platanoides and C. avellana leaves with
almost equal Chl absorption between 620 nm and 700 nm,
the difference spectrum AD(A) showed bands centred
around 544 nm and 540 nm, respectively, attributable to
AnC. The maximum near 540 nm is also present in the
difference spectrum of spring C. alaunica leaves (not
shown). In addition, the difference spectra of young
stressed leaves contained small bands between 420 nm
and 480 nm.

In the spectra of red autumnal leaves (Fig. 5), spectral
features of AnC absorption were more prominent and the

A
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Fig. 4. Attenuance plots of green (1) and red (2) spring A. platanoides
(A) and C. avellana (B) leaves (left scales) and their difference
(anthocyanic-minus-acyanic) spectra (curve 3 in A and B, right scale).
Leaf pigment contents are shown in Table 1.
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Fig. 5. Attenuance plots of green (1) and red (2) autumn leaves and (3)
their difference (anthocyanic-minus-acyanic) spectra (left scale). Scaled
attenuance plots of vacuoles measured in cross-sections of anthocyanic
leaves are plotted on the right scale (broken lines). (A) A. platanoides,
(B) P. quinquefolia, (C) C. alaunica, and (D) C. alba. Pigment content
is shown in Table 1.

amplitude of the differences between the spectra was
higher; AnC absorption maxima in A. platanoides, C.
alaunica, C. alba, and P. quinquefolia leaves were located
near 541, 540, 547, and 537 nm, respectively. In general,
the shapes of the AnC spectra between 500 nm and
600 nm were similar and maxima positions were close to
those in spectra recorded both for the whole leaves and
via microspectrophotometry of vacuoles in situ (as with
C. alaunica at shorter wavelengths). Between 400 nm
and 500 nm in C. alba and P. quinquefolia (but not in
A. platanoides) vacuolar absorption exceeded that of AnC
revealed in leaves.

Attenuance at 550 nm and 700 nm versus chlorophyill
and anthocyanin content

The relationships between attenuance at Chl red and AnC
maxima and Chl content were examined. In A. platanoides
leaves (Fig. 6), as in the leaves of other species (not
shown), Chl attenuance at 678 nm showed a non-linear
behaviour. Previously, examining reflection spectra in
acyanic leaves and fruit, a strong correlation was found
between reflectances at 550 nm and 700 nm, and it was
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Fig. 6. A. platanoides leaves: relationships between attenuance at 678
nm, Dg7g, versus chlorophyll content, the difference, Dsso—D700, versus
chlorophyll for anthocyanin-free leaves and difference Dsso—D7go versus
anthocyanins for anthocyanic leaves.

used for developing algorithms for non-destructive AnC
assessment (Gitelson et al., 2001; Merzlyak et al., 2003).
As may be seen from Figs 4 and 5, attenuance values at
550 nm and 700 nm were also closely related. Accord-
ingly, for AnC-free A. platanoides leaves regardless of
Chl content the difference Dss5g—D7o9 was small (curve 2
in Fig. 6). By contrast, the anthocyanic leaves in which
Dsso corresponds to combined AnC and Chl absorption
and D7qo corresponds solely to Chl absorption (Gitelson
et al., 2001), the difference showed a close linear cor-
relation with AnC content (line 3 in Fig. 6). Highly sig-
nificant linear correlations between (Dss50—D709) and AnC
content (7 ranging from 0.94 to 0.87 in A. platanoides
and P. quinquefolia, respectively) were found in the
leaves of all species studied allowing non-destructive as-
sessment of AnC with RMSE from 4.1-5.9 nmol cm ™2 in
their content up to 50 nmol cm 2 (Table 2).

The relationships between Dsso and D7y were used to
follow the extent of the AnC contribution into total ab-
sorption in randomly collected A. platanoides leaves,
using Chl as a marker of development stage and senes-
cence (Fig. 7). In mature-to-senescent leaves the changes
of attenuance at 700 nm in both anthocyanic and acyanic
(green-to-yellow in colour) leaves were similar. For the
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Table 2. Relationships between AnC content (nmol cm™2) and attenuance difference Dsso— Dygp in the form [AnC]=kX(Dsso—D7p0),
for the leaves of five species studied

Species N Chlorophylls (nmol cm™2) Anthocyanins (nmol cm™2) k r RMSE® (nmol cm™?)
A. platanoides 42 36.8%; (9.0+8.4)° 46.2; (20.2+15.3) 36.967 0.947 4.097
C. alaunica 14 44.8; (18.1x15.1) 46.7; (15.9x18.8) 33.38 0.93 4.49
C. alba 27 16.8; (4.8£13.8) 50.8; (17.3%+14.3) 31.03 0.91 5.37
C. avellana 15 38.8; (28.8%4.3) 46.5; (17.0+12.4) 37.17 0.91 3.76
P. quinquefolia 34 40.1; (5.08.4) 49.8; (22.6%15.8) 28.30 0.87 5.89
All 132 (28.8%13.8) (17.3%16.5) 31.96 0.87 5.58
“ RMSE, root mean square error.
The maximal value in the data set.
¢ (mean=standard deviation).
4 See also Fig. 6.
T rrr—f f— I I dropped below 20 nmol cm %) and up to advanced
(Chl of ¢. 0.5 nmol cm™?) stages of leaf senescence.
R
15 ) [ [ ] ® D(550)
- Nl
Dirooy
. ® > Dighy Discussion
° . . .
° ° . In this work AnC spectral properties, retrieved by com-
e ® ° paring selected anthocyanic and acyanic leaves with
similar Chl absorption in the red region, were studied in
: Chl-free and in Chl-containing leaves. Assuming that if
o Chl absorption in two leaves is similar in the red region, it
o o .~ will remain so at shorter wavelengths, the difference
¢ o ‘anthocyanic-minus-acyanic’ spectra revealed a strong AnC
a b ° absorption between 450 nm and 600 nm and the presence
o A of other chromophores absorbing between 450 nm and
‘o NV 400 nm. Similar AnC spectra were recorded from vac-
L4 A% A 20 uoles using microspectrophotometry of leaf cross-sections.
° o Za A The increased absorption at wavelengths shorter than 440
I d L 2 8 i nm frequently recorded in vacuoles of anthocyanic leaves
' é@ & is consistent with the presence of UV-absorbing flavonols
. ° . © 2& and other phenolics (Cerovic et al., 2002; Merzlyak et al.,
o g 2008).
O 0 5 Although chemical identification was not performed,
0 spectral analysis (using position of the maxima and the
o @ A0 shapes of the spectra) of Chl- and Car-free leaf extracts
odd 8 o suggests that AnC in the species under investigation is
00 _ represented mainly by cyanidin and its glycosides
00 1 1 llllllll 1 1 IIIlIIlI I/I l l I . .
01 1 10 7 30 40 50 (Harborne, 1958), the characteristic AnC of the plant leaf

Chlorophyll, nmol cm™

Fig. 7. A. platanoides leaves: relationships between attenuance at 550
nm and 700 nm for anthocyanic leaves (anthocyanin content >4 nmol
em™?), Dss, and D7y, respectively, attenuance at 550 nm  for
anthocyanin-free specimens, Dy, and chlorophyll content.

data set, as could be judged from the relative magnitudes
of Dsso and Do, mature dark-green leaves were devoid
of AnC. Small contributions of AnC to total absorption
were detected in leaves with a Chl content of 25-35 nmol
cm 2. The highest effect of AnC on light absorption
at 550 nm took place from early (when Chl content

in all stages of its growth (Harborne, 1976). According to
difference spectroscopy and microspectrophotometry,
AnC absorption maxima in leaves with appreciable Chl
contents were located between 537 nm and 544 nm. In
senescing Chl-free P. quinquefolia leaves, AnC maxima
were found between 530 nm and 542 nm suggesting the
accumulation of several spectral forms of AnC. The
bathochromic (5-20 nm) shift of the AnC maxima in vivo
and broadening of their absorption band as compared with
solution spectra may involve effects of self-association,
co-pigmentation by flavonols and protoanthocyanidins,
metal chelating etc. (Harborne, 1976; Strack and Wray,
1989; Ito et al., 2004). Evidently these circumstances (on
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the background of changing Chl and Car contents) were
responsible for the difference in leaf coloration.

In A. platanoides, similarly to the leaves of other species
(not shown), attenuance at 678 nm was linearly related to
Chl in the narrow content range (up to 5—7 nmol cm™?)
corresponding to a specific Chl absorption coefficient (per
unit area) of ¢. 150 cm® pmol'. At a higher content,
a strong negative departure from the linearity was observed
and Dg7g reached relatively constant values at a Chl content
of 30-40 nmol cm 2. By contrast, attenuance at 550 nm
compensated for the contribution of Chl showed a linear
correlation with AnC in a wide range of their content.
Remarkably, in the green region of the spectrum, AnC
absorption (on a Chl background) was high, with a magni-
tude close to that of Chl in the red maximum.

Despite the difficulties related to recording both re-
flection and transmission of optically dense specimens, the
measurements reported here provided a more precise as-
sessment of AnC over a wide concentration range as com-
pared with the quantification via reflectance only (cf.
Gitelson er al., 2001). The determination coefficients for
linear relationships between the difference Ds50—D709 and
AnC content varied from 0.93 (A. platanoides and C.
alaunica) to 0.87 (P. quinquefolia), allowing non-
destructive AnC estimation with RMSE of 4.1-5.9 nmol
cm ™2, respectively (Table 2). The apparent AnC specific
absorption coefficients for Chl-containing leaves differ by
a factor of 1.5 ranging from to 21.6 to 30.8 cm” pmol ' in
C. avellana and P. quinquefolia leaves, respectively. For
Chl-free P. quinquefolia leaves the coefficient was higher
reaching 36.5 cm? pmol . Collectively, the quantitative
data suggest that (in contrast to Chl) light absorption by
vacuolar AnC in leaves behaves similarly to that in con-
centrated pigment solution as affected by pigment aggre-
gation and co-pigmentation and, to a large extent, follows
the modified Lambert—Beer law.

The above analysis shows that AnC pigments compete
strongly with Chl for light absorption in the green range
and with Chl » and Car for absorption at shorter wave-
lengths. In Chl-free leaves, when the AnC content became
as high as 40-50 nmol cmfz, absorptance at 550 nm and
in the 500-600 nm band reached 95%. Furthermore, at
high AnC content their contribution to light absorption
was profound even in the 600-650 nm band. It is re-
markable that AnC pigments absorb strongly in the 500—
600 nm region, close to the solar energy maximum in the
gap between the region of strong absorption by Chl and
Car at one end of the visible spectrum (400-500 nm) and
the other, red end, where Chl captures the light that
penetrates deep into plant tissue (Merzlyak and Gitelson,
1995; Sun et al., 1998; Nishio, 2000) and efficiently
drives CO, fixation (Sun et al., 1998; Nishio, 2000). The
characterization of AnC absorption in leaves is consistent
with and indirectly supports the hypothesis about the im-
portant role of green light in photosynthesis.

The efficiency of photoprotection by AnC should
strongly depend on their localization within plant tissue
(Gould et al., 2002); it can be evaluated in terms of
external filtering, when photoprotective pigment(s) serve
as a screen, and/or internal filtering, when such pigments
compete with light absorption by Chl within a leaf. Due to
the epidermal localization of AnC, the spring sun-exposed
A. platanoides and C. avellana leaves (Fig. 1) could be
regarded, to a large extent, as illustrations of AnC func-
tioning as a screen. The independence of AnC and Chl
absorption as well as spectral features of AnC in leaves
described here provide a means for quantifying the dif-
ference between the incident flux Lo(A) and the reduced
flux that reaches the thylakoids (Equations 1, 2). Figure
2A, B (curve 3) demonstrates the estimated chloroplast
thylakoid pigment absorptance plots of the anthocyanic
leaves when illuminated from the adaxial surface only (A.
platanoides) and from both adaxial and abaxial surfaces
(C. avellana). According to our estimates, AnC reduce
considerably light absorption by leaf photosynthetic
apparatus between 400 nm and 600 nm and around
550 nm, more than two and four times in A. platanoides
and C. avellana, respectively. However, this modelling
approach is oversimplified in that it presumes that the
entire leaf surface is covered by epidermal AnC.

In mature assimilatory tissues of plants, vacuoles
occupy a large part of the cell volume and fulfil a number
of important physiological functions (Taiz, 1992) includ-
ing, in senescing leaves, the final steps of Chl catabolism
(Hortensteiner, 2006). The accumulation of vacuolar AnC
in amounts comparable with and exceeding those of chlo-
roplast pigments at the early stages of ontogenesis, under
stressful conditions or during autumnal dismantling of the
photosynthetic machinery, should provide a long-term pro-
tection from phototoxicity mediated by Chl, its degradation
products and other potent endogenous photosensitizers
present in leaf tissue. The quantification of the extent of
the AnC photoprotection in well-differentiated mature and
senescing leaves in terms of both external and internal
light filtering requires a more detailed knowledge of spe-
cific leaf optical properties and, in particular, wavelength-
dependent light gradients through a leaf (Ustin er al.,
2001; Gould et al., 2002). Nevertheless, the data presented
here could be useful for understanding photoprotection
and light absorption, ‘by foliar anthocyanins, from a wide
variety of species and ontogenetic stages, across anthocy-
anin-absorbing wavelengths’ (Close and Beadle, 2003) in
physiological and ecophysiological studies.
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