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ABSTRACT

Anthocyanins are red-to-blue color non-photochemical active flavonoid pigments. Chemically
dyes are low molecular weight secondary metabolites. Their distribution in plant cells is mainly
limited to peripheral tissues and structures, such as upper mesophyll, exposed to strong light radiation
and related to their function as screening pigments. The onset of synthesis and accumulation may be
initiated in response to radiation that exceeds the ability of photosynthetic machinery to utilize
absorbed energy as well as low temperature or sudden high light exposition. Dyes absorb the excess
radiation reaching the plant, minimizing the risk of oxidative damage. We analysed anthocyanin role
in light-stress alleviation of poinsettia leaves characterized by low (green leaf) and high accumulation
of screening pigments (red leaf). Analyses allow assessing photosynthetic efficiency, chlorophyll and
anthocyanin content and distribution of pigments in leaf blade. Better understanding of the
anthocyanins function, synthesis and distribution as screening dyes may be crucial for selection of
crop varieties characterized by increased anthocyanin accumulation. It may be beneficial as increased
accumulation enhances light-stress resistance. Moreover, antioxidant properties and better pronounced
coloration make fruits and vegetables more attractive to customers.

Keywords: anthocyanins, screening dyes, radiation stress, poinsettia (Euphorbia pulcherrima Willd. ex
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1. INTRODUCTION

Anthocyanins (from Greek anthos — flower and kyaneos - blue) are plant low molecular
weight compounds, defined as secondary metabolites, meaning dyes are not essential for the
primary metabolism. Chemically anthocyanins are glycoside of sugar attached to aglycone
structure (anthocyanidin), included to flavonoid group. Anthocyanins are non-photochemical
pigments responsible for broad pallet from red to blue colour of flower petals, leaves, stems
directly related to the pH of vacuolar sap where they are mainly stored. The synthesis of
anthocyanins is closely related to the general pathway of flavonoids metabolism,
transformation of the phenylalanine amino acid with the shikimic and malonic acid pathway.
The first one, involved in the aromatic amino acid biosynthesis is responsible for the B-ring
structure and the tricarbon bridge formation. The malonic acid pathway is engaged in the
A-ring synthesis (Figure 1) (Strzatka, 2002; Petroni and Tonelli, 2011).

T .

structure originated tricarbon bridge structure originated
from malonic acid linker from shikimic acid
pathway pathway

Figure 1. Basic backbone structure of flavonoids. Dotted line presents carbon bridge between
malonic and shikimic acid-originated ring (A, B) structures
(from Strzatka 2001, modified).

The highly branched flavonoid synthesis, apart from anthocyanins, also leads to the
formation of phlobaphenes, proanthocyanidins as well as flavonols and results from the final
transformations of the precursor compounds as methylation, acylation or sugar residue
addition. Modification is also related to number of attached hydroxyl group affecting the final
compound colour.

Anthocyanin synthesis

The first step of anthocyanin synthesis is catalyzed with enzyme chalcone synthase
(CHS, EC 2.3.1.74) forming basic flavonoid three-ring backbone structure with three acetate
units (in malonyl-CoA form) and 4-coumaroyl-CoA. Synthesised product is isomerised with
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chalcone isomerase (CHI, EC 5.5.1.6), forming naringenin, the sugar-less naringin
responsible for the characteristic bitter taste of grapefruit (Buening et al., 1981; Lo Piero,
2015). The naringenin is converted with flavonoid 3-hydroxylase (F3H, EC 1.14.11.9) to
dihydrokaempferol, which is the basic compound for the synthesis of anthocyanidins such as
cyanidin, pelargonidin and delphinidin, as well as for well-known flavonols (e.g. kaempferol).
The naringenin is also the substrate for flavones group (e.g. luteolin) and flavan-4-ols,
polymerized to phlobaphenes and accumulated in bark, pericarp and seed coat (Himi et al.,
2011).

The branch of anthocyanins pathway includes production of colourless
leucoanthocyanidins, synthesized with single- or double-hydroxylation of the
dihydrokaempferol, as for cyanidin (3°-OH) or delphinidin (3°,5’-OH), catalyzed by flavonoid
3-hydroxylase (F3'H, EC 1.14.13.21) and flavonoid 3'5'-hydroxylase (F3'5°’H, EC
1.14.13.88), respectively. Intermediate products (dihydroquercetin and dihydromyricetin) are
converted with dihydrokaempferol 4-reductase (DFR, EC 1.1.1.219) to leucocompounds and
finally to colour anthocyanidins by leucoanthocyanidin dioxygenase (LDOX, EC 1.14.11.19).
Interestingly, some plant species (e.g. rose, carnation) are not able to produce purple-stained
flowers due to lack of one or both enzymes (Koes et al., 2005). The final colour of the
anthocyanins depends not only on the amount but also on the type of B-ring substituents
(Strzatka, 2002) (Figure 2).

A similar but more simplified pathway concerned pelargonidin synthesis.
Dihydrokaempferol is directly reduced by DFR and the intermediate compound
(leucopelargonidin) via LDOX is modified to pelargonidin. Produced anthocyanidins appear
different colour resulted from varied number of hydroxyl groups attached to the B-ring, as
orange-red pelargonidin with one, crimson cyanidin with two and blue-violet delphinidin with
three hydroxyl groups (Strzatka, 2002). Further modification is related to glycosylation with
one of more sugar moieties (Jankiewicz, 2007). Modification, initiated by the enzyme
3-O-glucosyltransferase (3GT, EC 2.4.1.115) is specific for most anthocyanidins.
Intermediate products are substituted to produce 5-glucosyl- (enzymes 5GTs), rhamnosyl- (e.
RTs), acyl- (e. ATs) and methyl- derivatives. Finally, formed multicoloured anthocyanins are
directed to the vacuole.

Flavonoid biosynthesis is also involved in the formation of proanthocyanidins (PA). In
some species they are formed by the reduction of leucoanthocyanidins to catechins with
leucoanthocyanidin reductase (LAR, EC 1.17.1.3) (Tanner et al., 2003; Maug¢ et al., 2010).
In the Arabidopsis due to lack of LAR gene, leucoanthocyanidins are converted by LDOX to
cyanidin and those by anthocyanidin reductase (ANR, EC 1.3.1.77) to epicatechin. Catechins
and epicatechins are transported to the vacuole and polymerized by the condensing enzyme
(CE), forming brown proanthocyanidins. Despite detailed analyses the exact mechanism of
proanthocyanidins polymerization has not been fully explained.

The flavonoid biosynthesis in plant cells takes place in the cytoplasm and synthesised
products, based on the character, are transported to proper destination as vacuole or cell wall.
This localization was mainly determined with enzymes activity analyses and showed that
enzymes fraction is loosely attached to the reticulum membranes. It is postulated that
synthesis is managed by multi-enzyme complex with cytochrome P450 included
(Winkel-Shirley, 2001; Saslowsky and Winkel-Shirley, 2001; Grotewold, 2006; Kitamura,
2006).
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Figure 2. Basic structure of anthocyanidins and selected dyes with different substituents.
Anthocyanins are mostly 3-glucosides of anthocyanidins.

Dyes accumulation

Synthesized anthocyanin is transported to the vacuole via three proposed transport
mechanisms. The first way, indentified in maize (ZmBz2 protein; Marrs et al., 1995,
Goodman et al., 2004), petunia (PhAN9 p.; Alfenito et al., 1998) and radish (AtTT19 p.;
Kitamura et al., 2004) is managed with different protein glutathione s-transferase-like proteins
(GST-like) and multidrug resistance-like protein (MRP) transporter, the ABC-type of
transporter, located in tonoplast. The MRP transporter is often referred to be ATP-dependent
glutathione S-conjugate export pump (GS-X pump), due to the transport of various
glutathione-attached substances (X) (Ishikawa, 1992). However, no anthocyanin complex
with glutathione has been identified, therefore it is postulated that GST-like carriers carry
anthocyanins without glutathione directly to the MRP transporter (Mueller et al., 2000). Other
way of transport, noted in Eustoma grandiflorum (Raf.) Shinners (Zhang et al., 2006) is based
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on the mass transport of anthocyanins to the vacuole via multiple vesicles released from the
endoplasmic reticulum. This process does not require GST or ATP (Poustka et al., 2007). The
third system is associated with the TT12 MATE (multidrug and toxic compound extrusion)
transporter involved in the accumulation of proanthocyanidins in the vacuole and the transport
of anthocyanins with flavonoid/H™-antiporter (Marinova et al., 2007). Inside the vacuole
anthocyanins may be stored as uniformly coloured solution without clear boundaries, inside
smaller vesicles-like aggregation or as dense, compact bodies. The first concept stated that
anthocyanins-occupied location may be organised in form of anthocyanoplasts (Pecket and
Small, 1980). Yet, this proposition was replaced with AVIs (anthocyanic vacuolar inclusions)
conception (Markham et al., 2000). Studies conducted on Eustoma grandiflorum (Raf.)
Shinners and Dianthus caryophyllus L. have identified AVI bodies not as vesicles with a
separate membrane but rather dense protein structure with tightly attached anthocyanin
(Markham et al., 2000; Zhao and Dixon, 2010).

Anthocyanins are located in different cells and their distribution is often uneven, as
among anthocyanin-rich cells exist ones with no pigments at all (Lancaster et al., 1994). The
location of anthocyanins is closely related to the function as screening-pigments. Hence,
largest pool is present in peripheral tissues directly exposed to intense light radiation
(McClure, 1975; Chalker-Scott, 1999). Anthocyanins are accumulated in the mesophyll cells
(McClure, 1975), trichomes (Ntefidou and Manetas, 1996), lower leaf epidermis and along
the leaf veins (Gould et al., 2000). A bit confusing is the presence of anthocyanins in leaves
below the palisade mesophyll, characteristic for plants grown in low light condition (Lee et
al., 1979; Lee and Graham, 1986). Accumulation of anthocyanins is usually reversible, expect
pigments stored in the cell of the abaxial (lower) leaf side especially in low light condition.

Anthocyanins of vegetative tissues

The onset of anthocyanin accumulation is initiated with strong stimulation of the
photosynthetic apparatus and the potential risk of phototoxic damage shifting the balance
between capturing and utilization of energy mostly noted in aging or young developing
tissues. It is postulated that anthocyanins allow restoring the redox balance and reducing the
risk of oxidative damage as less energy is available for the photosynthetic apparatus (Steyn et
al., 2002).

Abundance of solar energy reaching the surface of the Earth is the main force directly or
indirectly sustaining existence of almost all life forms (despite small group of
chemoautotrophic organism). Yet, no more than 4.5 - 5% of available energy may be stored in
photosynthetic products (Strzatka, 2001). However, even such relatively small amount may be
excessive for the plant and cause the damage of the photosynthetic machinery. Disturbance is
a result of differences between absorption and utilization of energy. The rate of photons
absorption with photosynthetic pigments is much faster than energy utilization with electron
transport. To simplify, most of the time plants absorb more light than they need to saturate
photosynthesis. Excessive excitation named overexcitation resulted in increased impairment
of generated and used energy and finally inhibits photosynthesis (photoinhibition) (Long et
al., 1994). Long-lasting photoinhibition significantly decreases plant productivity and initiates
generation of reactive oxygen species (ROS) (Ball et al., 1991; Foyer et al., 1994). Therefore,
plants developed series of protective mechanisms (Demmig-Adams and Adams, 1992;
Niyogi, 1999) as synthesis and accumulation of sun screening anthocyanins, limiting the
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intensity of light reaching the chlorophyll molecules (Weger et al., 1993; Smillie and
Hetherington, 1999).

Increased anthocyanins accumulation, noted as reddish pigmentation, is also observed
in reaction to sudden high light (HL) or low temperature exposition (Jankiewicz, 2007).
Temperature-dependent anthocyanin response is varied as high temperature reduces and low
increases anthocyanin synthesis (Oren-Shamir and Levi-Nissi, 1997; Haselgrove et al., 2000).
Yet, increased synthesis is not unequivocal with higher resistance to cold (Steponkus and
Lanphear, 1969; Leyva et al., 1995). Low, night temperatures stimulate the transcription of
both regulatory and structural anthocyanin genes, while post-transcriptional transformations
require higher temperatures (Christie et al., 1994; Huner et al., 1998).

Anthocyanins are also stored in the response to phosphorus and nitrogen deficiency
(Cobbina and Miller, 1987; Nozzolillo et al., 1990; Close et al., 2000), flooding (Andersen et
al., 1984) and soil salinity (Awad et al., 1990). All this conditions reduce mineral availability
leading to disturbance of ATP/ADP ratio and nucleic acids synthesis. Similar response is
observed for water deficit reaction (Balakumar et al., 1993; Yang et al., 2000), although there
is no direct evidence for a simple drought-induced anthocyanin synthesis. One possible
explanation has been obtained from the purple-coloured xanthophyll named rhodoxanthin.
It has been noted that rhodoxanthin is stored in Aloe vera L. cells in the response to water
stress and protects against strong light and phototoxic damage (Diaz et al., 1990).

The response to tissue injury and pathogen attack also initiates pigments synthesis
(Hammerschmidt and Nicholson, 1977; Hipskind et al., 1996), as has been shown for fungal
elicitors (Rajendran et al., 1994; Fang et al., 1999; Chlebicki, 2004) pesticides, hormones and
roots reduction (Cobbina and Miller, 1987) as well as oxidative factors such as ozone (Foot et
al., 1996), because anthocyanins are crucial to reduce and alleviate effects of generated free
radicals (Diaz et al., 1990; Weger et al., 1993). Yet, despite strong antioxidant properties (four
times more effective than ascorbic acid) (Yamasaki et al., 1997; Yamasaki, 1997),
anthocyanins are spatially separated from the main sites of radicals production (mitochondria
and chloroplasts). In addition, ROS except hydrogen peroxide are characterized by limited
cell mobility (Rice-Evans et al., 1997; Wang et al., 1997). Two theoretical mechanisms of
scavenging action of anthocyanin are proposed. Firstly, it is proposed that de novo
synthesised pigments, before relocation to vacuole may actively neutralize ROS in the
cytoplasmic pH (Brouillard and Dangles, 1993), as such mechanism allows to act with
broaden spectrum of produced ROS. Second mechanism is related to dyes already stored in
vacuole sap, mostly to hydrogen peroxide, as H,O, is able to diffuse easily through the
tonoplast.

Anthocyanins of generative structures

Anthocyanins, accumulated in vegetative tissues, are mainly red-coloured cyanidin
derivatives. Composition of anthocyanins stored in generative structures, is far more complex,
as UV colour and pattern are crucial to entice pollinators (Harborne, 1965; Harborne and
Grayer, 1994) and ensure reproductive success. Colourful flowers and fruits are common
adaptation for pollination and seeds dispersal (Harborne, 1965). Kay et al. (1981) confirming
the importance of anthocyanins in plant propagation. The starting point for researchers was to
explain the differences in the structure of leaf and flower epidermis cells. The fist one has a
slightly lenticular (“flat") shape while typical epidermis cell is conical (“papillary"”). Analyses
of 200 plant species from nearly 60 families showed that flat petal cells were characteristic
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only for 5.5% of them (e.g. Paeonia). Papillary shape has been explained as an adaptation to
extend path length of light reaching petal surface. As a result more light passes through the
pigment-rich vacuole. Finally transmitted light is scattered from lower spongy mesophyll cells
and perceive as much "deeper” colour (Martin et al., 2002). Anthocyanins absorb mostly
green, UV and partially blue, while the red light absorption is only negligible (McClure,
1975). Absorption of blue-green light with anthocyanins is undesirable, as it limits light
availability for photosynthesis (Pietrini and Massacci, 1998; Smillie and Hetherington, 1999).

The aim of the study was to estimate the role of anthocyanins as screening pigments in
plants exposed to high-light stress. To minimize species- and individual-related resistance we
have tested two different types of leaves formed by poinsettia plants - green and red ones and
analysed the influence of radiation stress on the maximal photochemical activity of
photosystem 11 (PSII) (Fv/Fm). We also estimated chlorophyll and anthocyanin concentration
as well as their distribution in leaf cells.

2. METHODOLOGY
Plant material

To assess anthocyanin role in plant high-light stress resistance we used a short-day
poinsettia plant Euphorbia pulcherrima Willd. ex Klotzsch. Plants were grown in controlled
condition (130 pmol m™s™ white fluorescent light, 25/18 °C day/night, RH = 65%) at 16/8h
light regime for first 10 weeks to forced only vegetative growth with green assimilation
leaves. For next 12 weeks we were systematically changing light regime (to final 8h/16h) to
provide short-day condition and initiate formation of another, anthocyanin-rich leaf type (red),
named bracts, directly related to mechanism of pollinators enticement.

Chlorophyll a and b content

Leaf discs (5 mm diameter) were cut from green and red leaves of poinsettia, weighed
and placed separately in 2 mL tubes. Extraction was carried out in dim light with cold
solvents to minimize pigments degradation. 1 mL of 80% buffered acetone solution per 100
mg of fresh weight (FW) was added, homogenized with mini grinder and vortexed for 2 min.
Prepared tubes were centrifuged for 5 min, 10 000 rpm. Supernatant solution was gently
collected to avoid pellet disturbance, diluted five times with 80% buffered acetone and
analysed spectrophotometrically in quartz cuvette. Absorbance was measured at 646, 663 and
720 nm and chlorophyll a and b content was estimated according to Lichtenthaler and
Wellburn (1983).

Anthocyanins content

For anthocyanins assessment 5 mm leaf discs were cut from green and red leaves and
dried in the oven at 105 °C for 24h. 100 mg dried tissue (DW) were placed in 2 mL tubes.
Then 1.5 mL of glacial acetic acid, H2Ogesties @and pure methanol solution (mixed in 7:23:70
viviv proportions) was added to tubes, vortexed for 2 min and left in dark place for 2h. Tubes
were centrifuged for 5 min, 10 000 rpm. Supernatant solution was gently collected to avoid
tissue pellet disturbance, diluted five times with mentioned solution and assessed
spectrophotometrically in quartz cuvette. Absorbance was measured at the anthocyanin Amax
of 532 nm. Obtained absorbance values were used to determine the anthocyanin content based
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on the molar extinction coefficient of 33.000 for cyanidin-3-glucoside equivalents (Neill et
al., 2002)

Determination of anthocyanin distribution in the leaf blade

Leaves and bracts of poinsettia were collected and cut with razor to thin slices. Obtained
leaf cross sections were suspended in drops of glycerol on a basic slide, covered with a cover
slide and observed in a light microscope Nikon Eclipse E100-LED with 10 x 20
magnification. The photos were taken using a digital camera.

Maximal PSII quantum yield of the upper and lower leaf surface

Fv/Fm parameter was estimated to determine the maximal photochemical activity of
PSII of both surface of leaf blade. We used pulsed amplitude modulation technique (PAM) to
measure chlorophyll fluorescence induction of leaves with the PAM-2000 fluorometer (Walz
GmbH, Germany). Analyses were carried out with leaf adapted to darkness for 20 min with
PAM-2000 Dark Leaf Clip DLC-8, attached to fluorometer.

High light stress treatment of green and red leaves

Green and red leaves were collected, placed on wet paper and darkened for 20 min.
Next we analysed the Fv/Fm parameter with PAM-2000 fluorometer. To initiate high-light
stress leaves were exposed to light intensity of 1700 umol m™ s ™ for 90 min (LED Light
Source SL 3500-C, 627:530:447 nm; Photon Systems Instruments, Brno, Czech Republic).
After treatment leaves were adapted to darkness for 20 min and Fv/Fm was estimated.

Statistical analysis

All statistical analyses were performed using STATISTICA 12.0 software (StatSoft
Inc., Oklahoma, USA). Normally of the random variables distribution was verified with
Shapiro-Wilk’s at the 0.05 significance level. To determine difference in means between
evaluated parameters and the control we used Student's t-test at 0.05 significance level.

3. RESULTS AND DISCUSSION
Chlorophyll and anthocyanin concentration

Euphorbia pulcherrima is characterized by the periodic, short-day-dependent
development of red (also orange, pink, green and white) bracts, incorrectly attributed to be
kind of petals as they are actually modified leaves forming the type of rim under the
inflorescence (Szweykowska and Szweykowski, 1993). We analysed the distribution and
content of both photochemical active (Figure 3A) as well as screening-enticed pigments in
both leaf types. The average content of chlorophyll a and b in green leaves was 2.31 mg per g
of FW and in red one we noted only 0.16 mg, meaning that green leaves have nearly 14.5
times more chlorophyll which seems to be reasonable as their main function is photosynthetic
assimilation. Similar estimation of the total chlorophyll content was noted by Banerji and
Sharma (1979) but did not confirmed by Woodrow and Grodzinski (1987), proving clear
variability in the chlorophyll content of various poinsettia cultivars.
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Figure 3. Chlorophyll a and b (A) and anthocyanins (B) concentration extracted from green
and red leaves of Euphorbia pulcherrima Willd. ex Klotzsch. Bars show mean + SD;
(n = 12). *Student’s t-test; P<0.05 relatively to control (green leaf).

Opposite results were noted for anthocyanins estimation as green leaves accumulated
4.5 times less dyes than bracts (Figure 3B), clearly connected with role of red leaves in
pollinators enticement. Low anthocyanins level in green leaves is related to non-stress,
moderate light growth condition as dyes have a crucial influence on light intensity reaching
deeper leaf layers and driving photosynthesis. Anthocyanin concentration documented in
green leaves was relatively low, yet Banerji and Sharma (1979) found no dyes in green leaves
at all. As we mentioned generative structures are characterized by heterogeneous dyes
composition. To simplify extraction procedure we selected prevailing dye and implied it
represents anthocyanin pool. For this purpose the absorbance coefficient for
cyanidin-3-glucoside as the dominant in E. pulcherrima leaves has been chosen (Asen, 1958).

Absorbance was measured at A = 532 nm to evaluate total anthocyanin content (Neill et
al., 2002).

Pigment distribution in leaf blade

Microscopic analyses of leaf cross sections revealed that within green leaves (figure
4A), there is no clear area occupied byanthocyanins resulted from their low level and high
chlorophyll accumulation. Dyes distribution in bracts (Figure 4B) clearly showed that
anthocyanins are mainly accumulated in palisade mesophyll cells, just below the upper
epidermis. Such localization was also confirmed in early studies (Merzlyak et al., 2008).
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Deeper leaf layers stored less anthocyanins and this was noticeable till abaxial (lower)
surface. Interestingly fewer dyes were also noted for top epidermis cells. Gradient of
anthocyanins accumulation is related to generative function of bracts as attractors for
pollinators, which in case of poinsettia, are mostly hummingbirds and butterflies. Cross
section analyses also proved that red leaves are approximately 52% thicker than assimilation
leaves and the latter ones possess higher density of cell structure. Those features are adaption
to extend light path penetrating inside the red leaf.

Analysed plant formed kind of inflorescence named the cyathium. Cyathia are unisexual
(several male and one female), much reduced flowers grouped inside a zygomorphic structure
surrounded by mostly red-coloured modified leaves named bracts (Sahagin-Godinez and
Lomeli-Sencion, 1997). Increased anthocyanin concentration in bracts is also associated with
a photoprotective function of lower, photosynthetic active green leaves (Weger et al., 1993;
Smillie and Hetherington, 1999).

We analysed the maximal quantitative yield of photosystem Il in green and red leaves of
poinsettia. Measurements were made on the lower and upper surface of the leaf blade. As we
expected analyses proved higher PSII activity of green leaves both on adaxial and abaxial side
(Figure 5). Yet, there was no simple relationship between the Fv/Fm and the chlorophyll
content, measured for both leaves, clearly proved by nearly 14.5 times higher pigments
concentration which is related to only 18 to 25% higher PSII activity of green leaves, for the
lower and upper surface, respectively.
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Figure 4. Light microscopy cross-sections of Euphorbia pulcherrima Willd. ex Klotzsch of
green (A) and red (B) leaf. AD - adaxial (upper) leaf surface.
Nikon Eclipse E100-LED. x200.

Comparison of green and red leaf maximal PS11 quantum yield (Fv/Fm)

We analysed the maximal quantitative yield of photosystem Il in green and red leaves of
poinsettia. Measurements were made on the lower and upper surface of the leaf blade. As we
expected analyses proved higher PSII activity of green leaves both on adaxial and abaxial side
(Figure 5). Yet, there was no simple relationship between the Fv/Fm and the chlorophyll
content, measured for both leaves, clearly proved by nearly 14.5 times higher pigments
concentration which is related to only 18 to 25% higher PSII activity of green leaves, for the
lower and upper surface, respectively.

What is more, the side-depended Fv/Fm difference was negligible (1%). A bit confusing
results may be however explained based on earlier experiments of Hill's reaction with 2,6-
dichlorophenolindophenol (DCPIP) (PSII electron acceptor) documented by Banerji and
Sharma (1979) and stated that chloroplasts from bracts are intrinsically more active than those
from green leaves. Analyses indicated that PSII activity in red bracts is nearly 60% higher
than noted for green leaf despite significantly reduced chlorophyll level and accumulation of
light absorbing anthocyanins. The same conclusions were also showed in brief
communication by Pomar and Ros Barcel6 (2007).
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Figure 5. Maximal PSII quantum yields (Fv/Fm) of the adaxial and abaxial leaf surface of
Euphorbia pulcherrima Willd. ex Klotzsch measured after 20 min dark adaptation. Bars show
mean + SD; (n = 12). *Student’s t-test; P<0.05 relatively to control (green leaf).

High light stress

The high light intensity (thirteen times higher than used for cultivation) was used to
induce radiation and oxidative stress in chloroplasts and to evaluate proposed mechanism of
anthocyanins PSII protection. Such light exposition allows inducing in short time significant
PSII disturbances, easy to note with Fv/Fm measurements. The obtained results were
compared with the control sample indicated a reduction in the maximal PSII quantum yield,
with a much greater decrease in stress treated green leaves. We noted that Fv/Fm after 90 min
of excess light irradiation decreased to 45.7% and 87.4% of control values in green and red
leaf, respectively.

Proposed explanation of higher bracts resistance to high-light is antioxidant properties
of anthocyanins alleviating oxidative stress as well as reducing amount of light intensity
reaching chloroplast. Latter explanation was also mentioned in Pomar and Ros Barcel6 (2007)
paper. Photoinactivated, by excess light, electron transport from PSII contributes to the
reactive oxygen species generation mainly due to D1 protein destruction (Kacperska, 2002).
Scavenging properties of anthocyanins are mainly connected with types of substituents
attached to B-ring (Taubert et al., 2003). In case of poinsettia ROS-scavenging is managed
mostly by cyanidin-3-glucoside with hydroxyl groups attached to the benzene ring in the
ortho- position. Such structure, named catechol is responsible for ROS interaction. Active
oxygen moieties like superoxide radical react with catechol and transform it into semichinone,
much less reactive radical. It is also postulated that oxidized by ROS anthocyanins are
reduced with ascorbic acid (Bors et al., 1994; Jovanovic and Simic, 2000).

The presented mechanism is an elegant explanation of observed for green and red leaves
HL resistance. Therefore we concluded that observed in bracts slight decrease in Fv/Fm is
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clearly related to the protective role of anthocyanins, limiting the access of strong light to
deeper leaf layers and alleviating ROS action.
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Figure 6. Maximal PSII quantum yield (Fv/Fm) of green and red leaves of Euphorbia
pulcherrima Willd. ex Klotzsch without (control) or after high light exposition (1700 umol
m? s, 90 min) measured after 20 min dark adaptation. Bars show mean + SD; (n = 12).
*Student’s t-test; P<0.05 relatively to control (green leaf).

4. CONCLUSION

Research clearly proved that anthocyanins accumulation enhanced plant high-light
resistance, and consequently acts as a semi-transparent light shield. We proved that
anthocyanins in leaves of E. pulcherrima contribute to the reduction of photosynthetic
damage caused by high-light stress. The mechanism of plant protection is mainly contributed
to the ROS scavenging and limiting light intensity reaching chlorophyll moieties, yet latter
mechanism seems less important, as there was almost no difference with Fv/Fm, despite
measured leaf surface. The significantly lower content of chlorophyll in red leaves is
compensated by the high PSII quantum yields in red leaf chloroplasts. We documented that
accumulation of anthocyanins in bracts is heterogeneous as most of dye is stored near the
adaxial surface, expect the top epidermis cells, where no anthocyanins were noted. Finally, we
should not forget that pivotal role of anthocyanins accumulated in poinsettia bracts is directly
related to their functions as part of inflorescence.
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