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In this study we exposed variegated leaves of Pelargonium zonale to strong sunlight (>1100 

μmol m−2 s−1 of photosynthetically active radiation) with and without paraquat (Pq), with the aim 

to elucidate the mechanisms of H2O2 regulation in green and white tissues with respect to the 

photosynthetically-dependent generation of reactive oxygen species (ROS). Sunlight induced 

marked accumulation of H2O2 in the apoplast of vascular and (peri)vascular tissues only in green 

sectors. This effect was enhanced by the addition of Pq. In the presence of diphenyl iodide, an 

NADPH oxidase inhibitor, H2O2 accumulation was abolished. Two tissues had distinct light-

induced responses: in photosynthetic cells, sunlight rapidly provoked ascorbate (Asc) 

biosynthesis and an increase of glutathione reductase (GR) and catalase activities, while in non-

photosynthetic cells, early up-regulation of soluble ascorbate peroxidase, dehydroascorbate 

reductase (DHAR) and GR activities was observed. Paraquat addition stimulated DHAR and GR 

activities in green sectors, while in white sectors activities of monodehydroascorbate reductase, 

DHAR and class III peroxidases, as well as Asc rapidly increased. We discuss differential 

antioxidative responses in the two tissues in the frame of their contrasting metabolisms, and the 

possible role of (peri)vascular H2O2 in signaling. 

Abbreviations:  

ABA, abscisic acid; APX, ascorbate peroxidase; Asc, reduced ascorbate; CAT, catalase; DAB, 

3,3’-diaminobenzidine; DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; GR, 

glutathione reductase; GSH, reduced glutathione; GSSG, oxidized form of glutathione; HPLC, 

high-performance liquid chromatography; MDAR, monodehydroascorbate reductase; O2
•–, 

superoxide anion radical; PAR, photosynthetically active radiation (400-700 nm); PODs, class 

III peroxidases; PS, photosystem; ROS, reactive oxygen species; RsA, redox state of ascorbate; 

RsG, redox state of glutathione; Pq, paraquat (methyl viologen); SDS-PAGE, sodium 

dodecylsulphate polyacrylamide gel electrophoresis; SOD, superoxide dismutase. 

 

Key words 

Abscisic acid, ascorbate-glutathione cycle, strong light, hydrogen peroxide, paraquat, variegated 

plants. 

 

 

1. Introduction 
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In green leaves, the photosynthetic electron transport chain and photorespiration are the main 

sources of reactive oxygen species (ROS), even under optimal growth conditions (Foyer and 

Shigeoka, 2011). In addition to photosynthetic tissue, green-white variegated plants (such as 

Pelargonium zonale) have non-photosynthetic tissue lacking functional chloroplasts and 

peroxisomes (Vidović et al., 2015). Therefore, in this tissue, the most important sources of ROS 

generation are the mitochondrial electron transport chain and apoplast (Møller, 2001; Sierla et 

al., 2013). However, the respiration rate in non-photosynthetic leaf tissue of variegated P. zonale 

was significantly lower compared to the photosynthetic tissue (Toshoji et al., 2011). 

In our previous studies, we have characterized two different antioxidative systems in 

photosynthetic and non-photosynthetic leaf tissues of P. zonale (Vidović et al., 2016; 2015). 

Non-photosynthetic tissue had constitutively higher activities of enzymes involved in ascorbate-

glutathione (Asc-GSH) cycle and Cu/Zn superoxide dismutase (SOD) compared to the 

photosynthetic tissue. Moreover, higher cytosolic ascorbate and total cellular glutathione 

contents in non-photosynthetic cells compared to the photosynthetic ones were observed. 

Photosynthetic tissue is distinguished from non-photosynthetic tissue by higher total ascorbate 

content as well as higher catalase (CAT) and thylakoid ascorbate peroxidase (APX) activities. 

Under optimal growth conditions, photosynthetic tissue contained higher level of carbonylated 

proteins than non-photosynthetic tissue, which was even more pronounced under high light, 

confirming more intensive pro-oxidative conditions in this tissue type (Vidović et al., 2015). 

High light intensity accelerates superoxide anion radical (O2
•–) generation at photosystem 

I (PS I) through reduction of molecular oxygen in the Mehler reaction (Asada, 2006). In addition 

to high light, the herbicide paraquat (Pq, known as methyl viologen) is commonly used to induce 

oxidative stress in chloroplasts through predominant acceleration of the Mehler reaction 

(Neuhaus and Stitt, 1989; Kangasjärvi et al., 2008; Scarpeci et al., 2008; Stonebloom et al., 

2012). In addition to its toxicity to chloroplasts, Pq2+ is also toxic to mitochondria (but to a lesser 

extent), since it can be reduced by electrons “leaking” from complex I, and therefore impair the 

redox homeostasis in these organelles (Asada, 2000; Vicente et al., 2001; Cochemé and Murphy, 

2008, Lascano et al., 2012). Intensive Pq treatment (prolonged application or higher 

concentrations) can result in severe membrane damage and cell death (Li et al., 2013).  

In this study, we investigated the dynamics of Asc-GSH cycle components, CAT and 

class III peroxidases (POD) in variegated P. zonale leaves during a 9-h period under increased 
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cellular H2O2 availability. Considering that photosynthetic and non-photosynthetic leaf cells 

have different constitutive H2O2 regulating systems under optimal growth conditions, we 

expected that the two tissues would have distinct responses to oxidative stress induced by light 

excess and the pro-oxidative agent, Pq. We hypothesized that accumulation of H2O2 would be 

higher in photosynthetic tissue due to increased ROS generation dependent from photosynthesis. 

Furthermore, we examined whether photosynthetically derived H2O2 accumulation might be 

involved in intercellular signaling between photosynthetic and non-photosynthetic leaf tissue. 

 

2. Material and methods 

 

2.1. Plant material and experimental conditions 

The variegated Pelargonium zonale cv. “Ben Franklin” plants were purchased from Fir Trees 

Pelargonium (Stokesley, North Yorkshire, UK) nursery. Plants were grown and propagated 

under 250 μmol m−2 s−1 of photosynthetically active radiation (PAR, 400-700 nm) under 14/10 h 

day/night photoperiod, 26/18oC day/night temperatures and relative humidity of 60-70%. This 

cultivar is a periclinal chimera with white leaf margins, caused by the lack of functional 

chloroplasts in L2 and L3 cell layers (hypodermis and mesophyll), while chloroplasts were 

observed in the guard cells in L1 layer (epidermis) (Vidović et al., 2016).  

For controls, separated white and green areas of dark adapted leaves (four fully 

developed leaves per plant, four plants in total) were immediately frozen in liquid nitrogen and 

stored at −80ºC until analysis. Further, three dark adapted leaves per plant from ten plants in total 

were excised at the base of stems with a razor blade, and one half was placed in 1.5 mL tubes 

covered with Alu foil filled with water, and the other half in 100 µM Pq solution in water. All 

leaves were exposed to direct solar radiation over 9 h on a clear, sunny day, when maximal PAR 

was almost 2000 μmol m−2 s−1 at noon (Fig. A1), which exceeds the intensity required for 

achieving maximal net CO2 assimilation rate (400 μmol m−2 s−1, light curves are not shown).  

 The dynamics of the responses of antioxidants in P. zonale leaves treated with Pq were 

monitored in relation to only sunlight exposed leaves and dark adapted leaves. The amount of Pq 

taken up by the whole leaf was calculated by measuring the volume of remained solution per 

leaf. The average amounts of Pq in the whole leaf were: 16.2 ± 1.6; 120.4 ± 7.0; 262.9 ± 20.9 
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nmol g−1
FW, after the 1st, the 4th and the 9th h of exposure, respectively. The experiments were 

repeated three times in the period from June to September.  

 

2.2. Ascorbate and glutathione redox status analysis 

Measurements of reduced ascorbate (Asc), dehydroascorbate (DHA), reduced and oxidized 

glutathione (GSH and GSSH) contents in the photosynthetic and non-photosynthetic leaf tissue 

were performed by high-performance liquid chromatography (HPLC, Shimadzu LC-20AB 

Prominence liquid chromatograph, Shimadzu, Kyoto, Japan) as described by Vidović et al. 

(2015). The redox state of ascorbate (RsA) was calculated as a percentage of Asc in total 

ascorbate (Asc + DHA) content, while the redox state of glutathione (RsG) was calculated as: 

100% × [GSH/(GSH + 2GSSG)].  

 

2.3. Enzyme extractions and assays 

Extraction of soluble ascorbate peroxidase (APX, EC 1.11.1.11), monodehydroascorbate 

reductase (MDAR, EC 1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1), glutathione 

reductase (GR, EC 1.8.1.7), class III peroxidases (PODs, EC 1.11.1.7), catalase (CAT, EC 

1.11.1.6) and superoxide dismutase (SOD, EC 1.15.1.1) was performed as reported previously 

(Vidović et al., 2016).  

The activities of antioxidative enzymes were determined spectrophotometrically, in 

triplicates, using a temperature-controlled spectrophotometer (Shimadzu, UV-160, Kyoto, 

Japan), as described in our previous study (Vidović et al., 2016).  

 

2.4. SDS-PAGE and SOD gel blot analysis 

For SOD gel blot analysis, 7 µg of total soluble proteins of green and white leaf extracts were 

separated by SDS-PAGE (15% gel) and electrotransferred to a polyvinylidene difluoride 

membrane according to Vidović et al. (2016). For Cu/Zn SOD detection primary antiserum: 

rabbit anti-Arabidopsis chloroplastic Cu/ZnSOD (CSD2) antiserum (AS06 170, Agrisera) 

(diluted 1:1000) was used. Equal loading was confirmed by staining the replicate gels with 

silver.  

 

2.5. Detection of accumulated H2O2 
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Detection of H2O2 was based on the 3,3’-diaminobenzidine (DAB) ‘up-take’ method according 

to Fryer et al. (2003). After exposing leaves to high light (1100 ± 100 μmol m−2 s−1) and 100 

µM Pq for 1 h (at least twenty variegated leaves, from ten plants in total per treatment), they 

were placed in tubes filled with solution of 1 mg mL−1 DAB in 100 mM sodium acetate buffer 

(pH 3.8) and returned to the same light irradiance. After 1 h, leaves were cleared in boiling 70% 

(v/v) ethanol (for 10 min) with 10% glycerol. The same results were obtained when leaves were 

incubated in DAB (with and without Pq) immediately upon light exposure. In addition, different 

leaf morphotypes, sectorial chimeras, totally green and totally white leaves were used. As a 

negative control, detached leaves were placed in the buffer solution containing no DAB, and 

after chlorophyll removal they showed no brown precipitate. Only leaves that absorbed equal 

amounts of DAB (350 ± 25 µg g−1
FW on average) were analyzed. Each leaf was photographed 

before and after chlorophyll removal, and high resolution images were made using an Olympus 

BX41light microscope equipped with Olympus C7070 camera (Olympus Optical Co., 

Hamburg, Germany). 

Densitometric analysis of H2O2 accumulation was performed using ImageJ software 1.45 

version (http://imagej.nih.gov/ij/) similar to the method described by Morina et al. (2016). 

Accumulation of H2O2, measured as staining intensity is presented in arbitrary units. 

In order to determine the site and source of H2O2 generation, we incubated leaves for 1 h 

under high light in 0.1 mM diphenyl iodide (DPI), a NADPH oxidase inhibitor, in solution 

containing exogenous ABA (0.1 mM) and in solution containing 50 U of exogenous CAT (from 

bovine liver) (similarly as described in Hu et al., 2006). The efficiency of ABA and CAT 

absorption by leaves was confirmed. In total, ten leaves for each pre-treatment were used. After 

pre-treatment, leaves were incubated in DAB solution as described above. 

 

2.6. Measurements of stomatal conductance  

Direct readout of stomatal conductance (gs) was done using a porometer (AP4, Delta-T, 

Cambridge, U.K.). Recordings were done on photosynthetic and non-photosynthetic tissue from 

fully developed leaves exposed to different treatments. For each treatment, three leaves per plant 

(four plants in total) were used. 

 

2.7. Abscisic acid determination 
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For ABA content determination, leaves were separated to: 1. white sectors (non-photosynthetic 

tissue), 2. (peri)vascular tissue which consisted of several main veins, all extending from the 

leaf petiole from green sectors, and 3. to the rest of green sectors (photosynthetic tissue), 

similarly as described in Kuźniak et al. (2016). ABA content was determined by indirect 

enzyme-linked immunosorbent assay (ELISA) following the procedure described in Morina et 

al. (2016). Three fully developed leaves per seven plants per treatment were detached and 

exposed to growth light (250 μmol m−2 s−1 PAR), high light (1100 ± 100 μmol m−2 s−1 PAR) or 

100 μM Pq for 1 h. In addition, samples from dark adapted leaves were collected. Finally, all 

three leaves originating from the same plant were pooled together (tissues were separated) and 

analyzed.  

 

2.8. Statistical analysis 

The significance of tissue type effect on enzyme activities, ascorbate and glutathione pools, as 

well as significant differences in antioxidants’ levels between dark adapted leaves (control), and 

1 h, 4 h and 9 h of sunlight and Pq exposure, in photosynthetic and non-photosynthetic leaf 

tissues, separately, were tested by the Mann-Whitney U test. Tukey’s post hoc test was used to 

test for significant differences of stomatal conductance and ABA contents among treatment 

groups for each tissue type. Both tests were conducted with IBM SPSS statistics software 

(Version 20.0, SPSS Inc., Chicago, USA). The significance threshold value was set at 0.05. 

  

3. Results 

 

3.1. The effect of sunlight and Pq on Asc and GSH leaf content 

In the dark adapted leaves, Asc contents were similar in both tissue types, while higher ascorbate 

redox state (RsA) was detected in the photosynthetic tissue compared to the non-photosynthetic 

one (Fig. 1).  

 Upon sun exposure, both Asc and DHA levels doubled rapidly (within the 1st h) in 

photosynthetic cells, and the RsA remained unchanged. Asc content decreased over time and 

after 9 h it reached the same level as in dark adapted leaves (for statistical significance see Table 

A1). The initial stimulation of Asc biosynthesis in photosynthetic cells was omitted under Pq 

treatment, without changes in RsA. Non-photosynthetic cells responded to sunlight exposure by 
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rapid Asc oxidation, which was recovered after 4 h. On the contrary, Pq addition suppressed the 

initial increase of DHA content in the same tissue, and provoked an increase of Asc content (Fig. 

1; Table A1). 

 

Fig. 1.  

 

In the dark adapted plants, non-photosynthetic cells had three-fold higher content of GSH 

and two times higher glutathione redox state (RsG) compared to the photosynthetic ones (Fig. 2; 

Table A2). This tissue-specific glutathione distribution was also observed under optimal light 

conditions, in which the total glutathione content was about two-fold higher in non-

photosynthetic compared to photosynthetic cells (Vidović et al., 2016). 

  

Fig. 2.  

  

Both strong sunlight and Pq induced a similar transient GSH increase within 1 h in 

photosynthetic cells, accompanied by 3-fold decrease of GSSG (compared to respective controls; 

Fig. 3, Table A2). In non-photosynthetic tissue, however, GSSG content slightly increased under 

sunlight, while a rapid three-fold increase was observed with Pq. Accordingly, rapidly increased 

RsG in photosynthetic tissue was maintained at a higher level than in controls under both 

sunlight and Pq, while in non-photosynthetic tissue it gradually decreased with time.  

 

3.2. The effects of sunlight and Pq on antioxidant enzyme activities 

The activities of APX, MDAR and GR were higher in non-photosynthetic compared to 

photosynthetic leaf tissues of dark adapted P. zonale plants (Fig. 3). In our previous study, under 

optimal light conditions, we showed significantly higher activities of APX, DHAR and GR in 

non-photosynthetic compared to photosynthetic cells (Vidović et al., 2016).  

The activity of soluble APX isoforms was strongly stimulated by sunlight in both leaf 

tissues, particularly in the non-photosynthetic ones. Addition of Pq omitted the light-dependent 

induction of APX in both tissue types. Furthermore, exposure to sunlight rapidly increased GR 

activity in both tissues, while Pq suppressed it (Fig. 3, Tables A3, A4). Photosynthetic cells 

responded to Pq with an abrupt decrease in MDAR, while in non-photosynthetic cells MDAR 
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activity progressively increased. Under sunlight, DHAR activity gradually increased up to 4 h of 

exposure in both tissues, while Pq rapidly enhanced DHAR activity, three-fold in photosynthetic 

and five-fold in non-photosynthetic tissue (Fig. 3, Table A4). 

 

Fig. 3.  

  

As expected, CAT activity was much higher in photosynthetic in comparison to non-

photosynthetic tissue (Fig. 4), similar to the results found under optimal light conditions 

(Vidović et al., 2016), although the difference was less pronounced in dark adapted leaves. The 

most striking effect of short (1 h) sunlight exposure in photosynthetic tissue of P. zonale leaves 

was a rapid increase of CAT activity in parallel with POD and GR stimulation (Figs. 3, 4; Table 

A3). In contrast to sunlight exposure, Pq addition increased POD activity only in non-

photosynthetic tissue.  

 

Fig. 4.  

 

Both high light and Pq stimulate O2
•– production at PS I, which is rapidly removed by 

chloroplastic Cu/ZnSOD (Ogawa et al., 1995; Asada, 2000). However, our results showed no 

significant increase of plastidic Cu/ZnSOD abundance in either cells types under both treatments 

(Fig. A2). 

 

3.3. H2O2 accumulation  

In the leaves exposed to high light (HL: 1100 ± 100 μmol m−2 s−1 PAR), the significant H2O2 

accumulation (four-fold higher than under growth light, GL: 250 μmol m−2 s−1 PAR) was 

restricted to photosynthetic tissue, especially to the tissue along the vascular region (in the case 

of plain leaf - up to the leaf edge; Fig. 5A). No staining was observed in the leaves incubated 

only in DAB under growth light, as described previously (Vidović et al., 2016) (Fig. 5C). The 

same staining pattern as under HL, but more intensive brown coloration indicating higher H2O2 

accumulation (P < 0.001, Mann-Whitney U test) was observed in the leaves incubated with Pq 

under HL (Fig. 5B). In the leaves exposed to Pq solution under GL, H2O2 accumulation was 



10 

 

observed only in the main veins of green leaf area compared to GL (P = 0.017, Mann-Whitney U 

test) (Fig. 5D).  

On the other hand, no H2O2 accumulation was observed in non-photosynthetic leaf tissue 

in any of the treatments. This was confirmed by using different leaf morphotypes (sectorial 

chimeras and totally white and green leaves; Fig. 5) in order to exclude the differences related to 

the position of white tissue on the edge of the leaf compared with the center of the leaf. 

  

Fig. 5.  

 

To confirm that H2O2 accumulation was related to photosynthetic activity, green leaf 

areas were kept in the dark during DAB uptake. Only high light-exposed green leaf sectors 

showed significant H2O2 accumulation (Fig. A3).  

Under high resolution (40, 100 x magnification), the most intensive coloration was 

observed in the apoplastic space of vascular tissue followed by surrounding bundle sheet cells, 

and the lowest in the apoplastic space of mesophyll cells (all in green leaf sectors) (Fig. A4). No 

staining was observed in epidermal tissue (data not shown).  

In order to explore the source of high light-induced H2O2 generation in the apoplast, 

leaves were pre-treated with DPI, an inhibitor of NADPH oxidase responsible for O2
•– 

production, which is subsequently dismutated to H2O2 by extracellular SOD. Application of DPI 

inhibited H2O2 accumulation in vascular and perivascular area (P < 0.001 compared to HL, 

Mann-Whitney U test), confirming NADPH oxidase-dependent H2O2 formation (Fig. 6). The 

same result was achieved with exogenous CAT application through the leaf petiole (P = 0.006 

compared to HL, Mann-Whitney U test), which additionally confirmed that H2O2 was 

accumulated in the apoplastic space of (peri)vascular tissue.  

By pre-treating leaves with exogenous (synthetic) 0.1 mM ABA for 1 h (approximately 

40 nmol g-1
FW) at HL, we wanted to determine whether H2O2 accumulated under conditions that 

induce stomatal closure and limited CO2 supply. Exogenous ABA uptake inhibited 95% of 

stomatal conductance in green leaf sectors, and 65% in white ones. However, the distribution and 

DAB staining intensity were similar to control leaves exposed to HL (Fig. 6).  

 

Fig. 6.  
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3.4. Stomatal conductance 

Under growth light (GL), photosynthetic sectors had higher stomatal conductance compared to 

the white ones (Table 1; P = 0.001, Mann-Whitney U test). Exposure to high light for 1 h 

inhibited stomatal conductance (gs) by 20-30% compared to GL with no differences between the 

tissue types (Table 1). In comparison, Pq addition under high light (HL) had stronger effect only 

on photosynthetic cells, decreasing gs by 35%. Although we detected slight H2O2 accumulation 

in green leaf sectors treated with Pq under GL, the stomatal conductance was unaffected. 

Interestingly, stomata were not affected by Pq in non-photosynthetic cells under both light 

regimes.  

  

 

3.5. ABA distribution  

Since we found significant changes in enzyme activities already after the 1st h and apoplastic 

H2O2 accumulation, we measured the ABA concentration in photosynthetic (main veins 

removed), (peri)vascular and non-photosynthetic tissues to associate its role with early stress 

response. Under GL, ABA content was almost twice as high in photosynthetic and (peri)vascular 

tissue than in non-photosynthetic tissue (Table 2; P = 0.010, Mann-Whitney U test). High light 

rapidly stimulated ABA accumulation in all three leaf areas (5 to 10 times, P < 0.029 Mann-

Whitney U test) compared to GL. Under Pq+HL treatment, decreased stomatal conductance in 

photosynthetic tissue (Table 1) was correlated with ABA accumulation, while in non-

photosynthetic tissue we observed only a slight decrease of ABA content. In addition, Pq 

invoked a decline of ABA content in (peri)vascular tissue (P = 0.029, Mann-Whitney U test; 

Table 2). Moreover, the sum of the ABA decrease in non-photosynthetic and (peri)vascular 

tissues (393.4 ng g−1
FW, P < 0.029 Mann-Whitney U test) under HL+Pq corresponded to the 

amount of ABA accumulated in photosynthetic tissue (404.2 ng g−1
FW, P < 0.029 Mann-Whitney 

U test) compared to HL.  

 

 

4. Discussion 
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In this study, we showed that, under progressive pro-oxidative conditions induced by strong 

sunlight and Pq, H2O2 significantly accumulated only in illuminated green sectors, and was 

restricted to the extracellular space of vascular and adjacent photosynthetically active cells (Figs. 

5, A3). Similar light-induced H2O2 accumulation in the (peri)vascular area has been reported in 

Arabidopsis thaliana and Mesembryanthemum crystallinum (Mulineaux et al., 2006; Kuźniak et 

al., 2016).  

The extracellular H2O2 accumulation in the (peri)vascular tissue of green leaf segments 

was additionally confirmed by uptake of exogenous CAT through the leaf petiole, which 

abolished brown coloration (Fig. 6). Further, we showed that the generation of H2O2 was directly 

dependent on the activity of NADPH oxidase, as evidenced by application of its inhibitor, DPI. 

Similar findings were reported in maize leaves subjected to osmotic stress (Hu et al., 2006), and 

in illuminated wheat protoplasts treated with Pq (Robert et al., 2009). Our findings are in line 

with recent studies indicating that H2O2 derived from NADPH oxidase in the apoplast of bundle 

sheet cells was involved in rapid intercellular signal propagation during acclimatization to high 

light (Galvez-Valdivieso et al., 2009; Miller et al., 2009; Szechyńska-Hebda et al., 2010; Mittler 

and Blumwald, 2015). In addition, Fryer et al. (2003) suggested that chloroplasts in bundle sheet 

cells were more susceptible to H2O2 accumulation compared to mesophyll cells under a 

stimulated Mehler reaction, due to limitations in the CO2 supply. However, even under decreased 

stomatal conductance caused by the uptake of exogenous ABA in our study, H2O2 accumulation 

in interveinal leaf sectors did not increase (Fig. 6).  

We propose that the absence of H2O2 accumulation in mesophyll cells of P. zonale leaves 

under strong sunlight and Pq treatment was the result of efficient antioxidative metabolism in 

leaf cells. Additional evidence for efficient H2O2 scavenging was the absence of APX and 

chloroplastic Cu/ZnSOD inactivation (Figs. 3, A2). The Cu/ZnSOD is inactivated at 10-4 molar 

concentration of H2O2 (Casano et al., 1997), while under conditions of low Asc concentrations, 

H2O2 rapidly inactivates APX activity (Kitajima et al., 2008; Maruta et al., 2016). Similar results 

related to Cu/ZnSOD in P. zonale were also obtained in sugarcane and Arabidopsis leaves 

treated with Pq (Chagas et al., 2008; Scarpeci et al., 2008).  

Our previous results showed that the main antioxidants in photosynthetic cells were Asc, 

thylakoid-bound APX and CAT, while in non-photosynthetic cells those were GSH, Asc-GSH 
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cycle enzymes, and Mn and Cu/Zn SOD (Vidović et al., 2016). Accordingly, sudden exposure to 

pro-oxidative conditions caused distinctive responses in green and white leaf sectors.  

The significant difference between photosynthetic and non-photosynthetic tissue was 

induction of total ascorbate accumulation by strong sunlight solely in green sectors (Fig. 1), 

which implies the role of photosynthesis in Asc biosynthesis. Stimulation of Asc biosynthesis by 

high PAR has already been reported in Arabidopsis (Bartoli et al., 2006), and in photosynthetic 

cells of P. zonale (Vidović et al., 2015). On the other hand, the dynamics of GSH content under 

strong sunlight was similar, though it was significantly higher in non-photosynthetic compared to 

photosynthetic tissue over the course of the experiment. We have recently discussed the specific 

distribution of ascorbate and glutathione in relation to heterotrophic and autotrophic metabolisms 

in these two tissues (Vidović et al., 2016).  

In photosynthetic cells, sudden exposure to sunlight rapidly increased activities of GR 

and CAT, while activity of soluble APX increased after 4 h (Figs. 4, 5). On the other hand, in 

non-photosynthetic tissue, induction of soluble APX (constitutively higher in this cell type, and 

mainly consisted of cytosolic isoform, Vidović et al., 2016), was noted already 1 h after exposure 

to sunlight. This can be correlated with 2.6-fold higher level of Asc in the cytoplasm of non-

photosynthetic cells compared to the photosynthetic ones (Vidović et al., 2016). Although 

GalLDH abundance was constitutively higher in non-photosynthetic tissue (Vidović et al., 2016), 

we propose that the level of H2O2 was regulated through efficient Asc recycling (unchanged Asc 

content, increased APX, DHAR and GR activities) rather than Asc biosynthesis. These obviously 

different, tissue-specific strategies in maintaining ascorbate redox status may be attributed to the 

non-photosynthetic tissue dependence for ascorbate precursors (glucose, galactose and mannose; 

Ishikawa and Shigeoka, 2008) deriving from photosynthetic tissue (Vidović et al., 2015).  

The fast up-regulation of cytosolic APX isoforms (within 30 min) by excess light has 

been reported, and it has been associated with decreased GSH/GSSG ratio (Karpinski et al., 

1997; Szechyńska-Hebda et al., 2010). The delayed APX induction in photosynthetic cells in our 

study may be explained by the rapid increase of GSH/GSSG ratio and GR activity under sunlight 

(Fig. 2). This immediate and efficient reduction of GSSG, only in photosynthetic tissue, was 

dependent on reducing equivalents (NADPH) produced at PS I (Foyer and Noctor, 2011). 

Besides its widely accepted role in Asc-GSH cycle, GR may participate in the “fine tuning” of 
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H2O2-iniciated intra- and intercellular signaling pathways by modulating GSH/GSSG ratio 

(Mhamdi et al., 2010; Queval et al., 2011; Han et al., 2013).  

The different responses in photosynthetic tissue under sunlight and Pq exposure could be 

explained by different sites and rates of H2O2 generation, as well as different distribution of H2O2 

scavenging enzymes. Accordingly, Sewelam and co-workers (2014) showed that H2O2 produced 

in peroxisomes induced transcripts involved in protein repair responses, while H2O2 produced in 

chloroplasts provoked early signaling response and mitochondrial retrograde regulation.  

The absence of ascorbate accumulation under Pq treatment in photosynthetic tissue can 

be attributed to abolished ferredoxin photoreduction, an inevitable consequence of Pq treatment 

(Veljović-Jovanović, 1998; Asada, 2000; Yabuta et al., 2007). However, in non-photosynthetic 

tissue exposed to Pq the content of Asc increased after 1 h, presumably through its efficient 

recycling by enhanced MDAR and DHAR activities (Figs. 1, 3). Additionally, rapidly stimulated 

DHAR activity in photosynthetic cells, together with progressively increasing GR activity (Fig. 

3) might be responsible for maintaining high redox state of ascorbate (Fig. 1), when Asc 

biosynthesis was omitted by Pq. The importance of DHAR in defense against Pq-provoked 

oxidative stress was demonstrated by higher tolerance of transformed tobacco plants over-

expressing DHAR compared to wt and plants overexpressing chloroplastic APX and CAT (Lee 

et al., 2007). The absence of increased APX activity after Pq addition under sunlight in 

photosynthetic cells might be attributed to a Pq-induced lower plastoquinone redox state. High 

reduced plastoquinone state is required for triggering APX induction, as it was confirmed by 

using DCMU (Karpiński et al., 1997; Szechyńska-Hebda et al., 2010). Moreover, in the maize 

leaves treated with 50 µM Pq for 24 h, APX activity declined (Ding et al., 2009).  

Although enhanced generation of H2O2 under Pq treatment induced rapid Asc oxidation 

and monodehydroascorbyl radical formation in detached leaf (Veljović-Jovanović et al., 1998), 

we obtained gradual increase of MDAR in non-photosynthetic tissue under Pq, but not in the 

photosynthetic one. Moreover, dynamics of MDAR activity was correlated with POD activity 

(maximal values after 4 h). Sakihama et al. (2000) showed that MDAR can reduce phenoxyl 

radicals (such as quercetin radicals), generated by POD and H2O2. In our previous study we 

showed that kaempferol and quercetin in non-photosynthetic cells accumulated under high light 

(Vidović et al., 2015). Furthermore, high POD activity in this cell type might be correlated to 

60% higher volume of vacuole (Vidović et al., 2016), and significantly higher content of 
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endogenous POD co-substrates, such as p-coumaric acid and epicatechin compared to 

photosynthetic tissue (Vidović et al., 2015). Thus, we propose that in non-photosynthetic cells, 

which constitutively had lower ascorbate content, MDAR and POD were coupled with phenolic 

recycling.  

Despite the absence of functional chloroplasts in mesophyll cells, guard cells of non-

photosynthetic sectors of P. zonale leaves contain chloroplasts (Veljović-Jovanović et al., 2016), 

as observed in white sectors of variegated Chlorophytum comosum (Roelfsema et al., 2006). 

Under growth, light stomatal conductance was higher in green compared to white leaf sectors 

(Table 1), similarly as in other variegated species, Hedera helix and Chlorophytum comosum 

(Aphalo and Sánchez, 1986; Niewiadomska and Miszalski, 1995). However, the stomatal 

density and pore length were similar in both tissue types of P. zonale leaves (Veljović-Jovanović 

et al., 2016). Under growth light, endogenous ABA content was two times lower in non-

photosynthetic leaf tissue than in the photosynthetic tissue, which is in line with white leaves of 

maize mutant, vp5 (Hu et al., 2012). High light induced 5-10 times higher ABA content in the 

whole leaf, but significant stomatal closure only in green sectors (Tables 1, 2). The relationship 

between ABA (endogenous and exogenous) and stomatal conductance in the plain Pelargonium 

leaves has recently been confirmed by Boyle et al. (2016). ABA accumulation and localization 

caused by high light and Pq, (the highest amount in photosynthetic tissue) was not correlated 

with H2O2 distribution (the highest accumulation in (peri)vascular tissue). On the other hand, the 

involvement of ABA in systemic response to high light has been shown (Mittler and Blumwald, 

2015). According to unchanged level of total leaf ABA and the similar amounts of ABA which 

were reduced in non-photosynthetic and (peri)vascular tissue, and increased in photosynthetic 

tissue after Pq addition, we can assume that Pq provoked re-distribution of ABA from vascular 

and non-photosynthetic tissue to the rest photosynthetic tissue (Table 2). Increase of ABA in the 

photosynthetic mesophyll cells might be a part of protection strategy, since exogenously applied 

ABA alleviated Pq-induced oxidative damage in maize leaves (Ding et al., 2009). However, the 

Pq treatment during 12 h did not affect the content of total leaf ABA content in maize during the 

experimental period (Jiang and Zhang, 2002). 

Abrupt and transient changes in antioxidative enzymes’ activities in non-photosynthetic 

cells under strong sunlight and Pq could be triggered by an unknown signal from photosynthetic 

tissue. For example, Petrillo et al. (2014) described that signals from chloroplasts can be 
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transduced to roots involving certain redox sensitive protein kinases. However, according to the 

obtained antioxidative response and the complete absence of H2O2 accumulation, we hypothesize 

that non-photosynthetic leaf tissue may also have an individual response to progressive pro-

oxidative conditions, independently from photosynthetic tissue. 

 

Conclusion 

Comparison of the antioxidative changes induced by strong sunlight and Pq in two cell types of 

variegated Pelargonium leaf indicate that both tissues possessed the efficient Asc-GSH cycle 

able to maintain redox homeostasis during the first hours under stress. In addition, CAT activity 

in photosynthetic tissue contributed to efficient H2O2 scavenging, while in the non-

photosynthetic tissue this was attributed to increased PODs activity. Although enzymes of Asc-

GSH cycle (APX, DHAR and GR) and total glutathione pool were constitutively higher in non-

photosynthetic tissue, under progressive pro-oxidative conditions the reduction of oxidized 

glutathione was more efficient in photosynthetic tissue, emphasizing the role of 

photosynthetically-derived reducing equivalents. We suggest that the unexpectedly strong 

response in non-photosynthetically active tissue could be triggered by the signals from 

photosynthetic one, but not through extracellular H2O2 dependent on NADPH oxidase activity. 

On the other hand, it is possible that non-photosynthetic tissue responded independently, which 

could be supported by earlier/higher response of APX to sunlight, and MDAR, DHAR and POD 

to Pq. Thus, investigating long-distance signaling between photosynthetic and non-

photosynthetic tissue and the possibility of independent signal generation in non-photosynthetic 

tissue should be a goal in the future studies using this model system.  
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Figure captions 

Figure 1. Ascorbate pool in photosynthetic (black) and non-photosynthetic tissue (white) of P. 

zonale leaves during 9 h exposure to direct solar radiation in water (squares) and in 100 µM Pq 

solution (triangles). Bars show standard errors (n = 5). Significant differences between 

photosynthetic and non-photosynthetic leaf tissue according to the Mann-Whitney U test are 

indicated (*P < 0.05, **P < 0.01). C-control: photosynthetic and non-photosynthetic tissues of 

dark adapted leaves. 

 

Figure 2. Glutathione pool in photosynthetic (black) and non-photosynthetic tissue (white) of P. 

zonale leaves during 9 h exposure to direct solar radiation in water (squares) and in 100 µM Pq 

solution (triangles). Bars show standard errors (n = 4). Significant differences between 

photosynthetic and non-photosynthetic leaf tissue according to the Mann-Whitney U test are 

indicated (*P < 0.05). C-control: photosynthetic and non-photosynthetic tissues of dark adapted 

leaves. 
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Figure 3. Specific activities (U mg−1) of Asc-GSH cycle enzymes in photosynthetic (black) and 

non-photosynthetic tissue (white) of P. zonale leaves during 9 h exposure to direct solar radiation 

in water (squares) and in 100 µM Pq solution (triangles). Bars show standard errors (n = 4-5). 

Significant differences between photosynthetic and non-photosynthetic leaf tissue according to 

the Mann-Whitney U test are indicated (*P < 0.05, **P < 0.01). C-control: photosynthetic and 

non-photosynthetic tissues of dark adapted leaves. 
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Figure 4. Specific activities (U mg−1) of CAT and POD in photosynthetic (black) and non-

photosynthetic tissue (white) of P. zonale leaves during 9 h exposure to direct solar radiation in 

water (squares) and in 100 µM Pq solution (triangles). Bars show standard errors (n = 4-5). 

Significant differences between photosynthetic and non-photosynthetic leaf tissue according to 

the Mann-Whitney U test are indicated (*P < 0.05, **P < 0.01). C-control: photosynthetic and 

non-photosynthetic tissues of dark adapted leaves. 

 

Figure 5. Accumulation of H2O2 in P. zonale leaves detected by DAB ‘up-take’: A) after 1 h 

under high light (HL); B) after 1 h under 100 µM Pq + HL; C) after 2.5 h under growth light 

(GL); D) after 2.5 h under 100 µM Pq + GL (enough time to achieve equal uptake of Pq and 

DAB as under HL). Each leaf was photographed before and after chlorophyll removal. Hydrogen 

peroxide was visualized as brown coloration and the staining intensity presented in arbitrary 

units: HL, 28.5 ± 1.5; HL+Pq, 45.0 ± 4.1; GL, 7.7 ± 2.4; GL+Pq, 17.8 ± 1.2 (values present 

means ± SE, n = 15). 
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Figure 6. Differential accumulation of H2O2 in leaves pre-treated with NADPH oxidase inhibitor 

(0.1 mM DPI), 50 U CAT, 0.1 mM ABA and exposed to strong sunlight for 1 h. Hydrogen 
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peroxide was visualized as brown coloration and the staining intensity presented in arbitrary 

units: DPI, 4.8 ± 1.8; CAT, 7.1 ± 0.8; ABA, 36.2 ± 4.5 (values present means ± SE, n = 7). 

 

Appendix A  

Figure A1. Temperature (T, ºC) and radiation conditions (PAR, μmol m−2 s−1, UV-A and UV-B 

irradiance, W m−2) at the leaf level, during the representative experiment in June 2011.  

 

Figure A2. Dynamics of Cu/ZnSOD response in green (G), and white (W) sectors of P. zonale 

leaves after 1 h and 4 h exposure to direct solar radiation and 100 µM Pq solution. Blot analysis 

(15% PAG) of Cu/ZnSOD showing two immunoreactive bands (Mm 16 and 18 kDa (Vidović et 

al., 2015) indicated by arrows. C-control: dark adapted leaves. Seven µg of proteins were applied 

to each well, equal loading was confirmed by staining the replicate gels with silver. Numbers 

represent relative amounts of SOD in percentages (means, n = 3, errors were less than 10%), 
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estimated by determining band volume using Optimas 6.5.1 (Media Cybernetics Inc., Bethesda, 

MD, USA). 

 

Figure A3. DAB staining of H2O2 in leaves exposed to strong sunlight (>1100 μmol m−2 s−1 

PAR) for 1 h followed by incubation in buffer without DAB. A) The lateral and bottom leaf 

halves were kept in the dark; B) leaves were incubated in 100 µM Pq, while lateral leaf halves 

were kept in the dark; C) random leaf areas (circles) were exposed to strong sunlight.  

 

Figure A4. Histochemical detection of H2O2 in P. zonale leaves after 1 h exposure to high light 

by ‘DAB up-take’ method. A) Junction between green and white leaf sector, 2x magnification 
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(bar represents 2.5 mm); B) the same leaf area 5x magnified (bar represents 1 mm); C) 

longitudinal section of green (peri)vascular tissue (40x, bar represents 100µm), and D) cross 

section of green leaf (peri)vascular tissue (100x, bar represents 50µm). 
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Table 1. Stomatal conductance (gs, mmol m−2 s−1 PAR in photosynthetic and non-photosynthetic 

leaf tissue under growth light (GL, 250 μmol m−2 s−1 PAR) with and without 100 µM Pq 

(GL+Pq), and after 1 h of exposure to high light (HL, 1100 ± 100 μmol m−2 s−1 PAR) and 100 

μM Pq (HL+Pq). Values represent means ± SE and different letters denote statistically 

significant differences between different treatments for each tissue type (P < 0.05) (n = 10). 

 GL GL+Pq HL      HL+Pq 

photosynthetic tissue 579.7 ± 77.8 b 580.9 ± 22.2 b  393.9 ± 22.6 ab 149.0 ± 47.0 a 

non-photosynthetic tissue  158.5 ± 19.7 a 120.5 ± 16.9 a 125.0 ± 12.6 a   94.1 ± 24.5 a 

 

Table 2. ABA content (ng g−1
FW) in photosynthetic (without main veins), vascular and non-

photosynthetic tissue, in dark adapted leaves and after 1 h of exposure to growth light (GL, 250 

μmol m−2 s−1 PAR), high light (HL, 1100 ± 100 μmol m−2 s−1 PAR), and 100 μM Pq under HL 

(HL+Pq). Values represent means ± SE and different letters denote statistically significant 

differences between different treatments for each tissue type (P < 0.05) (n > 6). 

 Dark         GL          HL       HL+Pq 

photosynthetic tissue 83.1 ± 18.6 a   96.7 ± 25.8 a 537.8 ± 66.2 b   942.0 ± 144.4 c 

(peri)vascular tissue 72.8 ± 19.0 a   92.4 ± 17.2 a 442.2 ± 75.7 b   241.0 ± 16.6 a 

non-photosynthetic tissue  44.2 ± 14.0 a   39.8 ± 2.4 a 406.6 ± 105.8 b   265.1 ± 23.9 ab 

Table A1. Significant differences in ascorbate pool between dark adapted leaves, 1-, 4- and 9-h 

period of exposure to sunlight and 100 µM Pq according to the Mann-Whitney U test. The P-

values for photosynthetic and non-photosynthetic tissue are reported and bolded when significant 

differences were detected (P < 0.05). C, control (dark adapted leaves).  

Sunlight 

Photosynthetic tissue  Non-photosynthetic tissue 

Asc C 1 4 9  Asc C 1 4 9 

C   0.008 0.008 0.421  C   1.000 0.548 0.421 

1 -   0.310 0.008  1 -   1.000 1.000 

4 - -   0.008  4 - -   0.548 

9 - - -    9 - - -   

DHA C 1 4 9  DHA C 1 4 9 

C   0.008 0.095 0.095  C   0.056 0.222 1.000 

1 -   0.310 0.310  1 -   0.008 0.032 

4 - -   1.000  4 - -   0.008 

9 - - -    9 - - -   
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RsA C 1 4 9  RsA C 1 4 9 

C   0.548 0.841 0.016  C   0.310 0.310 0.548 

1 -   0.548 0.095  1 -   0.008 0.548 

4 - -   0.032  4 - -   0.032 

9 - - -    9 - - -   

Sunlight + Pq 

Asc C 1 4 9 

 

Asc C 1 4 9 

C   1.000 0.151 0.222 C   0.008 0.548 0.310 

1 -   0.548 0.151 1 -   0.008 0.008 

4 - -   1.000 4 - -   0.841 

9 - - -   9 - - -   

DHA C 1 4 9 DHA C 1 4 9 

C   1.000 0.841 0.690 C   0.222 0.056 0.690 

1 -   1.000 0.690 1 -   0.421 0.151 

4 - -   0.548 4 - -   0.016 

9 - - -   9 - - -   

RsA C 1 4 9 RsA C 1 4 9 

C  1.000 0.310 1.000 C   0.095 0.032 1.000 

1 -   0.841 1.000 1 -   1.000 0.056 

4 - -   0.548 4 - -   0.095 

9 - - -   9 - - -   

 

 

 

Table A2. Significant differences in glutathione pool between dark adapted leaves, 1-, 4- and 9-h 

period of exposure to sunlight and 100 µM Pq according to the Mann-Whitney U test. The P-

values for photosynthetic and non-photosynthetic tissue are reported and bolded when significant 

differences were detected (P < 0.05). C, control (dark adapted leaves).  

Sunlight 

Photosynthetic tissue  Non-photosynthetic tissue 

GSH C 1 4 9  GSH C 1 4 9 

C   0.029 0.057 0.200  C   0.200 0.343 0.343 

1 -   0.057 0.200  1 -   0.114 0.057 

4 - -   0.686  4 - -   0.057 

9 - - -    9 - - -   

GSSG C 1 4 9  GSSG C 1 4 9 

C   0.029 0.200 0.486  C   1.000 0.343 0.057 

1 -   0.029 0.057  1 -   0.686 0.200 

4 - -   0.886  4 - -   0.343 

9 - - -    9 - - -   
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RsG C 1 4 9  RsG C 1 4 9 

C   0.029 0.029 0.029  C   0.029 0.029 0.029 

1 -   0.029 0.057  1 -   0.343 0.029 

4 - -   0.686  4 - -   0.029 

9 - - -    9 - - -   

Sunlight + Pq 

GSH C 1 4 9 

 

GSH C 1 4 9 

C   0.029 0.029 0.486 C   1.000 0.057 0.057 

1 -   0.686 0.343 1 -   0.200 0.200 

4 - -   0.886 4 - -   0.486 

9 - - -   9 - - -   

GSSG C 1 4 9 GSSG C 1 4 9 

C   0.029 0.029 0.686 C   0.029 0.029 0.029 

1 -   0.686 0.343 1 -   1.000 0.029 

4 - -   0.343 4 - -   0.029 

9 - - -   9 - - -   

RsG C 1 4 9 RsG C 1 4 9 

C   0.029 0.029 0.686 C   0.029 0.029 0.029 

1 -   0.886 0.200 1 -   0.200 0.029 

4 - -   0.343 4 - -   0.486 

9 - - -   9 - - -   

 

 

 

Table A3. Significant differences in antioxidative enzymes activities between dark adapted leaves, 1-, 4- 

and 9-h period of exposure to sunlight according to the Mann-Whitney U test. The P-values for 

photosynthetic and non-photosynthetic leaf tissues are reported and bolded when significant differences 

were detected (P < 0.05). C, control (dark adapted leaves). Other abbreviations are explained in Table 4. 

Sunlight 

Photosynthetic tissue 

 

Non-photosynthetic tissue 

APX C 1 4 9 APX C 1 4 9 

C   0.548 0.160 0.095 C   0.008 0.008 0.548 

1 -   0.016 0.222 1 -   0.008 0.008 

4 - -   0.008 4 -    0.008 

9 - - -   9 - - -   

MDAR C 1 4 9 MDAR C 1 4 9 

C   0.095 0.032 0.841 C   0.016 0.008 0.690 

1 -   0.008 0.421 1 -   0.548 0.032 

4 - -   0.098 4 - -   0.008 

9 - - -   9 - - -   
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DHAR C 1 4 9 DHAR C 1 4 9 

C   0.032 0.008 0.032 C   0.008 0.008 0.016 

1 -   0.056 0.690 1 -   0.016 0.056 

4 - -   0.056 4 -    0.016 

9 - - -   9 - - -   

GR C 1 4 9 GR C 1 4 9 

C   0.008 0.095 0.016 C   0.008 0.056 0.690 

1 -   0.008 0.008 1 -   0.008 0.008 

4 - -   0.095 4 -    0.421 

9 - - -   9 - - -   

POD C 1 4 9 POD C 1 4 9 

C   0.008 0.421 1.000 C   0.032 0.056 0.056 

1 -   0.008 0.008 1 -   0.222 1.000 

4 - -   0.421 4 -    0.421 

9 - - -   9 - - -   

CAT C 1 4 9 CAT C 1 4 9 

C   0.008 0.008 0.008 C   0.548 0.008 1.000 

1 -   0.008 0.008 1 -   0.008 1.000 

4 - -   0.008 4 -    0.008 

9 - - -   9 - - -   

 

 

 

 

Table A4. Significant differences in antioxidative enzymes activities between dark adapted leaves, 1-, 4- 

and 9-h period of incubation in 100 µM Pq according to the Mann-Whitney U test. The P-values for 

photosynthetic and non-photosynthetic leaf tissues are reported and bolded when significant differences 

were detected (P < 0.05). C, control (dark adapted leaves). Other abbreviations are explained in Table 4. 

Sunlight + Pq 

Photosynthetic tissue 

 

Non-photosynthetic tissue 

APX C 1 4 9 APX C 1 4 9 

C   0.310 0.016 0.008 C   0.032 0.151 0.056 

1 -   0.690 0.548 1 -   0.151 0.841 

4 - -   0.095 4 - -   0.421 

9 - - -   9 - - -   

MDAR C 1 4 9 MDAR C 1 4 9 

C   0.008 0.151 0.008 C   0.841 0.032 0.690 

1 -   0.008 0.222 1 -   0.032 1.000 

4 - -   0.008 4 - -   0.016 
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9 - - -   9 - - -   

DHAR C 1 4 9 DHAR C 1 4 9 

C   0.008 0.008 0.222 C   0.008 1.000 0.841 

1 -   0.222 0.008 1 -   0.008 0.008 

4 - -   0.008 4 - -   0.841 

9 - - -   9 - - -   

GR C 1 4 9 GR C 1 4 9 

C   0.016 0.008 0.008 C   0.690 0.008 0.548 

1 -   0.095 0.548 1 -   0.032 0.222 

4 - -   0.222 4 - -   0.008 

9 - - -   9 - - -   

POD C 1 4 9 POD C 1 4 9 

C   0.032 0.310 0.008 C   0.008 0.008 0.421 

1 -   0.056 0.032 1 -   0.008 0.008 

4 - -   0.008 4 - -   0.008 

9 - - -   9 - - -   

CAT C 1 4 9 CAT C 1 4 9 

C   0.690 0.032 0.032 C   0.548 0.095 0.548 

1 -   0.151 0.056 1 -   0.548 0.690 

4 - -   0.008 4 - -   0.222 

9 - - -   9 - - -   

 


