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Abstract 
The aim of this study was to evaluate the effects of different in situ light regimen on 
ecophysiological parameters of Luzula sylvatica leaves. Plants of L. sylvatica grown 
under natural sunny and shade conditions in Arcto-Alpine tundra were analyzed with re-
spect to their leaf anatomy, content of photosynthetic pigments, UV absorbing com-
pounds and phenanthrenoid compounds. Relationship between chlorophyll concen-
trations (Chla+b) and SPAD values was determined for sun and shade leaves measured 
repeatedly within summer and autumn seasons 2019 and 2020. Pooled data showed 
curvilinear Chla+b to SPAD relationship with the highest Chla+b and SPAD values found 
for shade leaves. Sun leaves had higher UV-B absorbing compounds contents than shade 
ones. The HPLC-DAD analysis revealed significant amount of soluble flavonoids in 
Luzula sylvatica leaves, amongst others the flavone-luteolin and its derivatives (e.g. 
tentatively identified luteolin-methyl-glucoside and luteolin-glucoside). The accumula-
tion of luteolin based compounds in sun acclimated leaves is also plausible explanation 
for the higher antioxidant activity determined in sun leaf extraxts. Such response of 
flavonoid metabolism may help L.S. to cope with excessive-light stress through UV-
attenuation mechanism and ROS scavanging. Additionally, phenanthrenoid compounds 
contents in L. sylvatica leaves were determined. Altogether, 9 phenanthrenoid com-
pounds were identified by HPLC-HRMS. Their content was markedly different (up to 
the factor of 5) between sun and shade leaves of L.sylvatica.  
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detection, HPLC-HRMS – high performance liquid chromatography-high resolution 
mass spectrometry, L.W. – lyophylised weights, SPAD – Soil Plant Analysis Develop-
ment 
 
 
Introduction 
 
     Within the last decades, several compara-
tive studies focused on the leaf structure 
and ecophysiological functioning have 
demonstrated that the majority of vascular 
plants species possess the ability to de-
velop anatomically distinct leaves in re-
sponse to different light regimen (e.g. Te-
rashima et al. 2001, Mathur et al. 2018). 
Different light intensity available for plants 
in their natural habitats promotes altera-
tions in the structural organization of the 
leaves, resulting in leaves of sun and shade 
types. Incident light is, therefore, an envi-
ronmental variable, influencing the forma-
tion of plant phenotypes. High and/or low 
light induces the process of leaf acclima-
tion to different light levels. The changes 
comprise the differences in leaf thickness, 
leaf mass per unit area, thickness of pali-
sade and spongy parenchyma, photosyn-
thetic pigment contents and photosynthetic 
performance. Sun leaves have higher photo-
synthetic capacity, i.e. light‐saturated rate 
of net photosynthesis on a leaf area basis 
(e.g. Huang et al. 2014), and higher nitro-
gen content than shade leaves (e.g. Pandey 
and Kushwaha 2005). Among these pa-
rameters, differences in chlorophyll con-
tents have high indicative values, since 
they respond sensitively to the changes in 
light environment and are easily deter-
mined both in laboratory and field studies. 
     Since the 90-ies, many studies have 
provided information about the rela-
tionships between chlorophyll contents in 
leaves and their spectral parameters (e.g. 
Markwell et al. 1995). Over the last dec-

ades, various optical methods have been 
developed to assess leaf chlorophyll con-
tent nondestructively (see e.g. Dong et al. 
2019). Those methods are based on the 
absorbance or reflectance measured at 
certain wavelengths on intact leaves. Re-
cently, several chlorophyll meters exploit 
this measuring principle are used both in 
laboratory and field studies, particularly 
those focused on the effects of nitrogen 
supply to chlorophyll contents (Gáborčík 
2003, Netto et al. 2005, Xiong et al. 2015). 
Hand-held chlorophyll meters measure leaf 
absorbance at two different wavelengths, 
in the spectral range of red and near-infra-
red. As an output, they calculate index-
values that specify leaf chlorophyll con-
tent. In the domain of red light, strong 
chlorophyll absorption occurs and the near-
infrared light measurement is made to re-
cord differences in between the leaf struc-
ture. This method, when combined with 
the traditional wet chemical extraction 
methods, represents an efficient tool for 
plant ecophysiology (see e.g. Parry et al. 
2014) since it may provide huge data sets 
for field studies focused on the effects of 
varying light environment on chlorophyll 
contents (Mielke et al. 2010). 
     In our study, we focused on ecophysi-
ology of sun and shade leaves of Luzula 
sylvatica from Arcto-Alpine tundra. We 
measured SPAD (Soil Plant Analysis De-
velopment) value and, similarly to Uddling 
et al. (2007) related to chlorophyll con-
tent. Aditionally, the analysis of UV screen-
ing compounds was done. 
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Material and Methods 
 
Species characteristics  
 
     Luzula sylvatica (Huds.) Gaudin (Jun-
caceae) is an evergreen plant with round 
stems. Stems grow from a thick obliquely 
ascending rhizome, the leaves are bright 
green, glossy, and linear flat (Kirschner et 
al. 2002). Basal leaves grow widely spaced. 
They are about 20-30 cm long, at the base 
and 1.5 cm wide. The leaves are gradually 
tapering toward the leaf tip. Cotyledon 
leaves are much shorter. They grow in the 
number of four to six from closed sheaths 
without ears. The leaves are glossy, with 
white long hairs along the edges. The in-
florescence of L. sylvatica is tall, sparse 
and spreading, often slightly overhanging, 
with flowers in few-numbered groups. 
Seeds are slightly shiny and with a small  

flesh. 
     L. sylvatica is widespread mainly in 
higher elevations (mountains and foothills) 
in Europe, especially in its western and 
southern parts. It appears in Arcto-Alpine 
tundra as well. The species is also rarely 
found outside Europe, e.g. Asia Minor and 
the areas adjacent to the Caucasus. L. syl-
vatica is a frost-resistant perennial grow-
ing on continuously moist habitats that are 
partially shaded and have weakly acidic 
and humus soil. The species is typical 
shade tolerant with a high capacity to grow 
in forest understory of mountainous eco-
systems thanks to the capability to perform 
photosynthesis at low light intensities (Ho-
lub et al. 2019). 
 

Site description (Tabulové skály rocks) 
 
     Tabulové skály rocks (50°5’15.398"N, 
17°13’52.435"E) are the part of Natural 
Reserve Praděd (Jeseníky Mountains, Czech 
Republic). It is a natural forest-free area lo-
cated above the tree line (1 420 m a.s.l.), 
which has the character of peak rocks. 
They were formed by frost weathering 
processes, thus they represent typical rocky 
outgrowths affected by frost. 
     They are composed of phylonite rocks, 
with a high presence of small hollows (es-
pecially in the SW-facing walls) following 
the lines of phylonite shale (see Fig. 1). 
The hollows are inhabited by moss and 
lichen flora, as well as flat plate-shaped 
boulders. Tabulové skály rocks are, there-
fore, considered bryologically (Kučera et 
al. 2009) and lichenologically important lo-
cality. On these rocky outgrowths, the fol-
lowing vascular plants grow: Cardamine 
resedi folia, Sedum alpestre, Salix her-
bacea, Rhodiola rosea, Rhodiola rosea. 
The vegetation of the Tabulové skály rocks 
is classified as alpine plant communities 
represented by wind-swept alpine grass-

lands (Juncion trifidi) and closed alpine 
grasslands (Nardo-Caricion rigidae) – Zied-
ler et al. (2012, 2018). In the surroundings 
of the rocky  outgrowhs, patterned grounds 
are developed. They are classified as the 
Earth hummocks and non-sorted stripes 
(Křížek et al. 2019). The neighbourhood  
of the Tabulové skály rocks is affected by 
irregularly distributed scattered polycor-
mones of non-native Pinus mugo, planted 
there mainly between 1874 and 1927. 
Recently, the introduced P. mugo is estab-
lished at the site and has capacity of re-
production through seedlings (Šenfelder 
and Treml 2020). Within the frame of 
ECOPOLARIS project (since 2017), lichen 
flora of the Tabulové skály rocks is stud-
ied in relation to microclimate, as well as 
L. sylvatica (Fig. 2). Since 2018, the air 
temperature and relative air humidity have 
been measured at the rock edge (Minikin, 
Environmetal Monitoring Systems, Czech 
Republic) as a part of the ECOPOLARIS 
project. Monthly means are presented in 
Fig. 3.  
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Fig. 1. Tabulové skály rocks are rocky outhgrowths located at alpine zone above  the treeline at the 
altitude of 1  430 m a.s.l. Vegetation cover is dominated by Arcto-Alpine species. 

 
Local microclimate 
 
     The air temperature 5 cm above ground 
was measured by a Minikin (Environmen-
tal Monitoring Systems Brno, Czech Re-
public) datalogger equipped by a termo-
couple. The air temperature was measured 
at 1 h intervals, and monthly means were 
calculated. The sensor was located close to 
the rocky outgrowth to characterize the 
microclimate of the transition zone be-
tween lichen-dominated rock and Arcto-

Alpine grass stands. Other climatic charac-
teristics, i.e. precipitation and relative air 
humidity (RH) were taken from the open 
resources ([1] - Meteoblue). Additionally, 
heat fluxes from/to soil were measured    
in 2020 by HFP01 sensors (Hukseflux,   
Netherlands) linked to a datalogger micro-
log V3A (Environmental Monitoring Sys-
tems, Czech Republic). 

 
Anatomical characteristics of sun and shade leaves 
 
     Cross sections of leaves growing in 
shade and on the sun habitats (Fig. 2) were 
made for anatomical analysis. They were 
observed under a digital light microscope 
(Keyence WHX-900, Japan). The follow-
ing anatomical parameters were measured 
and evaluated: the thicknesses of whole 
leaf, the thickness of upper and lower epi-

dermis, and length, width, and the area of 
parenchyma segments (on a cross section) 
without chloroplasts. The parameters were 
evaluated digitally using the Keyence soft-
ware. All biometric data (at least 85 repli-
cates per measured parameter) were proc-
essed in order to calculate means and stan-
dard deviations. 
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Fig. 2. Example of L. sylvatica plants from intermediate habitat located close to a place partly 
shaded by Pinus mugo (left, Spot 1) and sunny habitat close to the Tabulové skály rocks (right, 
Spot 2).  
 
 

 
 
Fig. 3. Microclimate of the Tabulové skály Rocks (monthly mean air temperature measured 5 cm 
above rock surface, 2018-2020) by a Minikin datalogger (ECOPOLARIS project) – upper left. 
Monthly means of precipitation (upper right), and relative air humidity (lower left), Mothly means 
± standard deviations are presented. Source: [1] - Meteoblue (see Other sources in References). 
Lower right – daily means of heat flux to/from the soil (positive/negative values) in W m-2 re-
corded in the depth of 5 cm in 2020. 
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SPAD measurements 
 
     Field measuremenst were conducted   
at several spots in the Natural Reserve 
Praděd located in the altitude of 1 350 to   
1 430 m a.s.l. For the field masurements, 
polycormones of L. sylvatica from (1) open 
sunny habitats, (2) intermediate, and (3) 
shade ones (under the canopy of low-
density forest close to the treeline) were 
chosen. Optical measurements of chloro-
phyll concentration on L. sylvatica leaves 
were taken by a SPAD 502 meter (Konica 
Minolta Sensing, Inc., Sakai, Osaka, Japan). 
It measured the leaf absorbance in red and 
near-infrared regions. The light was emit-

ted by two LEDs with peak wavelengths at 
650 nm and 940 nm. These LEDs emit 
light in sequence from the emitting win-
dow to a photodiode detector (when the 
measuring head is closed). The light pass-
es through the leaf in the measuring head, 
and a certain amount transmits through the 
leaf. The transmitted light strikes the 
receptor and is converted into electrical 
signal. Then, the instrument calculates a 
SPAD value by division of light trans-
mission intensities at 650 nm by 942 nm. 
The SPAD value specifies the relative con-
tent of chlorophyll in the leaf. 

 
Chlorophyll contents analysis 
 
     Immediately after the field measure-
ments with the SPAD-502 Plus (Konica 
Minolta, Inc.), each leaf was excised from 
the plant and a leaf part was taken with the 
measuring point in the middle of the leaf 
segment. The leaves were transferred to     
a laboratory in a portable thermoelectric 
fridge, and subseuently dried (1.0 mbar for 
48h) in a lyophilizator (Heto, Maxi Dry Lyo 
Freeze-dryer, Gemini, Netherlands). After 
lyophilization, the samples were used for 
determination of pigment content. Chlo-
rophyll Chl a, Chl b and carotenoids (Car) 

were extracted with 96% ethanol fol-
lowing the method of Lichtenthaler and 
Wellburn (1983) using a Specord 205 
(Analytik, Jena, Germany) spectrophotom-
eter. The absorbance measured at 649 nm 
and 665 nm was used for Chl b and Chl a, 
and 470 nm for Car evaluation. Addition-
ally, spectral absorbance curves (190–800 
nm) were analyzed with a special attention 
to the constitutive amount of UV-B ab-
sorbing compounds (evaluated according 
to Newsham 2003), their proportion to 
total chlorophyll content, respectively.  

 
Extraction of phenolics compounds 
 
     Lyophilised middle leaf segments of   
L. sylvatica (100 ± 2 mg of lyophilised 
weight, L.W.) were cut to small pieces and 
homogenized using a mortar and pes-      
tle (one segment per sample) in 3 ml of 
methanol (HPLC grade, Merck, Germany). 
Homogenized samples were ultrasonicated 
at the laboratory temperature for 5 min. 
(Ultrasonic compact cleaner UC 006 DM1, 

Czech Republic) to increase extraction ef-
ficiency. Subsequently, extracts were cen-
trifuged for 3 min. at 6000 RPM (EBA20, 
Hettich Zentrifugen, Germany). The super-
natant was filtered through 0.2 um syringe 
filter into the amber vials and stored in   
the freezer (-21°C) before the HPLC-DAD 
analysis and determination of antioxidant 
activity. 
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HPLC-DAD analysis of phenolic compounds 
 
     The analysis of soluble phenolic com-
pounds present in L. sylvatica leaves was 
performed on HPLC system Agilent 1200 
(Agilent Technologies, USA) equipped with 
the Hypersil GOLD chromatographic col-
umn (C18, 50 x 2.1 mm, 1.9 µm; Thermo 
Scientific, USA). The column compart-
ment was heated to 30°C. Acetonitrile–wa-
ter solutions were used as mobile phases 
(mobile phase A: 5% acetonitrile, B: 80% 
acetonitrile). Both mobile phases were acid-
ified using the formic acid (999:1, v/v).  

     The flow rate of mobile phases was 
constant during whole separation process 
(0.3 mlmin-1), the gradient is described in 
detail in Table 1. The injection volume of 
leaf extracts was set to 5 µl. Optical chro-
matograms were recorded at 270, 314, 360, 
535 nm, and absorption spectra were col-
lected in the range from 220 to 750 nm. 
For the relative quantification of phenolic 
compounds in plant material peak areas 
detected at 360 nm were used (adjusted to 
L.W. and extract volume of samples). 

 
Time [min.] Mobile phase A [%] Mobile phase B [%] 

  0.0 100  0 
  2.0   95  5 
  5.0   92  8 
  8.0   90 10 
12.0   85 15 
13.5   85 15 
17.0   65 35 
19.0   20 80 
21.5    0 100 
24.0    0 100 
24.5 100    0 
31.0 100    0 

 
Table 1. The gradient of mobile phases used for the HPLC separation of soluble phenolic com-
pounds present in Luzula sylvatica leaves. 

 
Determination of antioxidant activity  
 
     The antioxidant activity of Luzula syl-
vatica leaf extracts (containing soluble 
phenolic compounds) was determined us-
ing the 2,2-diphenyl-1-picryl-hydrazyl sta-
ble radical (DPPH•, Sigma-Aldrich, Ger-
many). This colorimetric assay was per-
formed on UV-VIS double beam absorp-
tion spectrophotometer Specord 250 (Ana-
lytik Jena, Germany). Method is based on 
the measurement of the absorbance differ-
ence between DPPH• solution (blank) and 
DPPH• solution with added extract con-
taining antioxidants. The absorbance is re-
corded at 515 nm where radical form of 

DPPH exhibits local absorption maximum. 
DPPH• is reduced after the interaction 
with antioxidants and the absorbance at 
515 nm decreases proportionally to the con-
tent and antioxidant activity of compounds 
in tested sample, since reduced form of 
DPPH is not absorbing at 515 nm. For the 
determination of antioxidant activity, leaf 
extracts were prepared using the same pro-
cedure as mentioned for HPLC analysis of 
phenolic compounds. However, these ex-
tracts were diluted before the measurement 
(1:4, extract:methanol, v/v). DPPH• solu-
tion was prepared by dissolving a 0.0075 g 
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of the substance in 100 ml of methanol. 
Trolox (6-hydroxy 2,5,7,8-tetramethylchro-
man 2-dicarboxylic acid, Sigma Aldrich, 
Germany), a widely used standard antioxi-
dant (vitamin E derivative), was used for 
the calibration. Calibration regression was 
established by preparing the Trolox con-
centration series of 0, 25, 50, 100, 200 and 
300 µM. 2.0 ml of DPPH• solution were 
poured to the 6030-UV quartz cuvette (Hel-
lma, Germany) and 0.5 ml of methanol (in 

case of blank), 0.5 ml of diluted extract  
(in case of sample) or 0.5 ml of Trolox 
(calibration solution) were added. Samples 
were shaken and kept in dark for 10 min. 
at laboratory temperature, subsequently, 
the absorbance was measured at 515 nm 
(monochromator optical slit width was set 
to 0.5 nm). The resulting values were ex-
pressed in Trolox equivalent antioxidant 
capacity (TEAC) units.  Finally, the TEAC 
values were adjusted to sample L.W. 

 
Evaluation  of phenanthrenoid compounds by (HPLC-HRMS) 
 
     Leaf samples were, after lyophilisation, 
kept at −80°C until further investigation. 
Dry weight of 100 mg of the samples were 
homogenized using a mortar and pestle 
with the addition of liquid nitrogen and 
then extracted using a methanol:chloro-
form:H2O solution (1:2:2). An aliquot of 
the upper (polar) phase was used to ana-
lyse saccharides, phenolic compounds, 
amino acids, and Krebs cycle acids em-
ploying an UltiMate 3000 high perfor-
mance liquid chromatograph coupled with 
an LTQ Orbitrap XL high resolution mass 
spectrometer (HRMS) (Thermo Fisher Sci-
entific, Waltham, MA, USA). 
     A Hypersil GOLD column (150 × 2.1 
mm, 3 μm; Thermo Fisher Scientific) was 
used for the separation. The flow rate of 
the mobile phase was 0.3 mlmin−1 and 
column temperature was set to 30°C. The 
mobile phase (A) consisted of acetonitrile 
and (B) of water containing 0.1% acetic 
acid. Both mobile phases (A) and (B) were 
filtrated and degassed for 10 min. in an ul-
trasonic bath prior to use. Gradient elution 
chromatography started with 10% acetoni-
trile (A) and 90% water (0.1% acetic acid) 
(B) and was held for 5 min. Within the 
time interval of 5–20 min., the mobile 
phase (A) composition was increased to 
90%. This composition was then main-
tained for 5 min., after which the system 
was over a period of 5 min. equilibrated to 

initial conditions (10% acetonitrile (A) and 
90% water (0.1% acetic acid)). The wave-
lengths 254, 272, 274, and 331 nm were 
monitored. 
     The HRMS was equipped with a HESI 
II heated electrospray ionization source 
(Thermo Fisher Scientific) and was oper-
ated in full scan mode with resolution of 
60000. Full scan spectra were acquired 
over mass range 50–1000 m/z in positive 
polarity mode and 65–1000 m/z in nega-
tive polarity mode. The resolution and 
sensitivity of the HRMS were regularly 
controlled by injecting a mixture of phe-
nolic compounds. As a control, phthalate 
was taken as a lock mass. The compounds 
were assigned on the basis of our own 
mass library created using standards meas-
ured in MS and MSn modes. 
     For analyses, the following chemicals 
were used. Chloroform HPLC grade for ex-
traction was obtained from Fisher Chem-
ical (Waltham, MA USA). Methanol for 
extraction was obtained from VWR chem-
icals (Radnor, Pensylvánie, USA). Acetoni-
trile hypergrade for LC-MS LiChrosolvR 
was supplied by Merck KGaA (Darmstadt, 
Germany). Acetic acid was obtained from 
Sigma-Aldrich Chemie GmbH (Steinheim, 
Germany). The Purelab Classic (ELGA 
LabWater, High Wycombe, Bucks, UK) 
was used to generate high purity water for 
preparation of aqueous mobile phase. 
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Results and Discussion 
 
Leaf anatomy 
 
     Anatomical characteristics differed be-
tween sun and shade leaves of L. sylvatica 
from sunny and shade habitats. The sun 
leaves were thicker, having thicker upper 
and lower epidermis as well. Dimension  
of the sections of parenchymatic cells with  
no chlorophyll was larger in sun than 
shade leaves. However, the parenchymatic 
cell section was longer in shade than sun 

leaves (see Fig. 4). Chlorophyll-containing 
cells were located between the epidermis 
and parenchymatic cells both in sun and 
shade leaves. However, density of chloro-
phyll-containing cells was higher in shade 
than sun leaves. This was supported by 
analysis of chlorophyll contents: it was 
much higher in shade than sun leaves (see 
Table 2). 

 

 
 
Fig. 4. Cross section of typical sun (left), and shade leaf (right) with distinguished anatomical 
stuctures: upper (1) and lower (2) epidermis, large space filled with chlorophyll-free parenchyma 
cells (3),  and chlorophyll-containing cells (4). 

 
Anatomical structure Sun leaves [µm] Shade levas [µm] 

 average SD average SD 
Leaf thickness 342.87 27.32 224.85 14.40 
Upper epidermis 40.90 8.93 32.29 4.88 
Lower epidermis 23.06 6.18 18.22 3.95 
Parenchyma area [µm2] 30 496.14 9 996.30 26 299.42 8 165.23 
Parenchyma length 197.62 57.55 259.56 58.09 
Parenchyma width 173.44 19.80 107.44 18.79 

 
Table 2. Anatomical characteristics of sun and shade leaves of L. sylvatica collected in the Arcto-
Alpine tundra (the Jeseníky Mts., Czech Republic). 
 
 
 

1 2 

3 
4 1 

2 

3 

4 

4 
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Pigment content 
 
     Since total Chl content was more than  
3 times higher in sun compared to shade 
leaves of L. sylvatica, the species might be 
considered as having high plasticity and 
capacity to acclimate its chloroplastic ap-
paratus to both high and low light envi-
ronments. 
     High Car content found in shade leaves 
(about two times higher than in sun leaves) 
seems to be unexpected since, typically, 
high light-grown plants have higher Car 
content than those grown in low light (see 
Demmig-Adams and Adams III (1992), for 
review). However, the ratio of Car to Chl 
reflects the acclimatory changes of photo-
synthetic pigments to light regime sensi-
tively. The Car/Chltot was found higher for 

sun than shade leaves (Table 3). The high 
Car contents provides effective antioxida-
tive activity in chloroplastic apparatus 
since high light leads to overenergization 
of PSII and consequtive ROS formation 
more frequently in sun than shade leaves. 
High Car contents in high light-grown 
leaves, however, is not universal because 
higher Car content in low light-grown than 
high light-grown leaves is reported as well 
(Wu et al. 2018). For shade leaves of L. syl-
vatica, a higher Chla+b and Car content on 
a dry matter basis was found and lower 
weight ratio Car/Chla+b. This was well com-
parable to general evidence for sun and 
shade leaves reported by Lichtenthaler et 
al. (2007), and Sarijeva et al. (2007). 

 
mg g-1 DW Sun leaves 

Mean ± SD  Shade leaves 
Mean ± SD 

Chl a 1.378 ± 0.131  4.247 ± 1.378 

Chl b 0.501 ± 0.082  1.598 ± 0.561 

Chl a+b (Chltot) 1.879 ± 0.211  5.925 ± 1.795 

Chl a/b (no unit) 2.781 ± 0.215  2.713 ± 0.189 

Car 0.449 ± 0.071  0.949 ± 0.309 

Car/Chltot (no unit) 0.044 ± 0.008  0.038 ± 0.004 
 
Table 3. Photosynthetic pigments contents and ratios in sun and shade leaves of L. sylvatica.  

 
SPAD 
 
     The nonlinear relationships between 
Chla+b content and SPAD values was ob-
tained for pooled samples of L. sylvatica 
leaves (Fig. 5). The curvilinear relationship 
is due to a nonuniform distribution of Chl 
across the leaf cateogories (sun, shade, in-
termediate) and high light scattering caus-
ing deviations from linearity at high and 
low SPAD values. In our study, nonlinear 
regression was successfully used for esti-
mating Chla+b contents from SPAD meas-
urements. We found a high non-linear cor-

relation between SPAD and Chla+b content 
(R = 0.866, Fig. 5) comparable to the re-
lationships found for other species, such as 
e.g. Eugenia uniflora (Mielke et al. 2010). 
However, linear SPAD to Chla+b relation is 
reported as well in some species (Lin et al. 
2010). The nonlinear relationship between 
Chla+b content and SPAD values (Fig. 5) is 
attributed to a nonuniform distribution of 
Chl across the leaf cateogories (sun, shade, 
intermediate). Typically, shade leaves had 
SPAD values higher than 36, however, 
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even lower values were recorded sporadi-
cally thanks to sunfleck effects. Seasonal 
changes in Chla+b content must be taken 
into consideration as well. It has been 
shown that SPAD can monitor seasonal 
changes in total chlorophyll content, there-

fore SPAD values tend to decline towards 
the end of vegetation season (Caudle et   
al. 2014). In grasses, SPAD values relate 
to nitrogen fertilization as shown for e.g. 
Lolium arundinaceum by Errecart et al. 
(2012).  

 

 
 
Fig. 5. Relationship between SPAD number (independent variable) and total chlorophyll contents  
(Chla+b, dependent variable, mg g-1 DW) for all leaf categories.  

 
Reflectance spectra of sun and shade leaves 
 
     Spectral reflectance within the ranges 
of 380-800 nm was measured in situ by a 
PolyPen RP 400 (Photon Systems Instru-
ments, Brno, Czech Republic). For meas-
uring the reflectance spectra, leaves were 
placed into a clip of PolyPen measuring 

head and then measured after a short dark-
ening period (~ 1 min.). For each leaf cate-
gory (sun and shade) at least 20 measure-
ments were taken and averaged. The aver-
aged spectral curves were compared be-
tween sun and shade leaves (Fig. 6). 

 
Absorption spectra UV-B absorbing compounds 
     
     Comparison of absorption specra of sun 
and shade leaves of L. sylvatica  revealed 
higher contents of UV-absorbing com-
pounds in sun than shade leaves. The dif-
ference was apparent in the wavelength 
range of 210-360 nm (see the difference 

spectrum in Fig. 6). The amount of UV–
absorbing compounds evaluated according 
to the Newsham (2003) reached the value 
of AUC280-315 of 143.5±30 for sun leaves, 
and 109.9±15 for shade leaves.  
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Fig. 6. Left panel – Absorbance spectra of ethanol extracts of L. sylvatica for sun (orange line)  
and shade (green line) leaves. For the difference in UV-absorbing part of the spectrum, see the 
differential spectrum – grey. Right panel – spectral reflectance spectra for sun (orange) and shade 
(green) leaves of L. sylvatica. 
 
 
HPLC-DAD analysis of phenolic compounds 
 
     The HPLC analysis of L. sylvatica leaf 
extracts revealed wide variety of UV–ab-
sorbing phenolic compounds (see peaks in 
chromatograms detected at 360 nm; Fig. 7). 
Based on their absorption spectra (Fig. 8), 
they can be attributed to B-di-hydroxyl-
ated and B-mono-hydroxylated flavonoids 
(mainly luteolin and apigenin derivatives). 
The presence of luteolin was confirmed by 
comparing absorption spectrum and reten-
tion time with commercially available stan-
dard. Further identification without using 
advanced spectroscopy techniques or prop-
er standard compounds was not possible, 
however preliminary mass spectrometry 
analysis (data not shown) confirmed the 
presence of luteolin (peak 10) and also sug-
gested the presence of luteolin-glucoside 
(peak 4), and luteolin-methyl-glucoside 
(peak 2).  
     The metabolic profile of UV-absorbing 
compounds in samples from Shade, Spot 
1, and Spot 2 sites differed dramatically. 
One-way ANOVA confirmed significant 
effect of site on the content of all major 
compounds; p-values ranged from 0.0362 
to >0.0001. The total flavonoid content as-
sessed by the sum of peak areas detected at 

360 nm was markedly lower in Shade 
samples compared to Spot 1 and 2 (21.8% 
of Spot 1, 13.1% of Spot 2 content; see 
Fig. 3). In accordance, the content of each 
individual UV-absorbing compound was 
the lowest in Shade samples compared to 
the Spot 1 and 2 (except peaks 3, 4, 8, 9, 
which content were not significantly dif-
ferent from Spot 1). Further, the relative 
abundance of individual phenolic com-
pounds varied amongst sites. For instance, 
in Shade and Spot 1 samples the peaks 7 
and 10 exhibited the highest peak areas 
amongst all peaks within the group, in 
Spot 2 was the highest value observed for 
peak 4 (luteolin-glucoside) and peak 10 
(luteolin). Spot 2 samples contained the 
highest amounts of soluble flavonoids, es-
pecially of luteolin and peaks 3, 4, 8, 9, the 
other compounds exhibited approximately 
same content as observed in spot 1. The 
only exception is peak 6, which was in 
general of very low abundance in all sam-
ples. The variations of individual UV-B 
absorbing compounds content amongst all 
samples is summarized in Suppl. Fig. 1 in 
a form of heat-maps. 
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Fig. 7. Representative chromatograms (detected at 360 nm) of methanol extracts obtained from            
L. sylvatica (grey – shade leaves; blue – Spot 1, intermediate leaves; red – Spot 2, sun leaves). The 
chemical profile of extracted phenolic compounds differed not only in quantity (Shade < Spot 1 
< Spot 2) but also in the ratios amongst individual phenolic compound in samples (compare e.g. 
peaks 4 a 10 in Shade and Spot 2 sample). Identification: luteolin-methyl-glucoside (peak 2), 
luteolin-glucoside (peak 4), luteolin (peak 10).  
 

 
Fig. 8. Absorption spectra belonging to the three most abundant UV-absorbing compound detected 
in L. sylvatica leaf extracts (A.), and absorption spectra of less abundant compounds (B.) Spectra 
are numbered according elution order of peaks (see Fig. 7). 

 
     
     HPLC analysis led to effective separa-
tion of 10 UV-absorbing compounds and 
allowed their subsequent relative quantifi-
cation. Whe have tentatively identified/ 
classified 2 compounds luteolin-mehyl-
glucoside (peak 2) and luteolin-glucoside 
(peak 4) so far. One of the most abundant 
flavonoid - luteolin was identified using the 
corresponding comercially avalible stan-

dard (Extrasynthése, France). The luteolin 
(peak 10) was confirmed by using corre-
sponding comercially available standard 
(Extrasynthése, France). It is well compa-
rable to the analytical evidence of earier 
studies in L. sylvatica (Williams and Har-
borne 1975) and the species of Juncaceae 
family (Tóth et al. 2017).  
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Fig. 9. The relative quantification of UV-absorbing compounds detected in leaf extracts of  Luzula 
sylvatica plants growing at three different sites (Shade – black columns, Spot 1 – dark grey 
columns, Spot 2 – light grey columns). The assessment of total flavonoid content based on the sum 
of peak areas is shown (bottom-right sub-figure). The effect of site on the relative content               
of compounds was tested using one-way ANOVA followed by Tukey´s post-hoc test.  
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     The increase in the above-specified 
compounds in sun leaves of L. sylvatica 
(Fig. 9) may be attributed to the exposi-
tion to UV-B radiation in open, sunny 
habitat. It is well established that UV-B 
radiation induces the biosynthesis of some 
flavonoids, highly effective antioxidants 
(Agati et al. 2011). The content of pheno-
lic compounds can be effectively increased 
also by the action of PAR. Synthesis of 
luteolin-glucoside might be altered by 
combined UV-B and heat stress (Dias et 
al. 2019). The other compounds will be 
identified in a follow-up studies when their 
standards will be available.  
     Data presented in Fig. 9 suggest that 
amount the UV-B screening compounds 
(numbered 1 to 10) is much higher in sun 
leaves (Spot 1=partly sunny plants Spot 

2=sunny plants in Fig. 9) than shade 
leaves. All these substances effectively 
absorb UV-A (chromatograms are detected 
at 360 nm - Fig. 8). While the concentra-
tion of some UV absorbing substances was 
about 10% higher, for others the difference 
was even 100-1000% higher, when com-
paring shade and fully sunny plants of     
L. sylvatica. It might be, therefore, con-
cluded that plants from different light 
regimen had in fact substantially different 
metabolic profile. Antioxidative activities 
of extracts reached higher values for sun 
than shade leaves (see Fig. 10, and the 
information below), which was expected 
because of high contents of phenolic sub-
stances especially of luteolin-based deriva-
tive in sun leaves.  

 
 
Determination of antioxidant activity  
 
     The antioxidant activity measured in 
Luzula sylvatica leaf extracts using DPPH• 
exhibited clear trend similar to the content 
of soluble phenolic compounds i.e. in-
crease in order Shade < Spot 1 < Spot 2  
(Fig. 10). It was approximately 2x and 2.6x 
higher in the Spot 1 and 2, respective-     
ly, compared to Shade. The effect of site      
on antioxidant activity was confirmed by  
one-way ANOVA (p<0.0001; n=10) and 
differences amongst individual sites by 
Tukey´s post-test. At least a part of the 
observed antioxidant activity could be 
related to significantly higher content of 
luteolin and its derivatives in the Spot1 
and the Spot 2 samples. 

  

 
 

Fig. 10. Antioxidant activity of L. sylvatica leaf 
extracts measured spectrophotometrically using 
DPPH• reagent and expressed as TEAC 
(Trolox Equivalent Antioxidant Capacity) per 
mg of lyophilised weight of the sample. Leaf 
categories: Shade – shade leaves (black col-
umn), Spot 1 – intermediate leaves (grey 
column), Spot 2 – sun leaves of L. sylvatica 
(light grey column). Error bars represent stan-
dard deviations. Different letters indicate sta-
tistically-significant differences at P< 0.0001. 
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Fig. 11. Phenanthrenoid compounds content in shade (black bars) and sun leaves from Spot 2 
(white bars) of L. sylvatica collected in late autumn season 2020. Standard deviations are so small 
that they are hardly visible. 
 

 
     Nine phenanthrenoids were identified 
in the extracts from leaves of L. sylvatica. 
Their content showed a great difference 
between sun and shade leaves. Higher con-
tents of five phenanthrenoids (hydragetin 
isomer 1, hydragetin isomer 2, Sylvaticin 
B, Sylvaticin C isomer 1, and Dehydrojun-
cunol/Dehydr. JA) were found in sun than 
shade leaves. Lower contents of Juncusol, 
Sylvaticin A, Sylvaticin C isomer 2, and 
Juncunol/Juncenil A were found in sun 
compared to shade leaves. Phenanthrenoid 

substances are reported from the plants of 
Juncaceae family (Tóth 2017) and L. syl-
vatica specifically (Gainche et al. 2020). 
In these studies leaf type and category 
have not been taken into consideration. 
We suggest that follow-up studies should 
focus the effect of prevailing light regimen 
and ecophysiological factors on phenan-
threoids contents in leaf. Moreover, our 
data (not shown here) suggest also the 
seasonal effect on phenathreoids synthesis 
and content in a leaf.  
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Supplementary Fig. 1. Upper panel: An overview of UV-absorbing compound variability 
amongst observed samples and leaf category (shade, sun-Spot1, sun-Spot2), the pseudo-colouring 
express the peak areas detected in samples adjusted to L.W.; Lower panel: Same data set as in the 
left subpanel with applied z-score transformation i.e. resulting value = (observed value-
mean)/SD, the pseudo-coloring better indicates relative differences amongst sample and 
treatments regardless on total quantity of the compound; grey cells – peak was not detectable in 
the sample. 


