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Abstract
In the 32-year-old mountain Norway spruce (Picea abies (L.) H. Karst.) forest in Bily Kriz Experimental Station in the Beskydy
Mountains (Czech Republic), the influence of ozone stomatal flux on anatomical structure of needle and protective function of
carotenoids were studied. The study focuses on the enlargement of intercellular space in mesophyll parenchyma after ozone exposure
of trees. A relationship was found between enlargement of intercellular area in mesophyll and accumulated Phytotoxic Ozone Dose
above a threshold of 1 nmol m-2 s-1 (POD1). A ratio between intercellular and total area in mesophyll has been introduced as IM index.
Protective function of carotenoids and, respectively, the dependence of the concentration of these pigments in P. abies needles on
POD1 index was proved.
Keywords: POD1; mesophyll, intercellular, b-carotene, lutein

Introduction
Oxidative stress is a stress factor which slows down
vital functions in plants and has destructive influence
on their cells, tissues, and organs, possibly leading to
death. Oxidative damage in plants is caused by imbalance between production and degradation of active
forms of oxygen (Piterková et al. 2005). Therefore,
oxidative stress can be described as a phenomenon regulated by the ratio between oxidative and antioxidative
activity which influences physiological processes in
plants (Arora et al. 2002). Each disturbance of balance
among the system which produces and degrades superoxide and other reactive products has always physiological consequence.
Active forms of oxygen have a key role in hypersensitive reaction (HR) for which induction of fast cell
death is typical, resulting in release of reactive oxygen
species (Dangl et al. 1996). Cell death caused by HR
2018, Vol. 24, No. 2 (48)

could be considered as a programmed cell death (Jabs et
al. 1996, Naton et al. 1996, Lamb and Dixon 1997). Influence of oxidants on apoptosis is described in studies
using Arabidopsis thaliana var. Landsberg erecta, soya,
and tobacco BY-2 cell cultures (Levine et al. 1994,
Desikan et al. 1998, Solomon et al. 1999, Houot et al.
2001). In small concentrations active forms of oxygen
inhibit CO2 fixation, inactivate enzymes of the Calvin
Cycle, and oxidise flavonoids. To provide protection
against hydrogen peroxide, chloroplast stroma contains
various antioxidants, such as L-ascorbic acid, reduced
glutathione, and peroxisomes containing components of
catalase cycle (Osswald and Elstner 1986). Under in situ
conditions, synergy effects of oxidative stressors have
been observed. Ozone (O3) is likely to be one of major
causes of such damage. O3 is produced in troposphere
when primary pollutants, especially nitrogen oxides, are
present in sunny days. Oxidizing influence of O3 on economically important forest species has been studied by
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numerous authors in different species, e.g. Fagus
sylvatica L. (Matyssek et al. 2007, Löw et al. 2007), Picea
abies (L.) Karst. (Luedemann et al. 2005, Wipfler et al.
2005), Betula pendula Roth (Oksanen et al. 2007),
Populus alba L. (Hoshika et al. 2017), O3 sensitive poplar in terms of leaves injuries Populus deltoides ×
maximowiczii, Eridano clone and O 3 tolerant Populus ×
euramericana, I-214 clone (Giacomo et al. 2010).
Ozone affects inner tissues of leaves (Vollenweider
et al. 2013), with cell death and enlargement of intracellular spaces. Structural changes were observed and described by many other authors, such as Sutinen et al.
(1990), Holopainen et al. (1992) and Kivimäenpää et al.
(2004). Visible leaf injury is better correlated with O 3 flux
than O3 concentrations in poplar (Gerosa et al. 2009).
Effects of O3 (96 µg m-3 during growing season) on lutein
to chlorophyll a ratio in needles of Picea abies growing
in natural conditions in mountains were measured by
Siefermann-Harms et al. (2004), observing a significant
ratio increase. On the contrary, these authors found a
decrease of a to b-carotene ratio in needles damaged by
O3, while the ratio in thylakoids remained unchanged. To
our knowledge in literature there is no evidence about
examining O 3 cumulative dose to carotenoid content in
field conditions.
Based on several samplings for carotenoids content analyses and ozone modelling approaches, the objectives of this study are to assess the influence of stomatal ozone flux on anatomical structure of Norway
spruce needles, and to evaluate the effects of stomatal
ozone flux on carotenoid concentration in needles. For
this study, we modelled stomatal ozone flux as by
Emberson et al. (2000c) during the vegetation period of
2009. Then we calculated accumulated Phytotoxic Ozone
Dose above a threshold of 1 nmol m -2 s-1 (POD 1) to assess the risk to Norway spruce trees. We test hypothesis
that POD1 effects the concentration of both lutein and
b-carotene pigments.

Materials and Methods
Experimental site
The forest stand is located at the experimental research site Bily Kriz (the Beskydy Mountains, 49°33N,
18°32E, NE of the Czech Republic, 908 m a.s.l.) and it
belong to CarboEurope-IP (www.carboeurope.org) and
ICOS (www.icos-ri.eu) networks. The geological bedrock
is formed by Mesozoic Godula sandstone (flysch type),
with ferric podzols. The climate in this area is cool (annual mean air temperature is 6.7° C) and humid (annual
mean relative air humidity is 80%), with high annual precipitation pattern (the mean for 20002009 is 1.374 mm).
The forest stand (6.2 ha) consists of Picea abies (L.) H.
Karst. (Norway spruce) (99% of total tree number) and
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Abies alba Mill. (silver fir) (1%) planted on the slope
(1116°) in 1981 by row planting of 4-year-old Norway
spruce seedlings with S-SW orientation. In 2009, the
stand density was 1,428 trees ha-1 (leaf area index is 9.5
m2 m-2), tree height and stem diameter at 1.3 m of height
were 13.4 ± 0.1 m and 15.8 ± 0.2 cm, respectively, (means
± standard deviation). Measurements of meteorological
parameters were conducted on 36-m tall experimental mast
placed within the area of trees with mean tree height. O3
concentrations at 5, 15 and 25 m above ground were
measured by O 3 analysers (O341M, Environment S.A.,
Poissy, France). Snow cover was presented only outside of the period measured, during 1.1.-9.4.; 14.-27.10.;
11.-17.11.; 7.-24.12.; since 27.12. For details regarding
the description of whole experimental site see Zapletal
et al. (2011, 2012).
Modelling of total and stomatal flux
Modelling of total O 3 flux to Norway spruce stand
was described in detail by Zapletal et al. (2011). Stomatal
uptake of O3 (go 3), which is inverse of stomatal resistance (Rsto ) was calculated according to Emberson et al.
(2000b):
go3 = g max×g phen×max[gmin (glight×g temp×g VPD ×g SWP)]
,

(1)

where: gmax is the average maximum stomatal conductance of Picea abies to O3 (mmol O3 m -2 s- 1 ) expressed on
total needle surface area; the parameters gphen, g light, gtemp ,
gVPD , and g SWP are expressed in relative terms between 0
and 1, and represent the modification of gmax due to phenological changes, light (µmol m-2 s -1), air temperature
(ºC), vapour pressure deficit (kPa), and soil water potential (MPa), respectively; gmin is the minimum go3 that occurs during daylight hours. The values of vapour pressure deficit (VPD) were estimated according to Buck
(1981). Soil moisture deficit (SMD) was estimated as a
function of precipitation and daily mean surface temperature according to the principles of water budget
(Mintz and Walker 1993). The soil physical characterization necessary to translate volumetric soil moisture deficit into soil water potential was based on the function in
Milthorpe and Moorby (1974). Full details on the parameters and functions used to relate go3 to environmental
variables are given in Emberson et al. (2000a, 2000b) and
Wieser and Emberson (2004). Stomatal O3 flux (Fsto ) was
then calculated as (Cieslik 2004):
Rc
Fsto=
c(z)
( R a(z)+Rb+R c ) R sto

(2)

where c(z) is O 3 concentration at a height z= 2 m above
the canopy; R a is the aerodynamic resistance, for the
ISSN 2029-9230
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turbulent layer; Rb is the laminar layer resistance for the
quasi-laminar layer; and Rc is the surface or canopy resistance of the receptor. R a was calculated from micrometeorological relations as suggested by Voldner et al.
(1986) and Hicks et al. (1987). R b was calculated from
micrometeorological relations as suggested by Hicks et
al. (1987). R c was calculated using the following equation (Emberson et al. 2000c):
(3)
where: R sto is the specific needle stomatal resistance to
O 3 uptake; R ext is the resistance of the needles cuticle,
branches and stem to uptake or destruction of O 3; R inc is
the specific canopy aerodynamic resistance to transport
of O 3 towards the soil and lower parts of the canopy;
R soil is the soil resistance to destruction or absorption of
O 3 at the ground surface; LAI is leaf area index; SAI is
surface area index, including leaves and branches, value
set to be equal to LAI in the growing season, otherwise
set to 1 m -2 m-2 (Emberson et al. 2000c).
Ozone dose and exposure
O 3 exposure was calculated as AOT40 for daylight
hours only (Fuhrer et al. 1997):
A0T40 = S[([03] i 40)]Dt
Glob.Rad³50 W/m2

(4)

where the summation is made from May 6 th to September
30 th.
The accumulated stomatal flux with no threshold
(POD0) was calculated as follows (ICP Vegetation 2009):
N
POD 0 = Smax(0, Fsto,i) Dt
(5)
i=1

where the summation is made from May 6 th to 13 rd November.
The accumulated stomatal flux above a hourly
threshold of 1 nmol m -2 s -1 (POD 1) was calculated as
follows (ICP Vegetation 2009):
N
POD 1 = Smax(0, F sto,i1) Dt
(6)
i=1

where the summation is made from May 6 th to 13 rd November. Moreover, all the figures with including statistics were produced in MatLab (MathWorks, USA).
Sampling of needles
Two-year old sunny needles were taken from one
sun-exposed part of the crown. The samples were collected from three levels above ground (8.6  12.7 m, 6.7 
8.6 m, 4.5 - 6.7 m) with length of branches 1.5  2.5 m. The
needles were collected four times in growing season 2009
(8 th June, 19 th July, 2nd November and 13 rd November). At
2018, Vol. 24, No. 2 (48)
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each sampling, 75 grams of needles were removed from
15 branches. Needles were collected between 10:00 
12:00 of local time (GMT + 2 h) from selected trees of
Picea abies. The specimen was selected as a representative sample within a homogenous forest stand. Needles
with relevant damage caused by insects and endophytic
fungi were excluded.
Analysis of anatomical parameters of needles
Immediately after sampling, the needles were put in
a FAA fixation solution (1.82 M formaldehyde  9.89 M
ethanol  0.87 M acetic acid) (Gebauer et al. 2011). Randomly selected needles were prepared for microscopic
analysis: dehydration in ethanol series, transfer to xylene and paraffin embedding in a Shandon Citadel TM
tissue processor  carousel type. The studied material
was embedded in BIO-PLAST EXTRA at a temperature
of 58 °C. Paraffin blocks were longitudinal-cut in three
to four series in a HM 325 MICROM GmbH rotary microtome, the section thickness was 5-6 µm. After deparaffinization the samples were stained by the method of
hematoxylin  eosin, polychrome methylene blue, Grocotts methenamine-silver nitrate stain and Gömöri stain.
The stained preparations were mounted into enthellan
with xylene. The analysis of the image was performed by
ZEISS Axiostar Plus microscope connected to Olympus
C5060 camera and multimedia PC. Photos of longitudinal
sections of needles were taken with magnification 4×
and 10×. The freeware software CERNOTA (Kalina and
Slovák 2004) was used to analyse the images. The software counts the number of black pixels and the computed value is substituted into the calibration equation,
which provides the area of an object coloured in black.
Over 250 samples were analysed. We counted area of
intercellular space, area of mesophyll and area of cells.
Cell shrinking was analysed on a randomly selected area
(1000 µm long). Tissue deformation was quantitatively
defined by the ratio between the area of intercellular
space and the total area of mesophyll (Bäck et al. 1999,
IM index)
IM index =

area of intercellular space
area of intercellular space + area of cells

(7)

Analysis of carotenoid concentration in needles
Samples for the analysis of photosynthetic pigments
were fixed in liquid nitrogen and stored at -80 °C after
the collection. One gram of the sample was homogenized
in 100% acetone with MgCO3 and sand. Samples were
centrifuged at 6000 g min-1 and filtered. Carotenoids concentrations were determined in acetone extracts using
HPLC gradient method (Pfeifhofer 1989).
ISSN 2029-9230
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Results
Environmental conditions during the sampling
period
During the vegetation period from May to November 2009 the mean (±SD) air temperature was 11.7 ± 5.9 °C,
relative air humidity was 84.5 ± 15.5%, global radiation
was 202.9 ± 256.9 W m-2 , horizontal wind speed was 1.5 ±
1.3 m s-1 and O 3 concentration was 44.0 ± 11.6 nmol mol1
at 15 m above ground. Precipitation sum was 704.4 mm.
Minimal and maximal values were as follows: air temperature: -3.4 °C and 28.6 °C, and relative air humidity:
27.3% and 100%.

M. ZAPLETAL ET AL.

(p =2.32e-06) decrease in both the area and volume of
mesophyll cells, manifested by protoplast deformation
and resulting in cell wall shrinking (Figure 3). Average
values of IM index varied between 0.41 (healthy looking
tissue) and 0.49 (damaged tissue).

Indices of ozone exposure and uptake
Until the end of September, the ecosystem O 3 exposure, expressed in terms of AOT40 for daylight hours, of
11.6 ppm h (mmol mol-1) was recorded. At the end of
sampling period, POD0 was 18 mmol m -2 PLA (per leaf
area) and POD1 was 15.6 mmol m -2 PLA (Figure 1).

200 µm

Figure 1. History of ozone exposure (AOT40) for the period May - September and history of Phytotoxic Ozone Dose
(POD1 and POD0) for the period May-November 2009.
Both POD 1 and POD 0 time periods were extended until 13rd
November to cover all corresponding datasets

Relationship between stomatal ozone flux and IM
index
Depending on growth rate of POD1 (Figure 2),
microscopic observations revealed a significant

200 µm

Figure 3. Anatomical longitudinal section of needle after oxidative stress (A  healthy cells, B  damaged cells). Damage of mesophyll cells is observed as zones of narrowing cell
structures with examples shown with arrows. Stained by
Grocott's methenamine-silver nitrate

Relationship between POD 1 and carotenoids
Concentrations of photosynthetic pigments with
protective antioxidant function (b-carotene and lutein)
were determined. Concentrations of carotenoids are primarily dependent on the date of sampling, which corresponds to increasing POD1 index and higher O 3 exposure. Concentrations of b-carotene inside the needle tissue (Figure 4) is ranging from 0.078 to 0.092 mg g-1 DW,
and concentrations of lutein (Figure 5) ranging from 0.278
to 0.392 mg g -1 DW., correlated with POD1 ranging from
3.5 to 17.4 mmol m-2. Concentration of lutein and b-carotene are significantly correlated with POD1 (R 2 =0.88,
p =6.61e-10; R 2 =0.86, p =2.32e-6) and with IM index
(Figure 6).

Discussion and conclusions
Figure 2. A relationship between POD 1 and the ratio of the
area of intercellular space expressed as IM index. Vertical
bars illustrate standard deviations
2018, Vol. 24, No. 2 (48)
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Figure 4. A relationship between concentration of b-carotene and POD 1. Vertical bars illustrate standard deviations

Figure 5. A relationship between concentration of lutein and
POD 1 . Vertical bars illustrate standard deviations

Figure 6. Relationship of IM and carotenoid concentration.
Linear fitting is applied

tially O3 hazard condition (Zapletal et al. 2012). The dose
of O 3 in terms of POD 1 (15.6 mmol m -2 PLA) absorbed by
the vegetation during the measuring period was above
the critical flux level of 8 mmol m -2 (ICP Vegetation 2010,
Zapletal et al. 2012). The POD 1 recorded at Bílý Køíþ is
similar to POD 1 (13.6-16.2 mmol m -2) of P. abies forest
located at the Tatra Mountains in the Western Carpathian
Mountains (Bièárová et al. 2016). Moreover, Czech mountains regions are known to be polluted by O 3 as high as
southern European regions or regions of high altitude
(Hùnová et al. 2016), which correspond to POD1.6 ranging between 13.4 and 22.3 mmol m -2 in F. sylvatica forest
(Vlasáková-Matouðková and Hùnová 2015). According
to Gerosa et al. (2009), critical cumulated flux levels re2018, Vol. 24, No. 2 (48)
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lated to visible leaf injury for P. nigra and F. sylvatica is
ranging between 30 and 33 mmol m-2 . Therefore, it is clear
that P. abies is more sensitive to smaller O 3 exposure
than above mentioned tree species
Demonstration of leaf injury is related to relationship between enlargement of intercellular area in mesophyll and POD1 index, which we found. Similarly, microscopic changes in the structure of needles induced by
O3 were observed by Sutinen et al. (1990) and Holopainen
et al. (1992). Kivimäenpää et al. (2004) consider the specific symptoms of the O3 damage in conifers such as
decreased size of chloroplast. Furthermore, Vollenweider
et al. (2013) observed massive cell wall thickening, which
obstructed most of the intracellular space in mottles on
needles, however intracellular space was not quantified.
We found significant (p =6.61e-10) positive increase
of lutein concentration together with increasing O3 dose
and insignificant (p =0.2) negative for concentration of
b-carotene. Relationship between concentration of
carotenoids and concentration of O3 has been studied
on various plant species by many authors (Yamaji et al.
2003, Tausz et al. 2004, Calfapietra et al. 2008) with different conclusions. Haberer et al. (2007) and Herbinger et
al. (2007) found similar changes of concentration of lutein
on F. sylvatica after O3 exposure. Increase of both lutein
and b-carotene content were observed in tomato after
one day of exposure to O3, however the effect did not
persist for other five days (Tzortzakis et al. 2007). Other
experiments with P. abies seedlings showed unchanged
b-carotene content at high O 3 concentration. Contrary
to that, lutein content increased rapidly after 106 days
of O3 fumigation by 100 nmol mol -1 (Kronfuß et al. 1998),
which we observed in similar manner. This suggests different behaviour of different carotenoids in response to
high O3 concentration treatment in controlled laboratory
conditions. Here we specify the changes of lutein and
b-carotene contents for POD1 under field conditions; preventing so maximized stomatal O3 uptake in chamber studies using high O3 concentrations not relevant for field
conditions (Massman et al. 2000) and thus exacerbating
injury in plants.
We conclude that our hypothesis was confirmed:
b-carotene and lutein exhibit concentration changes in
needles depending on increasing ozone uptake expressed
as POD1 index. While lutein is increasing with higher
ozone dose, b-carotene concentration is being reduced.
That is due to influence of oxidative stress which might
lead to transformation of carotenes to xanthophyll
(Quinlan et al. 2012). Moreover, macroscopic observations revealed yellowing of the needles after ozone exposure, which is in consistency with increased lutein
content while b-carotene is being used for antioxidant
activities. Similar findings were published by Kim and
DellaPenna (2006).
ISSN 2029-9230
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