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Abstract

The aim of this study was to determine the impact of increased copper contents on selected physiological processes in one-
year-old Pinus sylvestris L. needles from a former German timber storage area in Warcino Forest District, a subject to an
environmental quality survey. Samples were collected from the area with the high copper content in the soil. The control
area was a nearby pine tree stand showing unimpeded growth. The significant growth inhibition was found in dwarf shoots
and whole needles, increased water content, and reduced dry mass were also observed. The chlorophyll content was
lowered, while 20% higher electrolyte leakage was found. Chlorophyll @ fluorescence indicated only higher values of the
nonphotochemical quenching in P. sylvestris from the Cu-site. Significant differences were shown in the rate of gas
exchange measured by changes in carbon dioxide or oxygen concentration. The intensity of photosynthesis in needles of
P. sylvestris from the Cu-site measured by CO, uptake was considerably higher than that of oxygen production. The rate
of respiration in the needles from the Cu-site measured by the amount of released CO, was higher only by 15%, while
according to O, consumed, the rate increased by 30% in relation to the control. Our results suggest that the copper
accumulation in P. sylvestris needles affected the morphology and physiology of the studied organs.
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In their natural environment, plants are exposed to
numerous substances that have a positive or negative
impact on plant metabolic processes, depending on their
concentration. The occurrence of heavy metals in the
environment constitutes a serious problem at the present
days. The main sources of pollution include industrial
development, the application of mineral fertilisers, and
plant protection products, as well as municipal waste.
Heavy metals in soils pose a risk to the chemical balance
and may lead to the degradation of the environment. The
impact of high concentrations of heavy metals may entail
creating stressful conditions for plants. Every stressor
induces changes in plant cell metabolism, resulting in

disruption of homeostasis. Stressors may activate modifi-
cation mechanisms, which allow the plant to develop
features and adaptations determining higher resistance
(Tukendorf and Wojcik 1995, Clijsters et al. 1999,
Baranowska-Morek 2003, Siwek 2008).

The factors that determine the accumulation of heavy
metals in soils, particularly, their solubility and bioacces-
sibility, include soil pH, organic substances, hydroxides,
clay minerals, and interactions with other elements. The
harmful effect of heavy metals manifests itself when they
occur in the environment at particular concentrations. The
response of plants to heavy metals depends on the plant's
individual vulnerability, the duration of exposure, the

Received 4 November 2015, accepted 21 March 2016, published as online-first 21 April 2016.

*Corresponding author; e-mail: kmozdzen@up.krakow.pl

Abbreviations: Chl — chlorophyll; control — control areas of Warcino Forest District; Cu-site — areas with higher copper concentration
in Warcino Forest District; DM — dry mass; Fo — minimal fluorescence yield of the dark-adapted state; Fv/Fm — maximal quantum yield
of PSII photochemistry; NPQ — nonphotochemical quenching; Px — net photosynthetic rate; R — respiration; qp — photochemical
quenching coefficient.

Acknowledgements: This work was supported by the Department of Plant Physiology, Pedagogical University in Krakow and Faculty
of Forestry, University of Agriculture, from statutory research funds.

193



K. MOZDZEN et al.

intensity of stress, and the form in which the metals are
accessible. Moreover, not only a proper concentration of
an element in the tissues is required for the normal
development of a plant, but also the suitable proportion of
this element to other substances present in the soil (Yruela
2005, Gruca-Krolikowska and Wactawek 20006).

Macronutrients (N, P, K, S, Ca, Mg) and micro-
nutrients (Fe, B, Mo, Zn, Cu, Mn) occurring as natural
components of the environment, are essential for the
normal functioning of a plant. Copper is acquired and
transported in the form of copper ions or chelates most
intensively by young plants. In the soil, it occurs in
combinations with organic substances, clay minerals, and
precipitates, such as sulphates, sulphides, and carbonates.
It takes part in defensive mechanisms, biochemical
reactions as a cofactor of enzymes and an electron carrier
(Yruela 2005). It is also involved in the metabolism of
nitrogen compounds and sugars, regulates DNA and RNA
production processes, and plays a role in cell wall
lignification (Ouzounidou et al. 1992, Wisniewski et al.
2003, Alaoui-Sossé et al. 2004, Valko et al. 2005). An
excess of copper causes disruption in plant growth, plant
pigment production, photosynthesis, and respiration, as
well as in the rearrangement of protein and lipid structures
(Maksymiec 1997, Vinit-Dunand et al. 2002, Burkhead
2009).

The copper content in plants is considerably varied
depending on the plant organ and developmental stage,
species, and variety, as well as climatic conditions
(Ostrowska et al. 2006). According to Vries and Heijj
(1991) and Schachtman et al. (1998), the concentration of
nutrients in the photosynthetic apparatus of plants
indicates the content of their supply of mineral elements.

Scots pine (Pinus sylvestris L.) is an evergreen tree
species from the Pinaceae family. It reaches an average
height of approximately 30 m. It has stiff, hard, pointed,
finely serrated, and spirally curved needles. Set in pairs on
dwarf shoots, they are often used in bioindication research
(Dmuchowski and Bytnerowicz 1995, Kurczynska et al.
1997, Yilmaz and Zengin 2004, Parzych and Sobisz 2012).

In this study, we investigated the impact of the high
copper concentration in soil on several physiological
processes in Scots pine (P. sylvestris). We compared two
forest stands in the Warcino Forest District, Poland, one
stand with high copper contents and poorly growing pine
trees (Cu-site) and a reference area with pine trees showing
unimpeded growth (control).

The study area in the Warcino Forest District was
characterized by highly acidic pH and acidic contents of
mineral soils (pH in KCl = 4.03—4.98). Base saturation
assumed low values, reaching a maximum —27% in the
bedrock. The content of organic carbon in the soil under
weakly growing pine trees was low and did not exceed
0.93%. The control soil carbon content in the well-
developed organic level was 16.62%. The mineral fraction
of soil was predominated by sand (& = 0.05-2 mm), which
content ranged from 92 to 98%. The clay (J < 0.002 mm)
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fractions content ranged from 1 to 3%. Soil texture may
limit the water supply to plants during periods of dry
weather. The former German timber storage area is
characterized by the higher copper content, the origin of
which is associated with long-term use of wood
preservatives. In the past, this area functioned as a
repository of wood harvested in the surrounding stands.
The average copper content in the content of mineral
humus under weakly growing pine trees was 175 mg kg ™!
(soil) and under the control stand it was 41 mg kg'(soil).
In the area of the former German timber storage area, not
covered by plants, the copper content in the humus reached
913 mg kg!(soil), whereas the organic carbon content was
0.73% (Wanic et al. 2013).

Plant material in the form of annual shoot increments
of Scots pine (P. sylvestris L.) was sampled from the
former wood storage area, where exceeded limits of copper
content were reported (Cu-site), and from areas with pine
tree showing unimpeded growth (control) in the Warcino
Forest District.

Biometric analysis of dwarf shoots and needles was
performed using a magnifying glass with a scale (Hund
Wetzlar FLQ150, Wetzlar, Germany).

The fresh mass (FM) was determined for each of the
studied needles on scales (Ohaus Adventurer Pro Av 264c,
Melrose, USA). The needles were subsequently frozen in
—80°C and lyophilised in a lyophiliser (Scanvac
CoolSafe™ 55-4 PRO, Lynge, Denmark). The lyophilised
leaves were weighed in order to establish the dry mass
(DM) and calculate the water content.

In order to perform mineralisation, dried (Wamed
SUP-100, Warsaw, Poland) and weighed (Radwag WPA
60/C, Warsaw, Poland) to an accuracy of + 0.0001 g of
needles were placed in glass flasks of a digestion apparatus
(Velp Scientifica DK20, Usmate, Italy). They were
subsequently poured over with 65% HNO; and left to
dissolve at a temperature of 25°C. The samples were then
gradually heated for 30 min at a temperature of 100°C and
120°C and for 120 min at temperature 140°C, until they
reached full mineralisation. Excess acid was removed by
heating the material without leading to its complete
evaporation. Mineralised material was transferred to
scaled test tubes, which were then filled up to 10 ml with
deionised water (Direct-Q 3 UV, Millipore, USA). Copper
content was determined with an atomic absorption
spectrometer (Analyst 200, PerkinElmer, Waltham, USA),
using HCL lamps.

Two morphologically similar P. sylvestris needles
were placed in polypropylene falcon tubes in 30 ml of de-
ionised water with specific conductance of 0.05 uS cm™.
Tubes were then placed on a shaker (Rocker Labnet
International, New York, USA) and Vortex (Biomix
BVX-10, Blizne Jasinski, Poland) for 3 h. After that time,
the electroconductivity of diffusates (Lz) was measured
using a multifunction device (CX-701 Elmetron, Zabrze,
Poland). After the measurement, plant material was frozen
at —80°C to cause the degradation of plasma membranes.



The material was successively defrosted and subjected to
the same shaking procedure as alive P. sylvestris needles;
the electroconductivity of the whole electrolyte content in
the tissue was measured (Lm). The percentage of
electrolyte leakage through plasma membranes was
calculated according to the following formula: EL [%] =
(Lz/Lm) x 100, where EL is an electrolyte leakage, Ly is
an electrolyte leakage from the dead cells, and Lz is an
electrolyte leakage from the living cells.

The net photosynthetic rate (Px) and respiration (R) of
one-year-old P. sylvestris needles were determined using
an infrared gas analyser ADC-225 MK-3 (ADC Bio-
Scientific Ltd., Herts, UK). The intensity of the light during
the measurements was 100 umol(photon) m? s7'. The
temperature during measurements was constant and kept
at 25°C. The rates of these two processes were determined
in air containing 21% of oxygen, with CO, concentration
at 300400 pmol mol™', in a closed system (Rut et al.
2010). The net photosynthetic rate and respiration were
expressed in pmol(CO,) g '(DM) h™! taken up/released.

The rate of these processes was also measured using
the Clark electrode (Hansatech Instruments Ltd., Norfolk,
UK). The electrode was placed in a 5-ml chamber LD/2,
where a constant temperature of 25°C was maintained. The
electrode was connected to a data-reading device CBID.
Computer software ‘Acquire’ was employed for data
reading and analysis. The measurement conditions were
the same as in measurements with the infrared gas
analyser. The rates of photosynthesis and respiration were
expressed in pmol(0,) g '(DM) h™! released/taken up.

The content of chlorophyll (Chl a and b) was deter-
mined in dimethyl sulfoxide (Sigma Aldrich, England)
using Barnes ef al. (1992) method at a wavelength of 665
and 648 nm, with spectrophotometer Aquarius 9500 (Cecil
Instruments, Cambridge, UK). The amount of Chl was
converted into a concentration in DM.

The functioning of PSII was examined with the use of
fluorometer (Fluorescence Monitoring System — 1,
Hansatech Instruments Ltd., Norfolk, UK). Dark-
acclimated needles after 30 min were exposed to excitation
light 600 pmol(photon) m2 s™'. The values of the fol-
lowing parameters were analysed: (/) the fluorescence
intensity indicators: minimal Chl fluorescence, when all
dark-adapted PSII reaction centers are open (Fo), photo-
chemical efficiency of PSII (F./Fi) (van Kooten and Snel
1990), and (2) fluorescence quenching parameters: photo-
chemical quenching (qp) and nonphotochemical quenching
(NPQ) (Maxwell and Johnson 2000).

The significance of differences between mean values £
SD (n =5) were assessed by analysis of variance (ANOVA/
MANOVA) using Tukey's test at p<0.05. Calculations were
made in STATISTICA 10.0 software.

EFFECT OF COPPER ON PINUS SYLVESTRIS

Biometric analysis of P. sylvestris needles and dwarf
shoots showed statistically significant differences in their
length. Pine dwarf shoots and needles were markedly
longer in the plants growing at control site compared with
the needles of plants occurring at Cu-sites (Table 1).

Higher DM values were noted in the plants from the
control compared to Cu-site. As regards water content,
lower values were found in the plants from the control site,
while higher amounts were found in the Cu-site plants
(Table 1).

A statistically significant increase in the copper content
was observed in P. sylvestris needles from the Cu-site
relative to the control plants (Table 1).

Significant increases in cell membrane permeability
were noted in needles from the Cu-site in relation to the
plants from the control site. In the case of P. sylvestris from
the Cu-site, the values of electrolyte leakage fluctuated
from 90 to 100%, which is nearly 20% more of total
electrolyte content in tissues in relation to the outflow of
ions in samples from the control (Table 1).

Significant differences were noted in the gas-exchange
rates measured by changes in carbon dioxide and oxygen
concentration in P. sylvestris needles. The intensity of
photosynthesis measured by the amount of carbon dioxide
taken up was much higher in P. sylvestris needles from the
control than that in the needles of plants growing at the Cu-
site (Fig. 1).

Table 1. Comparison of morphological and physiological para-
meters in Pinus sylvestris needles from control area of the
Warcino Forest District and Cu-site. Values are means (+ SD),
n = 5. Means followed by the different letter in each row are
significantly different (p<0.05). DM - dry mass; Chl —
chlorophyll; Fo — minimal fluorescence yield of the dark-adapted
state; Fv/Fm — maximal quantum yield of PSII photochemistry;
NPQ - nonphotochemical quenching; qer — photochemical
quenching coefficient.

Parameter Control ~ Cu-site
Dwarf shoot length [mm]  5.82° 3.85°
Needle length [mm] 54.328 41.75°
DM [g] 0.018 0013
Water content [%] 46.09° 52.122
Cu [ng g (DM)] 6.36° 7.78
Electrolyte leakage [%] 72b 932
Chl a [mg g {(DM)] 425 2.24b
Chl (a+b) [mg g '(DM)]  5.23° 2.80°
Chl a/b 4.342 4.00?
Fo 230.702 197.902
Fv/Fm 0.8282 0.8292
NPQ 0.068Y 0.0912
qr 0.9382 0.940*
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Fig. 1. Net photosynthetic (Pn) and respiration (R)
rates of Pinus sylvestris needles from control area of
the Warcino Forest District and Cu-site, expressed in
CO2 or Oz uptake/output for plant dry mass. * —
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The net photosynthesis of needles measured by the
amount of released oxygen obtained from the plants of the
two sites with different Cu content showed no significant
difference (Fig. 1). The rate of photosynthesis measured
by carbon dioxide consumption in needles from the Cu-
site was considerably lower than that measured by changes
in oxygen concentration. Plants grown at the control site
showed comparable CO, and O, rates (Fig. 1).

The R of the needles growing at the Cu-site was
markedly higher compared with those from the plants of
the control site (Fig. 1). The R of the Cu-site plants was
higher merely by 15% when measuring the amount of
released CO,. However, the rate of the studied process
which one R increased by 30% in the case of measured
oxygen consumption (Fig. 1). No significant differences
were noted in the rate of R measured by the oxygen con-
sumption or CO; release between the control and the Cu-
site. The R measured by CO; release was slightly higher
than the rate of this process measured by oxygen uptake.

The content of Chl a and b in P. sylvestris needles was
significantly lower at the Cu-site compared with that of the
control area (Table 1). The analyses of selected fluores-
cence parameters showed no statistically significant
differences in the studied P. sylvestris needles. The only
exception was the parameter of NPQ, which showed
higher values in P. sylvestris from the Cu-site compared
with the control (Table 1).

The occurrence of heavy metals in the environment and
their easy access through the root system and leaves cause
aserious problem for plants, interfering with their
metabolic and physiological processes. Prior to the
manifestation of copper toxicity, the inhibition of plant
growth and the reduction of yield occurs (Jiang et al. 2001,
Gupta and Abdullah 2011). Ouzounidou et al. (1994),
Monni et al. (2000), MacFarlane and Burchett (2002), and
Elleuch et al. (2013) found that copper contamination
disturbs physiological processes from the seed germi-
nation phase to the growth phase. The studies carried out
in the Warcino Forest District showed that the length of
pine dwarf shoots and whole needles and needle biomass
of P. sylvestris were substantially higher in the control
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Cu-site

R significant differences from control plants at p<0.05.
Means + SD, n = 5.

areas than that in the plants occurring on polluted soils
(Cu-site), which suggested an inhibitory effect of copper
(Table 1).

According to Kopittke and Menzies (2006), copper
hinders mass production in roots to a larger extent than in
shoots and leaves of Vigna unguiculata, and the restriction
of shoot growth is higher due to the nutrient deficiency
ensuing from the reduced nutrient uptake in damaged roots
rather than the direct effect of toxic metal. Rouphael et al.
(2008) believe that heavy metals disrupt the transport and
absorption of nutrients, exerting phytotoxic effects on
organisms. In the case of P. sylvestris from the Warcino
Forest District, increased Cu accumulation was observed
in the needles. The toxic effect of Cu on life processes
results from its interaction with the functional groups of
molecules that are found in cells, particularly, proteins and
polynucleotides (Yruela et al. 2008, Moreira et al. 2015).
The toxic effect mainly involves the damage of cells and
inhibition of their growth (Liu et al. 2004). As aresult, cell
division and elongation of new cells in the growth zones
of roots and aboveground plant parts are restrained and cell
membrane permeability is altered (Kukkola ef al. 2000,
Schiitzendiibel and Polle 2002, Liu ef al. 2009, Bouazizi et
al. 2010). High Cu concentrations seemed to have a detri-
mental effect on the functioning of plasma membranes in
the cells of P. sylvestris needles. In the experiment,
electrolyte leakage from the needle cells of plants growing
on soils with high Cu content increased by 20% compared
with the control needles obtained from the tree stand
showing unimpeded growth (Table 1). According to Hall
(2002), cell membranes are the first structures to be
affected by heavy metals. Their disintegration allows the
permeation of metals and augments the outflow of ions,
which disturbs water and ion balance. Damages are
induced, among others, by protein oxidation and changes
in the composition and fluidity of plasma membrane lipid
components.

The direct effects of heavy metals are observed in the
functioning of chloroplasts, the destabilisation of cell
membranes, the inhibition of Chl synthesis, and the
disruption of the Calvin cycle (Clijsters et al. 1999). As



reported by Monni et al. (2001), Empetrum nigrum plants
growing in the vicinity of a copper and nickel smelting
Harjavalta plant in south-western Finland contained
markedly lower Chl concentrations than plants growing
away from the contaminated sites. Narrowed leaves, as
well as progressive chlorosis and necrosis were observed
at high Cu concentrations in Trigonella foenum-graecum
(Elleuch et al. 2013). Caspi et al. (1999) showed an
inhibitory effect of Cu on Chl synthesis in the leaves of
barley. In the case of the studied needles from the Warcino
Forest District, a reduced content of Chl a and » was
demonstrated. The total Chl content at the Cu-site was less
than half compared with those from control areas
(Table 1). High accumulation of heavy metals causes the
destruction of Chl-protein complexes, disrupts mineral
nutrition, and decreases the energy balance of cells (Baron
et al. 1995, Chen et al. 2000, Pilon et al. 2006, Rouphacl
et al. 2008). Another result of an excessive Cu concen-
tration is the deactivation of ferredoxin via oxidation of
thiol groups (SH) of this enzyme by Cu. Studies by
Stolarska et al. (2006) have shown that the application of
Cu salts at concentrations exceeding 0.05 mmol kg !(soil)
causes a significant decrease in Chl concentration, CO;
assimilation rate, and water-use efficiency in photo-
synthesis. The consequence was a reduced plant producti-
vity, the suppressed growth of the root system and foliage
development. The lowered photosynthesis measured by
CO; uptake in P. sylvestris needles from the timber storage
area might be caused by a higher Cu content in the needles
compared with the plants from the control site. Increased
Cu concentration and its accumulation in the aboveground
parts of pines is most likely due to the higher content of
this metal in the soil at the former timber storage site
(Wanic ef al. 2013). An excess of Cu in plants causes
disruption in the Calvin cycle (lowered activity of Rubisco
and other enzymes of this cycle) (Williams and Mills 2005,
Yruela 2009, Padua et al. 2010).

The lower rate of photosynthesis may be associated
with the reduced Chl content in P. sylvestris needles from
the poorly growing-tree stand and might occur due to
difficulties with the uptake of other macronutrients
(necessary for the Chl synthesis) from soils with higher Cu
contents or due to the larger losses of absorbed photon
energy dissipated as heat via the xanthophyll cycle
(Osmond et al. 1997) (Table 1). The noted increase of the
R, determined by the quantity of CO, released and oxygen
taken up, may result from a higher demand for ATP in P.
sylvestris needles from the contaminated tree stand which
was aimed for reparation of the damage caused by the
excess of copper (Fig. 1).

Study of the kinetics of Chl a fluorescence by
fluorimeter is one of the best ways to explore the function
of PSII and its reactions in response to changes in
environmental conditions and plant growth (Kalaji and
Nalborczyk 1991, Kalaji ef al. 2012a,b, 2014; Peng et al.
2012). Copper ions in excess cause reduction of PSII
activity (Patsikka et al. 1998). PSII efficiency is associated

EFFECT OF COPPER ON PINUS SYLVESTRIS

with the thylakoid membranes of chloroplasts (Pétsikka et
al. 2002) and the quantum yield of PSII electron transport
(Vinit-Dunand et al. 2002). Copper has inhibitory effects
on plastoquinone through reduction and interference with
electron donation to photochemical reactions in PSII
(Jegerschold et al. 1995, Yruela et al. 1993, 1996). Fy
parameter indicates the excitation energy loss during
transmission of the antenna energy to PSII (Baker and
Rosenquist 2004). This parameter characterizes fluores-
cence emission of the excited Chl molecules in PSII
antenna when all PSII reaction centers are open and ready
to accept new electrons. The variable values of Fo may be
the result of an increased number of inactive reaction
centers, where electrons cannot be transferred out by
reduced plastoquinone, low energy transfer from the
LHCII to PSII reaction center or caused by the dissociation
of LHCII from PSII core, or D1 protein degradation and
inactivation in PSII reaction centers (Havaux 1993,
Rintaméki et al. 1995). F./F, and qp reflect the true
efficiency of PSII by the amount of light energy absorbed
by PSII to the energy consumed by an open reaction
centers. They are responsible for reducing the amount of
electrons in the stabilization of CO, (Maxwell and Johnson
2000, Lichtenthaler et al. 2005). The values of F./Fp, in
higher plants are close to 0.83 (Bjorkman and Demmig
1987), and the qp values range between from 0 to 1
(Maxwell and Johnson 2000). NPQ associated with heat
losses can range from 0 to infinity depending on the
species and acting stressor (Lichtenthaler et al. 2004,
Porcar-Castell 2011) and is responsible for excess light
energy that is harmlessly dissipated as heat (Miiller et al.
2001). Copper ions caused reduction of light-saturated
PSII coincided with increased NPQ, which is normally
associated with xanthophyll cycle-dependent energy
dissipation in higher plants (Ruban and Horton 1999,
Ebbert et al. 2001). In our study, the needles of P.
sylvestris from the Cu-site compared with the control ones
showed high photochemical efficiency of PSII (Table 1).
Only NPQ significantly increased in the needles of
P. sylvestris from the Cu-site relative to the value of the
control (Table 1). No changes in the values of other
parameters of fluorescence may indicate a physiological
adaptation of plants to cope with oxidative stress (Shaw et
al. 2014). Copper ions may target chloroplast membrane
H*-ATPases, thus lowering the demand for H' and
electron transport, indirectly resulting in excitation energy
entrapment in PSII. Inhibitory effects of Cu ions on
ATPases and ion channels are known from several plant
systems (Demidchik ez al. 1997, 2001; Maksymiec 1997).
Chloroplasts have developed flexible mechanisms to cope
with changes in demand for energy. They are activated in
stressful environmental conditions and metabolic
disorders. Their purpose is sustainable production and
consumption of ATP and NADPH by increasing the
production of intermediates or preventing the accumu-
lation of excess intermediates. The mismatch in the
regulation restricts photosynthesis (Cruz et al. 2005,
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Kramer and Evans 2011).

In the presence of excessive quantities of heavy metals,
the symptoms of toxicity may be produced by a number of
interactions at cellular and molecular levels. At cellular
level, they may be involved not only in detoxification, but

References

Alaoui-Sossé B., Genet P., Vinit-Dunand F. et al.: Effect of
copper on growth in cucumber plants (Cucumis sativus) and its
relationships with carbohydrate accumulation and changes in
ion contents. — Plant Sci. 166: 1213-1218, 2004.

Baker N.R., Rosenquist E.: Applications of chlorophyll fluores-
cence can improve crop production strategies: an examination
of future possibilities. — J. Exp. Bot. 55: 1607-1621, 2004.

Baranowska-Morek A.: [Plant mechanisms of tolerance to toxic
heavy metals.] — Kosmos 52: 283-298, 2003. [In Polish]

Barnes J.D., Balaguer L., Manrique E. et al.: A reappraisal of the
use of DMSO for the extraction and determination of
chlorophylls a and b in lichens and higher plants. — Environ.
Exp. Bot. 32: 85-100, 1992.

Baron M., Arellano J.B., Lopez Gorgé J.: Copper and photo-
system II: A controversial relationship. — Physiol. Plantarum
94: 174-180, 1995.

Bjorkman O., Demmig B.: Photon yield of O2 evolution and
chlorophyll fluorescence characteristics at 77 K among
vascular plants of diverse origins. — Planta 170: 489-504, 1987.

Bouazizi H., Jouili H., Geitmann A. et al.: Copper toxicity in
expanding leaves of Phaseolus vulgaris L.: antioxidant enzyme
response and nutrient element uptake. — Ecotox. Environ. Safe.
73: 1304-1308, 2010.

Burkhead J.L., Gogolin Reynolds K.A., Abdel-Ghany S.E. et al.:
Copper homeostasis. — New Phytol. 182: 799-816, 2009.

Caspi V., Droppa M., Horvath G. et al.: The effect of copper on
chlorophyll organization during greening of barley leaves. —
Photosynth. Res. 62: 165-174, 1999.

Chen L.M., Lin C.C., Kao C.H.: Cu toxicity in rice seedlings:
changes in antioxidative enzyme activities, H2O2 level and cell
wall peroxidase activity in roots. — Bot. Bull. Acad. Sin. 41: 99-
103, 2000.

Clijsters H., Cuypers A., Vangronsveld J.: Physiological res-
ponses to heavy metals in higher plants; defense against
oxidative stress. — Z. Naturforsch. 54¢: 730-734, 1999.

Cruz J.A., Avenson T.J., Kanazawa A. et al.: Plasticity in light
reactions of photosynthesis for energy production and
photoprotection. — J. Exp. Bot. 56: 395-406, 2005.

Demidchik V., Sokolik A., Yurin V.: Characteristics of non-
specific permeability and H*-ATPase inhibition induced in the
plasma membrane of Nitella flexilis by excessive Cu?*. — Planta
212: 583-590, 2001.

Demidchik V., Sokolik A., Yurin V.: The effect of Cu®*" on ion
transport systems of the plant cell plasmalemma. — Plant
Physiol. 114: 1313-1325, 1997.

Dmuchowski, W., Bytnerowicz, A.: Monitoring environmental
pollution in Poland by chemical analysis of Scots pine (Pinus
sylvestris L.) needles. — Environ. Pollut. 87: 87-104, 1995.

Ebbert V., Demmig-Adams B., Adams W.W. et al.: Correlation
between persistent forms of zeaxanthin-dependent energy
dissipation and thylakoid protein phosphorylation. —
Photosynth. Res. 67: 63-78, 2001.

Elleuch A., Chadbene Z., Grubb D.C. et al.: Morphological and
biochemical behavior of fenugreek (7Trigonella foenum-

198

also in developing tolerance to stressors. They all seem to
be active in preventing toxic concentrations from
accumulation in vital sites of the cell, thus averting the
related harmful effects (Bardn et al. 1995, Hall 2002).

graecum) under copper stress. — Ecotoxicol. Environ. Safe. 98:
46-53,2013.

Gruca-Kroélikowska S., Wactawek W.: Metals in the environ-
ment. Part II. Effect of heavy metals on plants. — Chem. Didact.
Ecol. Metrol. 11: 41-55, 2006.

Gupta D., Abdullah: Toxicity of copper and cadmium on
germination and seedling growth maize (Zea mays L.) seeds. —
Ind. J. Sci. Res. 2: 67-70, 2011.

Hall J.L.: Cellular mechanisms for heavy metal detoxification
and tolerance. — J. Exp. Bot. 53: 53-71, 2002.

Havaux M.: Rapid photosynthetic adaptation to heat stress
triggered in potato leaves by moderately elevated temperatures.
— Plant Cell Environ. 16: 461-467, 1993.

Jegerschold C., Arellano J.B., Schréder W.P. et al.: Copper (II)
inhibition of electron transport through photosystem II studied
by EPR spectroscopy. — Biochemistry 34: 12747-12754, 1995.

Jiang W., Liu D., Liu X.: Effects of copper on root growth, cell
division, and nucleolus of Zea mays. — Biol. Plantarum 44: 105-
109, 2001.

Kalaji H.M., Carpentier R., Allakhverdiev S.I. et al.: Fluores-
cence parameters as early indicators of light stress in barley. —
J. Photoch. Photobio. B. 112: 1-6, 2012a.

Kalaji M.H., Goltsev V., Bosa K. et al.: Experimental in vivo
measurements of light emission in plants: a perspective
dedicated to David Walker. — Photosynth. Res. 114: 69-96,
2012b.

Kalaji M.H., Nalborczyk E.: Gas exchange of barley seedlings
growing under salinity stress. — Photosynthetica 25: 197-202,
1991.

Kalaji M.H., Schansker G., Ladle R.J. et al.: Frequently asked
questions about in vivo chlorophyll fluorescence: practical
issues. — Photosynth. Res. 122: 121-158, 2014.

Kopittke P.M., Menzies N.W.: Effect of Cu toxicity on growth of
Cowpea (Vigna unguiculata). — Plant Soil 279: 287-296, 2006.

Kramer D.M., Evans J.R.: The importance of energy balance in
improving photosynthetic productivity. — Plant Physiol. 155:
70-78, 2011.

Kukkola E., Rautio P., Huttunen S.: Stress indications in copper-
and nickel-exposed Scots pine seedlings. — Environ. Exp. Bot.
43:197-210, 2000.

Kurczynska E.U., Dmuchowski W., Wloch W. er al.: The
influence of air pollutants on needles and stems of Scots pine
(Pinus sylvestris L.) trees. — Environ. Pollut. 98: 325-334,
1997.

Lichtenthaler H.K., Buschmann C., Knapp M.: How to correctly
determine the different chlorophyll fluorescence parameters
and the chlorophyll fluorescence decrease ratio Rfd of leaves
with the PAM fluorometer. — Photosynthetica 43: 379-393,
2005.

Lichtenthaler H.K., Knapp M., Buschmann C.: Measurement of
chlorophyll fluorescence kinetics (Kautsky effect) and the
chlorophyll fluorescence decrease ratio (RFd-values) with the
PAM-fluorymeter. — In: Filek N., Biesaga-Koscielniak J.,
Marcinska I. (ed.): Analytical Methods in Plant Stress Biology.



Pp. 93-111. The Franciszek Gorski Institute of Plant Physiol.
Polish Acad. Sci., Cracow 2004.

Liu D., Jiang W., Meng O. et al.: Cytogenetical and ultra-
structural effects of copper on root meristem cells of Allium
sativum L. — Biocell 33: 25-32, 2009.

Liu J., Xiong Z.T., Li T.Y. et al.: Bioaccumulation and ecophy-
siological responses to copper stress in two populations of
Rumex dentatus L. from Cu contaminated and non-
contaminated sites. — Environ. Exp. Bot. 52: 43-51, 2004.

MacFarlane G.R., Burchett M.D.: Toxicity, growth and
accumulation relationships of copper, lead and zinc in the grey
mangrove Avicennia marina (Forsk.) Vierh. — Mar. Environ.
Res. 54: 65-84, 2002.

Maksymiec W.: Effect of copper on cellular processes in higher
plants. — Photosynthetica 34: 321-342, 1997.

Maxwell K., Johnson G.N.: Chlorophyll fluorescence — a
practical guide. — J. Exp. Bot. 51: 659-668, 2000.

Monni S., Salemaa M., White C. et al.: Copper resistance of
Calluna vulgaris originating from the pollution gradient of a
Cu-Ni smelter, in southwest Finland. — Environ. Pollut. 109:
211-219, 2000.

Monni S., Uhlig C., Hansen E. et al.: Ecophysiological responses
of Empetrum nigrum to heavy metal pollution. — Environ.
Pollut. 112: 121-129, 2001.

Moreira I.N., Mourato M.P., Reis R. et al.: Oxidative stress
induced by cadmium and copper in Brassica rapa leaves:
indicators of stress, oxidative damage, and antioxidant
mechanisms. — Commun. Soil Sci. Plant 46: 2475-2489, 2015.

Miiller P., Li X.P., Niyogi K.K.: Non-photochemical quenching.
A response to excess light energy. — Plant Physiol. 125: 1558-
1566, 2001.

Osmond B., Badger M., Maxwell K. et al.: Too many photons:
photorespiration, photoinhibition and photooxidation. — Trends
Plant Sci. 2: 119-121, 1997.

Ostrowska A., Porgbska G., Sienkiewicz J. ef al.: [Properties of
soils and plants in the forest environment monitoring.] Pp. 159.
Instytut Ochrony Srodowiska, Warszawa 2006. [In Polish]

Ouzounidou G., Eleftheriou E., Karataglis S.: Ecophysiological
and ultrastructural effects of copper in Thlaspi ochroleucum
(Cruciferae). — Can. J. Bot. 70: 947-957, 1992.

Ouzounidou G., Symeonidis L., Babalonas D. er al.:
Comparative responses of a copper-tolerant and a copper-
sensitive population of Minuartia hirsuta to copper toxicity. —
J. Plant Physiol. 144: 109-115, 1994.

Padua M., Cavaco A.M., Aubert S. et al.: Effects of copper on
the photosynthesis of intact chloroplasts: interaction with
manganese. — Physiol. Plantarum 138: 301-311, 2010.

Parzych A., Sobisz Z.: The macro- and microelemental content
of Pinus sylvestris L. and Pinus nigra J.F. Am. needles in
Cladonio-Pinetum habitat of the Stowinski National Park. —
Forest Res. Pap. 73: 295-303, 2012.

Patsikkd E., Aro E.-M., Tyystjarvi E.: Increase in the quantum
yield of photo inhibition contributes to copper toxicity in vivo.
— Plant Physiol. 117: 619-627, 1998.

Pitsikkd E., Kairavuo M., SerSen F. er al: Excess copper
predisposes photosystem Il to photoinhibition in vivo by
outcompeting iron and causing decrease in leaf chlorophyll. —
Plant Physiol. 129: 1359-1367, 2002.

Peng H., Wang-Miiller Q., Witt T. et al.: Differences in copper
accumulation and copper stress between eight populations of
Haumaniastrum katangense. — Environ. Exp. Bot. 79: 58-65,
2012.

Pilon M., Abdel-Ghany S., Cohu C.M. et al.: Copper cofactor

EFFECT OF COPPER ON PINUS SYLVESTRIS

delivery in plant cells. — Curr. Opin. Plant Biol. 9: 256-263,
2006.

Porcar-Castell A.: A high-resolution portrait of the annual
dynamics of photochemical and non-photochemical quenching
in needles of Pinus sylvestris. — Physiol. Plantarum 143: 139-
153,2011.

Rintamiki E., Salo R., Lehtonen E. ef al.: Regulation of D1
protein-degradation during photoinhibition of photosystem-II
in vivo phosphorylation of the D1 protein in various plant
groups. — Planta 195: 379-386, 1995.

Rouphael Y., Cardarelli M., Rea E. ef al.: Grafting of cucumber
as a means to minimize copper toxicity. — Environ. Exp. Bot.
63: 49-58, 2008.

Ruban A.V., Horton P.: The xanthophyll cycle modulates the
kinetic of nonphotochemical energy dissipation in isolated
light-harvesting complexes, intact chloroplasts, and leaves of
spinach. — Plant Physiol. 119: 531-542, 1999.

Rut G., Rzepka A., Krupa J.: The effect of hypoxia and post-
hypoxia on the fluctuations in concentrations of malate and
citrate, the activity of malic enzyme, and on the intensity of gas
exchange in moss gametophores. — Photosynthetica 48: 79-86,
2010.

Schachtman D.P., Reid R.J., Ayling S.M.: Phosphorus uptake by
plants: from soil to cell. — Plant Physiol. 116: 447-453, 1998.
Schiitzendiibel A., Polle A.: Plant responses to abiotic stresses:
heavy metal-induced oxidative stress and protection by

mycorrhization. — J. Exp. Bot. 53: 1351-1365, 2002.

Shaw A.K., Ghosh S., Kalaji M.H. et al.: Nano-CuO stress
induced modulation of antioxidative defense and photo-
synthetic performance of Syrian barley (Hordeum vulgare L.).
— Environ. Exp. Bot. 102: 37-47, 2014.

Siwek M.: [Plants in the environment contaminated with heavy
metals. Part II. Detoxification mechanisms and strategies
adaptation of plants to high concentrations of heavy metals.] —
Wiad. Bot. 52: 7-23, 2008. [In Polish]

Stolarska A., Wrobel J., Wozniak A. et al.: Influence of copper
and zinc in soil on physiological reaction on wheat seedlings. —
Ecol. Chem. Eng. 13: 687-693, 2006.

Tukendorf A., Wojcik A.: [Strategy for avoiding stress in plant
resistance to heavy metals.] — Wiad. Bot. 39: 33-40, 1995. [In
Polish]

Valko M., Morris H., Cronin M.T.D.: Metals, toxicity and oxi-
dative stress. — Curr. Med. Chem. 12: 1161-1208, 2005.

van Kooten O., Snel J.F.H.: The use of chlorophyll fluorescence
nomenclature in plant stress physiology. — Photosynth. Res. 25:
147-150, 1990.

Vinit-Dunand F., Epron D., Alaoui-Sossé¢ B. et al.: Effects of
copper on growth and on photosynthesis of mature and expand-
ing leaves in cucumber plants. — Plant Sci. 163: 53-58, 2002.

Vries W., Heij G.J.: Critical loads and critical levels for the
environment effects of air pollutants. — In: Heij G.J., Schneider
T. (ed.): Final Report of the Dutch Priority Programme on
Acidification Research in the Netherlands. Pp. 205-214.
Elsevier, Bilthoven 1991.

Wanic T., Lasota J., Blonska E. ez al.: [Valorization of soils under
the former German timber depot in the forest district Warcino
and the IBL forest reference plot, covered by a long-term
research program in the forest district Polanéw. — In: Dominik
J. (ed.): [The Fifth Days of Biodiversity in the Promotional
Forest Complex; Forests Srodkowopomorskie]. — Pp. 47-53.
Ekwita, Gdansk 2013. [In Polish]

Williams L.E., Mills R.F.: Pig-ATPases — an ancient family of
transition metal pumps with diverse functions in plants. —

199



K. MOZDZEN et al.

Trends Plant Sci. 10: 491-502, 2005.

Wisniewski L., Dickinson N.M.: Toxicity of copper to Quercus
robur (English Oak) seedlings from a copper-rich soil. —
Environ. Exp. Bot. 50: 99-107, 2003.

Yilmaz S., Zengin M.: Monitoring environmental pollution in
Erzurum by chemical analysis of Scots pine (Pinus sylvestris
L.) needles. — Environ. Int. 29: 1041-1047, 2004.

Yruela 1., Alfonso M., Baron M. et al.: Copper effect on the
protein composition of photosystem II. — Physiol. Plantarum
110: 551-557, 2008.

Yruela 1., Alfonso M., de Zarate 1.0. et al.: Precise location of

200

the Cu (II)-inhibitory binding site in higher plants and bacterial
photosynthetic reaction centres as probed by light-induced
absorbance changes. — J. Biol. Chem. 268: 1684-1689, 1993.

Yruela 1., Pueyo J.J., Alonso P.J. et al.: Photoinhibition in
photosystem II from higher plants. Effect of copper inhibition.
—J. Biol. Chem. 271: 27408-27415, 1996.

Yruela I.: Copper in plants. — Braz. J. Plant Physiol. 17: 145-146,
2005.

Yruela I.: Copper in plants: acquisition, transport and inter-
actions. — Funct. Plant Biol. 36: 409-430, 2009.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




