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Polycyclic aromatic hydrocarbons (PAHs) belong to the group of the most important pollutants of the
living environment, which are present in air, soils, freshwater, seawater and sediments. They have very
substantial effects on all living organisms including plants and animals. Plants represent important point
in PAHs food chain entry. Despite the fact that PAHs influence on animals is intensively studied, effect on

Keywords: plants is almost unknown. In our study, action of polycyclic aromatic hydrocarbon fluoranthene on a plant
gl;c;ranltlhene cell experimental model - tobacco BY-2 cell suspension culture — was studied. BY-2 cells were exposed to
Via_bilcify s the fluoranthene in concentration range from 0 to 1000 M, duration of treatment was 120 h, respectively

5 days. Samples were collected in the strictly defined time intervals of 24 h. Exposure of the BY-2 cells led
to significant changes in viability, changes in autofluorescence due to accumulation of fluoranthene in
lipophilic cell compartments, especially biomembranes, and production of reactive oxygen species, which
resulted in damage of biomembranes and disruption of their semipermeability and initiation of process
of programmed cell death. Obtained results bring new knowledge about phytotoxicity of fluoranthene
and mechanism of its action.

Programmed cell death
Fluoranthene accumulation
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are lipophilic chem-
ical compounds consisting of fused aromatic rings without
heteroatoms. They are widely distributed organic pollutants, which
are able to enter a soil as well as aquatic systems with subse-
quent deposition in the living organisms, especially thanks to their
lipophilicity. They are formed anthropogenically during incomplete
combustion of organic materials including fossil fuels; steel and
iron industry, where PAHs are released from iron and steel making
in foundry industry; coke manufacturing and mold poring and cool-
ing belong to the group of the most important sources (Bhargava
etal., 2004; Ciaparra et al., 2009; Dellantonio et al.,2010; Fang et al.,
2004; Nizzetto et al., 2008; Tsai et al., 2001b,c, 2002). Petrochem-
ical industry belongs to the most important producers of PAHs.

Abbreviations: DHE, dihydroethidium; FDA, fluorescein diacetate; FLT, fluoran-
thene; HPLC, high performance liquid chromatography; PAHs, polycyclic aromatic
hydrocarbons; PCD, programmed cell death; PI, propidium iodide; MDA, malondi-
aldehyde; PCD, programmed cell death; ROS, reactive oxygen species.
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Carbon black as important commodity and source for manufac-
turing of paints and lacquers represents important source of PAHs
(Achten and Hofmann, 2009; Tsai et al., 2001a). Natural sources,
such as forest fires and volcanic eruptions contribute also to their
releasing into the living environment (Bourotte et al., 2009; Gabos
etal, 2001; Yang et al., 2002). PAHs are worldwide distributed not
only in air, soils, waters, but also in river and ocean sediments,
and sludge (Fuoco et al., 2005; Gambaro et al., 2004; Ravindra
et al., 2006; Thompson et al., 2002; Wilcke, 2000). They are able to
entry food chain. Composting, which is widely employed for treat-
ment of organic wastes, can be one of the most important entries
of PAHs to food chain, especially in connection with the agricul-
ture (Carlstrom and Tuovinen, 2003; Eom et al., 2007; Lashermes
et al,, 2010; Yang et al., 2010). Due their lipophicity and low water
solubility, PAHs in waters are bound to suspended particles and
accumulate in bottom sediments (Tam et al., 2001); subsequently,
they are accumulated in tissues and organs of wide range of organ-
isms, including freshwater and marine organisms, especially of
those, which are associated with sediments (Fabbri et al., 2006).
On the other hand, organisms capable of PAHs biodegradations are
known. The most important are bacteria (Pasteurella), fungi (espe-
cially not only Zygomycota, but also Basidiomycota, such as Pleurotus
ostreatus), and algae (Cyclotella, Nitzschia, Skeletonema) (Hong et al.,
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2008; Liu et al., 2006; Pozdnyakova et al., 2006; Salicis et al., 1999;
Sepicetal.,2003; Schutzendubel et al., 1999; Thongkred et al.,2011;
Valentin et al., 2007). Recently, new technological procedures for
removing of PAHs are intensely studied (Hwang et al., 2007; Sayara
et al., 2011; Sponza and Gok, 2010).

PAHs are at the focus of the interest due to their toxic-
ity. Some PAHs appear to be non-toxic; some of them are
activated biologically through cytochrome P450-mediated
monooxygenation or photochemically, especially by the
UV radiation, which leads to formation of more reactive
PAHs structures (Ren et al, 1994). Benzo[a]anthracene
and chrysene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzo[k]fluoranthene,  benzo[a]pyrene,  benzo[ghi]perylene,
coronene, dibenz[ah]anthracene, indeno[1,2,3-cd]pyrene and
ovalene are the most toxic PAHs, which have carcinogenic and
mutagenic effects. This fact connected with the DNA damage and
formation of PAHs-DNA adducts was demonstrated on in vitro
(animal as well as human cell lines) and in vivo models in tis-
sues and organs of organisms exposed to PAHs (Cavallo et al.,
2006; Knuckles et al., 2004; Qu and Stacey, 1996; Taioli et al.,
2007; Toyooka and Ibuki, 2007; Walker et al., 2007). Connection
between different types of malignant tumors and PAHs has been
demonstrated (Armstrong and Gibbs, 2009). One of the recent
studies demonstrates fact than activation of some PAHs, which
were considered non-toxic without UV radiation activation (e.g.
benzo[a]anthracene, fluoranthene or pyrene), is not necessary
to DNA damage. PAHs exhibit ability to induce oxidative stress
(Sun et al,, 2011). Oxidation stress is connected with generation
of the reactive oxygen species (ROS), which may serve not only
as signals of initiation of the processes leading to apoptosis, but
also with damage of crucial cell structures and functions. Human
exposure may occur via environmental pollution, processed foods,
contaminated water, and green vegetable (Camargo et al., 2008;
Camargo and Toledo, 2003; Schoket, 1999).

Plants are the important PAHs accumulators (Kacalkova and
Tlustos, 2011). They enter plants either directly via stomata, or
indirectly via root system (Kuhn et al., 2004). Lipophilic struc-
tures covering plant surface, especially wax layer and cuticle, not
only represent places of PAHs accumulation and possible further
transport, but also stabilization against UV radiation activation
(Desalme et al., 2011; Oguntimehin et al.,, 2008; Oguntimehin
and Sakugawa, 2008; Ratola et al., 2011). It is hypothesized that
PAHs are accumulated in liphophilic compartments of cells, espe-
cially in biomembranes. Here they can be activated after sunlight
activation with subsequent damage of cell structures including
DNA (Ren et al., 1994). Interactions with processes of growth and
especially photosynthesis with symptoms of chlorosis and necro-
sis (Oguntimehin et al., 2010), reduction of the photosynthetic
rate and photosynthetic pigments (Kummerova et al., 2001, 2006).
Fluoranthene-induced changes in root and stem anatomy - for-
mation of lysigenous intercellular spaces — were demonstrated in
the work of Vanova et al. (2011). In addition, negative effects of
PAHs on seeds germination and subsequent seedlings develop-
ment, especially in connection with the photoinduction expressed
as a decrease of fresh weight, were demonstrated (Kummerova and
Kmentova, 2004; Kummerova et al., 1997; Maliszewska-Kordybach
and Smreczak, 2000; Sverdrup et al., 2003). Nevertheless, effect of
PAHs on the plants on cell level is still predominantly unknown,
except of studies of some PAHs on model plant - Arabidopsis
thaliana, where induction of oxidative stress was demonstrated
(Kolb and Harms, 2000). Fluoranthene (FLT), member of PAHs
group, is used as model for investigation of PAHs toxicity, especially
because of its reduced toxicity in comparison with other PAHs.

To better understanding the biochemical and cytological
responses to FLT on cell level, tobacco BY-2 cells, which are usu-
ally compared to HelLa cells, as the most suitable plant cell model,

were exposed to fluoranthene (Nagata et al., 1992). We worked
with hypothesis, whether FLT is able to induce formation of ROS
that are closely connected with damage of cell structures including
lipid peroxidation and with processes of PCD. Changes in cell struc-
ture and viability as well as nuclear architecture including DNA
fragmentation and processes of PCD were monitored. In addition,
ability of FLT to generate reactive oxygen species with subsequent
lipid peroxidation was investigated. Due to difficultness of PAHs
analytical determination in biological samples because of their
complexity, method for their rapid and accurate determination in
biological samples represented by cultivation media and BY-2 cells
was developed and used.

2. Materials and methods
2.1. Chemicals

Standard of the fluoranthene (purity 98.5%) was purchased from
Sigma-Aldrich (USA). Murashige and Skoog cultivation medium
including macro- and microelements and vitamins was purchased
from Duchefa Biochemie B.V. (Denmark). All other chemicals,
including fluorescence probes, chemicals for assays and solvents
- ACS water and dimethylsulfoxide (DMSO) were obtained from
Sigma-Aldrich (USA) unless otherwise indicated.

2.2. BY-2 cell suspension culture

Nicotina tabacum L. cv. Bright Yellow-2 suspension-cultured
cells (BY-2) were grown in liquid medium (Murashige and Skoog,
1962)modified by Nagata (Nagataetal., 1992) under constant shak-
ing (130rpm) at 27°C in the dark in 250 ml Erlenmeyer flasks.
Cells in exponential growth phase were exposed to the fluoran-
thene added into cultivation medium in the form of stock solution
(1mgml~! in DMSO) in concentration range 0, 50, 100, 250, 500
and 1000 M. As a positive control, BY-2 cells treated by DMSO
(1%, v/v) were used. Samples were collected at 24 h intervals for
120h.

2.3. Cell observation

Cell viability. The viability of the cells was measured by the addi-
tion of the fluorescein diacetate (FDA, Sigma-Aldrich, USA) and the
propidium iodide (PI, Sigma-Aldrich, USA). The sample of the cell
suspension culture (20 1) was supplemented to volume of 50 .l by
MS cultivation medium and incubated for 5 min at room tempera-
ture with FDA (2.4 wmol1-1) and PI (30 wmol I-1). PI as nucleic acid
stain penetrates through damage cell membranes and intercalates
DNA, so PI positive cells are dying or death. Living cells metab-
olize FDA to fluorogenic substrate fluorescein, so they emit green
light after a excitation. The percentage of viable and death cells was
evaluated by counting using the fluorescent microscope (Axioscop
40, Zeiss, Germany) equipped with the broad spectrum UV excita-
tion, from each series was evaluated 10 random fields (minimally
1000 cells) in the microscope and the viability was determined in
triplicates.

Nuclear architecture and mitotic index. For nuclei observation and
mitotic index determination, cells (4 ml) were treated by adding
4 ml PEM-buffer (100 mM PIPES, 10 mM EGTA, 10 mM MgCl,, pH
6.9) containing formaldehyde (4%, w/w; all Sigma-Aldrich, USA).
Fluorescent probe Hoechst 33258 (Sigma-Aldrich, USA) was used.
One thousand nuclei in each preparation were observed using the
fluorescent microscope (Olympus AX 70, Germany) equipped with
the broad-spectrum UV excitation. Each morphological changes as
well as mitotic cells in individual mitotic phases were expressed as
a percentage of the total cells, from each series, 10 random fields
(minimally 1000 cells) were evaluated in triplicates.
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ROS determination. To determine reactive oxygen (ROS) pro-
duction and intracellular O,°~ levels, oxidative fluorescence probe
dihydroethidium (Sigma-Aldrich, USA) in the combination with
MitoTracker Green FM (Molecular Probes, USA) was used. The
cells were incubated with MitoTracker Green FM (75 nmol1-1) for
40 min at the room temperature and the dark. After this incubation
time, dihydroethidium (10 pwmoll~1) was added and the incubation
was continued for next 20 min under the same conditions. After it,
the cells were twice washed by fresh MS cultivation medium; flu-
orescence was monitored by using the Olympus AX 70 fluorescent
microscope equipped with the broad spectrum UV excitation, from
each series was evaluated 10 random fields (minimally 1000 cells)
in the microscope and the viability was determined in triplicates.

2.4. DNA fragmentation

A total genomic DNA of BY-2 cell was isolated by the use of the
Power Plant DNA Isolation Kit (MoBio, Carlsbad, USA). Concentra-
tion of isolated DNA was determined using UV spectrophotometer
(Bio Photometer, Eppendorf, Germany) and the purity was deter-
mined as 260/280nm and 260/230 nm rate. 2.5 ug of DNA was
separated using 1.5% agarose gel (Agarose I, Amresco, USA) using
TBE buffer (45mM Tris-borate, 1mM EDTA; all Sigma-Aldrich,
USA). The electrophoresis ran under the constant voltage 5V cm™!
for 40 min. Visualization was performed on the EBW-20 UV tran-
silluminator (A =312 nm, Ultra-Lum, USA) using ethidium bromide
staining (aqueous solution, 0.15 ug ml~!, Sigma-Aldrich, USA).

2.5. Malondialdehyde determination — TBARS assay

For the determination of the lipid peroxidation, Thiobarbituric
Acid Reactive Substances (TBARS) Assay described by Stewart and
Bewley was used (Stewart and Bewley, 1980). Briefly: a frozen sam-
ple of BY-2 cells washed by fresh liquid cultivation medium in
liquid nitrogen was immediately crushed in pre-chilled mortar and
pestle. Homogenized sample was resuspended in MS cultivation
medium (50 mg ml~!) and sonicated for 15 s over ice (K5, Kraintek,
Czech Republic). Whole homogenate was used for the MDA deter-
mination. Sample was mixed with the same volume of 0.5% (w/v)
thiobarbituric acid solution containing 20% (w/v) trichloroacetic
acid. The mixture was heated (95 °C, 30 min); reaction was termi-
nated by abrupt placement in an ice-bath. The cooled mixture was
centrifuged (10,000 rpm, 10 min, 5415R, Maneko, Czech Repub-
lic) and subsequently, absorbance of supernatant was measured
(A=532nm). TBARS concentration was estimated as a malondialde-
hyde equivalent using the standard curve.

2.6. HPLC analysis

Sample preparation. Sample of four milliliters of cell sus-
pension culture was pipetted into plastic tube and centrifuged
(6000 rpm, 15 min). Supernatant was removed; cells were washed
with fresh MS liquid cultivation medium. 5ml of mixture of
benzene and methanol (3:1, v/v) was added and obtained mix-
ture was homogenized - sonication for 30 min with subsequent
homogenization by the ultrasonic homogenizer followed (homog-
enizer UP52H, Maneko, Czech Republic). Obtained sample was
centrifuged (5000 rpm, 30 min); supernatant was evaporated at
vacuum evaporator (IKA-RV-10, Fisher Scientific, Czech Republic).
For determination of FLT in the sample of cultivation medium, sam-
ple of 4ml of supernatant was evaporated at vacuum evaporator.
The remnant was dissolved in acetonitrile (300 1) and used for
analysis.

HPLC system and conditions. HPLC-ED system composed of two
chromatographic pumps Model 582 ESA (ESA Inc., United King-
dom) with the operating range from 0.001 to 9.999 mlmin~!,

the chromatographic column with reverse phase Gemini NX C18
(100 x 2.0; 3 wm particle size, Phenomenex, USA) and the UV
detector (Model 528, ESA, USA). Sample (20 wl) was injected
automatically by the autosampler (Model 542, ESA, USA), which
included warming room for a column. Column temperature was
set at 25°C. Mobile phase consisted of A:acetic acid (0.1 M) and
B:methanol (100%), flow rate 0.3 ml min—!. Substances were eluted
by the following gradients: 0-6 min (70% B), 6-10min (100% B),
and 10-13min (100% B). Detection was at 275nm. Statistical
parameters were as follows: LOD =4.87 ng, LOQ=16.23 ng, recov-
ery =99.58%.

2.7. Mathematical and statistical analysis

STATGRAPHICS® (StatisticalGraphicsCorp.®, USA) was used for
statistical analyses. Results are expressed as mean=+SD unless
noted otherwise. Values p<0.05 were considered significant. For
mathematical analysis, Matlab® (MathWorks, USA) was used.

3. Results

In this work, we were focused on the effect of fluoranthene on
the model cell culture — BY-2. Negative effect of fluoranthene on
BY-2 culture was determined. Based on the obtained results, it can
be concluded that FLT is able to affect BY-2 tobacco cells viability
and induce processes leading to the PCD. Processes connected with
the PCD are in the case of this polyaromatic hydrocarbon closely
connected with the production of reactive oxygen species, which
are able serve both as signals and damage biomembranes with sub-
sequent disturbance of their selective permeability. Significant FLT
accumulation in different cell structures was also determined.

3.1. BY-2 cell viability

In the first step, we were aimed at phytotoxicity of FLT on
tobacco BY-2 cells, whose determination was based on the double
staining using fluorescent probes fluorescein diacetate and propid-
ium iodide. This method results from the esterases activity (FDA)
and disruption of biomembranes, which is typical for dying or death
cells. Asitis shown in Fig. 1A, exposition of tobacco BY-2 cells to flu-
oranthene in concentration range 0-1000 M for 0-120 h led to the
significant reduction of cell viability in dose-dependent as well as
time-dependent manners. First changes in BY-2 cells viability were
recorded already 24 h after exposition in 50 M FLT concentration
respectively. With increasing time after FLT application, decreas-
ing BY-2 cells viability was well evident. After 120 h (5 days) of FLT
exposure, viability of control BY-2 cells was about 99%, contrari-
wise, viability in the lowest FLT concentration (50 M) was about
78%. In the highest FLT concentration (1000 wM), only about 9%
of BY-2 cells were alive. As positive control, BY-2 cells treated by
dimethyl sulfoxide were used. Choice of DMSO resulted from its
usage as FLT solvent. In comparison with the control, DMSO did
not affect BY-2 cells viability. For prediction of survive of BY-2 cells
after FLT treatment, obtained data were mathematically processed
and expressed in graphical models (Fig. 1B).

Application of fluoranthene led to the significant changes not
only of cell viability, but also of the activity of esterases. In despite
the fact that higher FLT concentrations led to significant reduction
of cell viability, whose determination was based on esterases activ-
ity and biomembranes permeability, occurrence of transient type
of BY-2 cells was recorded (Fig. 1B). As it is shown in Fig. 2A, BY-2
cells could be divided into three categories based on FDA-PI stain-
ing: (i) BY-2 cells, which demonstrated esterase activity without
disruption of permeability of biomembranes (positive FDA, nega-
tive PI staining, alive cells), (ii) BY-2 cells without evident esterase
activity and without disruption of permeability of biomembranes
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Fig. 1. Changes in viability of the BY-2 cells after FLT treatment. Reduction of viability in a time-dependent as well as concentration-dependent manner is well evident
(A). Mathematical processing of obtained data and prediction of propidium iodide positive and negative BY-2 cells (B). Obtained data were in the form of survival curves
visualized in the common graph. Estimation of the function of survivance was implemented using non-parametric analysis, respectively method of exponential regression —
y(t)=Ae*, where y(t)=number of living cells at the time (t), A=number of living cells at the time 0 and A = exponential coefficient determining steepness of survival curve.

(negative FDA, negative PI staining, transient type), and (iii) BY-2
cells without esterase activity and with disruption of permeabil-
ity of biomembranes (negative FDA, positive PI staining, dying or
death cells).

Percentage representation of transient BY-2 cells increased
in concentration-dependent manner and decreased with time of
treatment. In the highest FLT concentration (1000 M) about 74% of
transient BY-2 cells were recorded after 24-h treatment. 120 h after
FLT application, percentage rate of this type of BY-2 cells decreased
to 50%. This fact indicates damage of permeability of biomembranes
of BY-2 cells by FLT due to its accumulation with subsequent cell
death.

3.2. FLT accumulation

Due to occurrence of transient BY-2 cells, in next step we were
focused on determination of FLT accumulation in BY-2 cells. We
supposed that FLT as fluorogenic substrate can be used for its
localization in BY-2 cells and, in addition, may be responsible
for occurrence of transient BY-2 cells. We determined that FTL is
liable for the significant changes in autofluorescence of BY-2 cells
(Fig. 2B). Intensity of autofluorescence increased with increasing
FLT concentration, in its highest concentration, individual BY-2
cells and their ultrastructure were well evident. Obtained results
indicate accumulation of FLT in cellular compartments - especially
around nuclei, probably in biomembranes of Golgi and endoplasmic
reticulum; on the other hand, in the places of vacuoles localiza-
tion, no autofluorescence appeared. This fact shows evidence of
deposition of FLT in lipophilic compartments, transport of FLT into
vacuoles was not evident; see Fig. 2B6.

Due to autofluorescence of BY-2 cells treated by FLT and
hypothesis that it is caused by a deposition of this polyaromatic
hydrocarbon, HPLC technique with UV detector was optimized and

applied. Asitis demonstrated in Fig. 3, increasing FLT concentration
and the time of treatment led to the accumulation of FLT in BY-2
cells. This tendency corresponded to decrease of FLT content in cul-
tivation medium (not shown), which was after 120 h of treatment
practically minimal. Slight decrease of FLT concentration, which
was determined in its second highest FLT concentration, may be
caused by lysis of BY-2 cells into very small fragments, which were
removed during process of washing of cell samples. In the case of
the highest FLT concentration, 129.1 g of FLT per one g of fresh
weight of BY-2 cells were determined. Compared to total amount
of FLT added to cultivation media, with respect to BY-2 cell growth
parameters and cell density, 120 h after treatment, following values
of FLT accumulation cells were obtained: 50 uM - 2.63%, 100 uM
- 2.98%, 250 uM - 3.59%, 500 LM - 5.08% and 1000 pM - 13.75%.
These data indicate significant correlation between FLT concentra-
tion in cultivation medium and its accumulation in BY-2 cells.

3.3. Nuclear architecture and programmed cell death

BY-2 cells exposed to fluoranthene-demonstrated changes,
which are characteristic for the process of PCD. These changes
include shrinkage of cytoplasm and condensation of chromatin (on
periphery of nuclei as well as around nucleoli). The most important
change that signifies DNA fragmentation is presence of DNA frag-
ments — apoptotic-like bodies. Their presence was recorded also in
the case of BY-2 treatment by FLT, which means that FLT is able to
initiate process of PCD.

Presence of chromatin condensation was determined in all FLT
concentrations, so its evidence was in time-dependent as well as
concentration-dependent manner. In the case of control untreated
BY-2 cells as well as positive control — BY-2 cells treated by DMSO,
presence of chromatin condensation was recorded in 2.0%, respec-
tively in 2.5% of total cells in the case of positive control after
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Fig. 2. Effect of fluoranthene on the tobacco BY-2 cells (A). Control-untreated cells (1) and cells treated by FLT in concentration 1000 M 24 h after application (2). Changes
in fluorescence after FLT and PI application are well evident. Comparison of esterase activity and permeability of biomembranes of BY-2 cells treated by fluoranthene in
concentration 1000 wM 72 h after application. Three types of BY-2 cells are distinguishable - BY-2 cells with preserved esterase activity (white arrow), BY-2 cells without
esterase activity and disruption of biomembranes permeability (yellow arrow), and BY-2 cells with disruption of permeability of biomembranes (red arrow) (3). Detail
of BY-2 cells without disruption of permeability of biomembranes and esterase activity; apoptotic-like bodies - DNA fragmentation - are well evident (white arrow) (4).
Magnification is indicated by the measure scale. Autofluorescence of BY-2 cells exposed to fluoranthene in concentrations 0 (1), 50 (2), 100 (3), 250 (4), 500 (5) and 1000 (6)
WM 72 h after application (B). Changes in fluorescence are caused by accumulation of FLT in biomembranes of cell organelles. These changes are well evident in the case of the
two highest FLT concentrations; on the other hand, FLT accumulation in the lowest concentrations is evident only in death cells, especially around the nuclei. Magnification
is indicated by the measure scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

120 h of cultivation. Compared to FLT-treated BY-2 cells, after 120 h
of treatment, chromatin condensation was recorded in about 8%
(50 uM), 11% (100 M), 14% (250 uM), 32% (500 uM) and 44%
(1000 wM). Presence of the DNA fragmentation — apoptotic-like
bodies - was most evident in the highest FLT concentration. Their
presence was evident already 24 h after FLT application, 120h
of treatment led to presence of 4.2% of cells with apoptotic-like
bodies. Graphical representation of all above described changes
in shown in Fig. 4. Ability of FLT to induce the processes
of PCD was confirmed by electrophoresis of isolated genomic
DNA. Presence of DNA fragmentation — apoptotic-like bodies -
closely corresponded with presence of DNA fragments on agarose

gel after their separation with subsequent ethidium bromide
staining (Fig. 5).

3.4. Effect of fluoranthene on mitosis

Together with investigation of FLT effect on nuclear archi-
tecture, mitotic index was also determined. FLT was to tobacco
BY-2 cells added at the beginning of the exponential phase
of growth, with mitotic index 4.5%. 24 h after FLT application,
slight increase of mitotic index in comparison with control BY-2
cells was observed with increasing FLT concentration. Increased
rate of mitotic indexes of treated and untreated BY-2 cells was
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Fig. 3. FLT analysis in BY-2 cells - accumulation of FLT in time-dependent and
concentration-dependent manner. Concentration of FLT is calculated in pg per g
of the fresh weight. Increasing FLT accumulation with its increasing concentration
and time of treatment is well evident.

well evident during whole treatment (Fig. 6A). This increase
of number of dividing cells in comparison with control was
closely connected with rate of individual mitotic phases, espe-
cially prophase (Fig. 6 B). At the highest FLT concentration, rate

A

BY-2 apoptotic-like bodies (%)

Fig. 5. Electrophoresis of genomic DNA of BY-2 cells - untreated (K), and treated
by dimethyl sulfoxide (KD) and fluoranthene in concentrations 0 (1), 50 (2), 100
(3),250 (4), 500 (5) and 1000 (6) M 48 h after its application. DNA fragmentation
is well visible, for determination of DNA fragments was used ladder. Size of DNA
fragments is indicated as base pair.

of prophasic BY-2 cells 96 h after treatment was 4.2% in com-
parison with mitotic index, which was 5.8% (reciprocal rate
0.72 versus control with 0.38) (Fig. 6C). Obtained results indi-
cate ability of FLT to induce accumulation of BY-2 cells in
prophase.
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Fig. 4. Presence of DNA-fragmentation - apoptotic-like bodies (A) and chromatin condensation (B) as marker of programmed cell death in time-dependent as well as
concentration-dependent manner in three-dimensional graphs. Increasing number of apoptotic-like cells as well as cells demonstrating chromatine condensation with
fluoranthene concentration as well as time of treatment is well evident: red color indicates the most significant presence of given effect. Characteristic features of BY-2 cells
undergoing DNA fragmentation and chromatin condensation are introduced below the three-dimensional graphs using Matlab(R) program under using of the functions of
toolbox for processing of the multi-parametric data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 6. Effect of fluoranthene on mitotic index of BY-2 cells. Mitotic indexes (A) and percentage of prophasic BY-2 (B) cells are demonstrated in three-dimensional graphs.

Dependence of reciprocal rate of prophasic and mitotic BY-2 cells on FLT treatment (C).

3.5. ROS and MDA production

Due to presence of the apoptotic-like bodies, which are con-
nected with the apoptosis, respectively PCD, process that is
initiated by some signals including reactive oxygen species, we
determined also ROS production (microscopically using fluores-
cence microscopy and DHE stain as ROS indicator) and product of
ROS action-malondialdehyde (Fig. 7).

Presence of ROS was determined in all BY - 2 cells treated by
FLT. The most evident ROS production was determined in the case
of higher FLT concentrations 250, 500 and 1000 .M. Localization of
sites of ROS production was determined in surrounding of nuclei
and in nucleoli themselves, it means in the places where autoflu-
orescence was localized (see Fig. 7A). This fact confirms the ability
of FLT to induce ROS. Due to FLT lipophicity and its possibility
to be accumulated in lipophilic cellular compartments, especially
biomembranes, we were focused on production of malondialde-
hyde (MDA), product of the lipid peroxidation. In comparison with
the control BY-2 cells, where MDA production was demonstrated
and its level is connected with physiological ROS production, higher
FLT concentrations led to significant increased production of MDA
(Fig. 7B). In the case of highest FLT concentration (1000 M), after
120h of treatment MDA production was increased for about 48.6%
in comparison with untreated BY-2 cells. For other concentrations,
MDA production enhancements were as follows: 2.5% (50 wM), 7.9%
(100 wM), 17.2% (250 M) and 28.0% (500 wM) (Fig. 7).

4. Discussion

Polycyclic aromatic hydrocarbons - PAHs - belong to the most
important pollutants rising of anthropogenic activity with tend to
be deposited in waters, sludge and soils (Fent, 1996). They are able
to enter living organism, due to their lipophicity can be accumu-
lated in cells and tissues and became essential part of food chain.
Negative effects of PAHs on animals including human are relatively
known, these data have been obtained on different cell as well
as animal models (Castorena-Torres et al., 2008; Knuckles et al.,
2004; Krishnamurthi et al., 2007). Data about effects of PAHs on
plants are still limited and they are restricted especially on intact
plants, where mechanisms of their uptake and eventually transport
are investigated. Due to this fact, we chose for our experiments
plant experimental cell model represented by the tobacco BY-2
cells. These cells were used in previous studies to explanation
of negative effects and mechanisms of action of not only various
compounds including allelopathic secondary plants metabolites,
such as naphthoquinones (Babula et al., 2009a) or plant polyphe-
nols (Smejkal et al., 2008), but also signal molecules including
especially hydrogen peroxide, which is able to induce the pro-
cesses of PCD (Houot et al., 2001). For study of the phytotoxicity,
model polycyclic aromatic hydrocarbon was used - fluoranthene.
This compound demonstrates lower toxicity, which is advanta-
geous with respect to work in laboratory conditions. For own study,
wide FLT concentration range was used - from 0 to 1000 .M. This
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Fig. 7. Effect of fluoranthene on ROS production 72 h after application (A). Dihydroethidium-MitoTracker Green FM double staining. Control — untreated cells (1) and cells
treated by FLT in concentration of 50 mM (2). Almost no differences between control BY-2 cells and BY-2 cells treated by the lowest FLT concentration are evident. BY-
2 cells treated by FLT concentrations of 250 mM (3) and 500 mM (4). ROS, respectively superoxide production is indicated by red emission. Note intensive emission of
nuclei. Dihydroethidium is believed to form different chemical forms after reaction with superoxide radicals, which are able of DNA intercalation. Shrinkage of cytoplasm as a
symptom of process of programmed cell death is well evident (indicated by white arrow). FLT in the highest concentration (1000 mM) is generally able to induce large amount
of ROS. Cells were double-stained (5) or stained only by dihydroethidium (6); only surviving cells are shown. Note emission around nuclei and in compartments, which
response to ROS formation in membranes, and high cell vacuolization. Magnification is indicated by the measure scale. Production of malondialdehyde (MDA) in homogenate
of BY-2 cells treated by fluoranthene (B). Natural occurrence of lipid peroxidation is connected with physiological processes. Significant increase of MDA production during
FLT treatment is well evident. Values are introduced below the three-dimensional graphs using Matlab(R) program under using of the functions of toolbox for processing of
the multi-parametric data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

choice was given by inconsistent literature data, when in studies
were used different FLT concentrations with different results. Com-
pared with concentrations used in works for treatment of intact
plants, concentrations chosen by us were relatively high. Never-
theless, the highest used FLT concentration — 1000 uM - did not
lead to death of 100% of tobacco BY-2 cells. This fact may be caused
by ability of FLT to affect water transport, mobilization of stor-
age compounds and especially photosynthesis (Kummerova and
Kmentova, 2004; Kummerova et al., 2001). In confrontation with
these data, for the BY-2 cells, which are heterotrophic and cul-
tivated in liquid cultivation medium, complexity of physiological
processes is reduced and limited to processes of cell-cultivation
medium transport and eventually, is some specific stages and con-
ditions, to biosynthesis of storage compounds with the subsequent
mobilization. During evaluation of cell viability, significant changes
of the fluorescence were recorded. After it, we focused on auto-
fluorescence of tobacco cells. Autofluorescence was well evident
in the case of death BY-2 cells in lower FLT concentrations (50
and 100 wM) and in all BY-2 cells in the case of higher FLT con-
centrations (250, 500 and 1000 wM), especially in compartments
around nuclei and cell walls, where membrane structures, such
as Golgi or endoplasmic reticulum are localized. Due to lipophic-
ity of fluoranthene (Ma et al., 2010), it can be supposed that FLT
is bound in lipophilic compartments, it means biomembranes, of
the Golgi, endoplasmic reticulum and plasmalemma, where affects
their semipermeability and processes of transport through these
biomembranes. FLT and its possible derivates, which are able of flu-
orescence after excitation (Berlman et al., 1968), are responsible for
autofluorescence of BY-2 cells and serve for imaging of its cellular
localization. Accumulation of FLT was demonstrated also analyti-
cally using HPLC-UV technique, which was optimized. Deposition of
FLT in biomembranes is connected with the production of reactive
oxygen species, which are able of their damage and formation of

important product - malondialdehyde. Connection between ROS
and MDA was demonstrated in many works (Swann and Acosta,
1990; Yamauchi et al., 2008). Our experiments demonstrated gen-
eration of ROS after FLT application as well as production of MDA,
which was proved analytically using spectrophotometric TBARS
method. So, we can conclude that FLT is able to induce also ROS,
which is directly responsible for product of lipid peroxidation -
MDA. ROS are connected also with process of, in the case of plants,
PCD, which is responsible for removing of damage or unwanted
cells and plays important role in maintenance of cell homeostasis
(de Pinto et al., 2002; Murgia et al., 2004). Ability of ROS produc-
tion with subsequent initiation of PCD was demonstrated in the
case of naphthoquinones (Babula et al., 2009b). This connection
was demonstrated also in the case of BY-2 cells treated by FLT,
where a process of PCD probably enables physiological elimination
of BY-2 cells damaged by FLT in consequence of disruption of cells
homeostasis. Using plant models, treatment by FLT led to forma-
tion of intercellular spaces, whose formation is connected with PCD
with subsequent lysis (Beklova et al., 2010). Based on the obtained
results, we can propose the following scheme of FLT effect on plant
cell model. FLT is taken up from cultivation media. FLT uptake is
limited due to its lipophicity, but BY-2 cells accumulate FLT in
time-dependent as well as concentration-dependent manners. Flu-
oranthene is localized in biomembranes, especially of the Golgi,
endoplasmic reticulum, mitochondria and plasmalemma, where is
able to interrupt or affect processes of transport as well as semiper-
meability, which are not only connected with cell homeostasis, but
also with processes of cell metabolism and energy acquisition. In
addition, FLD is able to generate ROS, which can serve as signal
molecules to initiate the process of PCD, process of elimination of
unwanted or damaged cells. With this process, also damage of cer-
tain essential cell structures, such as mitochondria, is connected.
Process of PCD is terminated by DNA cleavage - fragmentation.
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Above introduced results can facilitate FLT mechanism of action on
intact plants and obtain new data and explanations connected with
FLT phytotoxicity.

5. Conclusion

Polycyclic aromatic hydrocarbons represent group of very sig-
nificant pollutants of the living environment. Fluoranthene as
member of this group demonstrate ability to affect plants cells
and cause significant cellular changes connected with its accumu-
lation in cell biomembranes. Accumulation of FLT is connected with
affection of cell functions, which can end in irreversible damage of
cell integrity and interruption of cell processes. During these pro-
cesses, ROS are generated. They serve as signal molecules resulting
in initiation of PCD.
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