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Trace levels of polycyclic aromatic hydrocar-
bons (PAHs) widely occur in modern ecosystems 
(Bryselbout et al. 2000). They are formed through 
anthropogenic pyrolytic processes, but also through 
natural events like forest fires and volcanic erup-
tion (Wilcke 2000). Their fate is determined by 
their physico-chemical properties, especially non-
polarity and hydrophobicity responsible for their 
persistence in the environment (Meudec et al. 
2006). Most of PAHs have been shown to have 
mutagenic, carcinogenic and teratogenic effects 
(Samanta et al. 2002).

PAHs from polluted atmosphere are generally 
transferred to plants by particle-phase deposition 
on the waxy leaf cuticle or by uptake in the gas 
phase through stomata (Meudec et al. 2006). PAHs 
can also enter plant tissues by partitioning from 
contaminated soil to the roots and translocation 
into the shoot (Simonich and Hites 1995). The 
plant’s ability of PAHs uptake, translocation, me-
tabolization and accumulation is a limiting factor 
for phytotoxicity of these compounds. Polycyclic 
aromatic hydrocarbons can affect quantitatively and 
qualitatively several biochemical and physiological 
processes taking part in biomass production. The 
biochemical and physiological changes can be de-
tected earlier than the morphological changes.

The properties of PAHs can be changed by modi-
fication of their structure (Huang et al. 1993) either 

abiotically (e.g. photochemically) or biotically (e.g. 
oxidation supported by cytochrome P450). One 
of the most important abiotic factors is a solar 
radiation, especially the ultraviolet wavelengths 
(UVA 320–400 nm and UVB 290–320 nm). Two 
different photochemical mechanisms occur during 
exposure of PAHs to UV-light: photo-oxidation 
(generally photo-modification) and photo-sensiti-
zation (Greenberg et al. 1993). However, absorption 
of solar radiation by PAHs causes photo-modifi-
cation of the molecules and leads to the forma-
tion of a variety of products (McConkey et al. 
1997); some of these products are photostable 
whereas some are subject to further photo-oxi-
dation, forming dynamically changing mixtures 
in the environment (Mallakin et al. 2002), which 
may be more toxic than the parent compounds 
(Ankley et al. 1999). Due to the higher polarity of 
these photoproducts their solubility increases and 
enhances their bioavailability (Huang et al. 1997). 
The probability of photo-modification of PAHs 
is high during transportation in the atmosphere. 
Moreover, vegetation is exposed to solar radia-
tion and dry or wet deposition contaminated with 
PAHs at the same time. According to Diamond 
et al. (2000) the risk level of interaction between 
PAHs and radiation for plants depends both on 
the concentration of the compounds present and 
the dose of radiation.
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ABSTRACT

The effect of the short-time exposure (12, 24 and 48 h) of increasing concentration (0.1, 1 and 10 mg/l) of intact
(FLT) and photo-modified (phFLT) fluoranthene on the chlorophyll fluorescence parameters (F0, FV/FM and ΦII) 
in pea plants (Pisum sativum L. cv. Lantra) was investigated. Plants took up both forms of fluoranthene by two dif-
ferent ways, via roots or via leaves. The obtained results demonstrated a significant increase in F0 and decrease in 
FV/FM and ΦII in plants treated by 1 and 10 mg/l FLT and phFLT. An earlier response to presence of FLT and phFLT 
in the environment was demonstrated by application on cut leaves. The primary processes of photosynthesis were
not significantly influenced by short-time phFLT treatment.
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PAHs and their products of photo-modification 
can affect structures and functions at cellular and 
subcellular levels (Kolb and Harms 2000). The 
first target of these lipophilic substances at a cel-
lular level is plasma membrane, where membrane 
lipids could be oxidized. The disturbance of this 
membrane and the inner subcellular membranes 
and changes in enzyme activities may cause an 
inhibition of photosynthetic and respiration proc-
esses (Duxbury et al. 1997).

Photosynthesis is a membrane-bound process 
and therefore it is highly dependent on membrane 
integrity. Recently several methods have been 
developed for measuring the impact of PAHs on 
photosynthesis based on the evaluation of chlo-
rosis, CO2 fixation, electron transport rate (Xiao 
et al. 1997) and oxygen-evolving complex (Hill 
reaction) (Kummerová et al. 2006).

Photosystem II (PSII) electron transport is one 
of the most sensitive indicators of damage in the 
photosynthetic apparatus (Krause and Weis 1991). 
Recent chlorophyll fluorescence techniques allow 
to evaluate primary photochemical reactions of 
photosynthesis, efficiency of PSII and electron 
transport rate through electron carriers in par-
ticular. Chlorophyll f luorescence parameters 
(initial chlorophyll fluorescence – F0, potential 
yield of photochemical reactions in photosystem II 
– FV/FM and effective quantum yield of photosys-
tem II – ΦII) might be used as indicators of stress 
affecting photochemical pathway of utilization 
of absorbed light energy (Krause and Weis 1991, 
Branquinho et al. 1997).

The objective of the present study was to evaluate 
the short-time effect of increasing concentration of 
intact and photo-modified forms of fluoranthene 
(FLT) on chlorophyll fluorescence parameters in 
pea plants by two exposure ways, root uptake and 
foliar application. Fluoranthene was selected from 
the PAHs family as one of the most frequent poly-
cyclic aromatic hydrocarbons in the environment 
of the Czech Republic (Holoubek 2000). Applied 
concentrations simulate low (0.01 mg/l) and high 
(1 and 10 mg/l) environmental loading. In this 
paper the rate of response of photochemical proc-
esses in plants that were supplied by received FLT 
and phFLT via roots or leaves was compared.

MATERIAL AND METHODS

Fluoranthene preparation. Fluoranthene (FLT; 
Supelco, USA) was dissolved in acetone (Labscan, 
Ireland) and ultrafiltered water (FP-H2O) (1:99 v/v) 

to the concentration of 1 g/l. This FLT stock solu-
tion was delivered to Reid-York nutrient medium 
in the ratio 1:100 (v/v) to final FLT concentrations 
of 0.1 mg/l, 1 mg/l and 10 mg/l. Our preliminary 
experiments proved that the used solvent (acetone) 
did not affect germination of seeds, growth of 
seedlings, and other physiological parameters, e.g. 
primary processes of photosynthesis (Kummerová 
and Kmentová 2004, Kummerová et al. 2006). 
Photo-modified fluoranthene (phFLT) was gener-
ated by irradiating of intact fluoranthene (FLT) in 
black container using an UV-Hg medium pressure 
lamp (MPK Tesla 125W) and a water-cooled boro-
silicate glass filter to get UV light at λ ≥ 290 nm 
in order to simulate the emission spectrum of 
sunlight. The time of incubation (120 min) was 
sufficient to photomodify more than 90% of the 
starting material (Huang et al. 1993). The complex 
mixture of photo-modified FLT was determined us-
ing gas chromatography (GC-FID, Hewlett Packard) 
(Kummerová and Kmentová 2004).

Cultivation of plants. After three days of germi-
nation, seedlings of pea plants (Pisum sativum L. 
cv. Lantra) were delivered to the dishes with gran-
ulated polyethylene and FP-H2O. Five-day-old 
seedlings were then transplanted into cultivation 
vessels with 2.5 l Reid-York nutrient solution and 
cultivated for 18 days. Cultivation was done under 
the natural light conditions (PAR; 400–700 nm) in 
an air-conditioned glasshouse at the average air 
temperature of 23 ± 2°C and relative air humid-
ity from 60% to 80%. The nutrient solution was 
renewed every 2 days and its pH value was regu-
larly adjusted to 6.5. After 18 days of cultivation, 
plants were put into 500 ml cultivation vessels 
with Reid-York nutrient medium without FLT 
(control) or with FLT (0.1 and 1 mg/l) or phFLT 
(0.1 and 1 mg/l) solution (root uptake). Third and 
fourth leaves were cut and placed in Petri dishes 
(10 leaves per dish) on filter paper without FLT 
(control) or with 5 ml of 0.1, 1 and 10 mg/l FLT 
or phFLT solution (foliar application).

Chlorophyll a f luorescence measurement. 
A set of chlorophyll a fluorescence parameters 
was determined from in vivo analysis of slow 
Kautsky kinetics supplemented with saturation 
pulses (recorded by a PAM-2000 fluorometer, 
Walz, Germany). On dark-adapted (10 min) leaves 
a weak light of 0.5 µmol/m2/s was applied in or-
der to determine basic chlorophyll fluorescence 
(F0; Bolhár-Nordenkampf and Öquist 1993) accom-
panied with a saturation pulse (5000 µmol/m2/s) 
to calculate maximum capacity of PSII (FV/FM; 
FV – maximum variable chlorophyll a fluorescence 



432 PLANT SOIL ENVIRON., 53, 2007 (10): 430–436

yield in the dark-adapted state, FM – maximum 
chlorophyll a f luorescence yield in the dark-
adapted state; FV = FM – F0). Then, actinic light 
(15 µmol/m2/s) was applied for 5 min until steady-
state chlorophyll a fluorescence (FS) was reached, 
followed by a saturation pulse (FḾ  – maximum 
chlorophyll a fluorescence yield in the light-adapted 
state). This routine enabled to determine quantum 
yield of electron transport through photosystem II 
(ΦII). For definition of the parameters see Roháček 
(2002). Parameters of chlorophyll a fluorescence 
were measured repeatedly (on the same samples) 
after 12, 24 and 48 h on fully developed leaves 
(3rd and 4th leaf ) of 6 plants.

Statistics. For statistical evaluation of results, 
the software STATISTICA 6 (StatSoft, Inc.) was 

used. The obtained results were means of at least 
six repetitions of each assessed parameter. The 
significance of the differences of the average val-
ues between the treatments was evaluated by the 
analysis of variance of simple classification after 
preceding verification of normality and homo-
geneity of the variance (ANOVA, P = 0.05) or by 
non-parametric Kruskal-Wallis test. The compari-
son of means was based on the method of Tukey 
contrasts or Scheffe test.

RESULTS AND DISCUSSION

Polycyclic aromatic hydrocarbons (PAHs) 
are  widespread env ironmenta l  p ol lutant s . 

Figure 1. The effect of intact (FLT) and photo-modified (phFLT) fluoranthene on basal chlorophyll fluorescence 
(F0) in pea plants. Different letters above the box plots show statistically significant differences between values. 
The point inside the box represents mean value; borders of the box indicate standard error and bars represent 
standard deviation (ANOVA, Kruskal-Wallis, Scheffe or Tukey test; P = 0.05)
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Photoinduced processes involving these chemi-
cals are environmentally relevant and are observed 
as increased toxicity of PAHs in the presence of 
simulated solar radiation and natural sunlight 
(Huang et al. 1997, Mallakin et al. 2002, Tukaj 
and Aksmann 2007). Under natural conditions, 
the plants are exposed not only to the intact PAHs 
but also to the products of their photo-modifica-
tion. It has been demonstrated in different plant 
species that intact and photo-modified PAHs are 
accumulated preferentially in the thylakoids of the 
chloroplasts and in the microsomes (Duxbury et al. 
1997) and that they affect primary photochemical 
processes (Huang et al. 1997). An increase (F0) and 
decrease (FV/FM, ΦII) in the chlorophyll fluores-
cence parameters indicates invisible damage of 
the photosynthetic apparatus in plants. Organic 

pollutants were taken up by plants by different 
ways, however, most of the studies describe only 
one way, in view of difficult simulation of possible 
exposure ways (Duxbury et al. 1997, Huang et al. 
1997, Meudec et al. 2006). The values of biocon-
centration factor (BCF) support the root uptake 
and its accumulation in pea plants (Kummerová 
et al. 2006).

The authors of this paper tried to assess the 
influence of PAH uptake by roots and leaves. The 
photosynthetic process is used in many studies 
for earlier indication of contaminant uptake. The 
earlier and more expressive response is possibly 
supposed in the case of foliar uptake of pollutants. 
The path of pollutants, in their intact and photo-
modified forms, to chloroplasts is considerably 
shorter. Technical possibilities did not allow to 

Figure 2. The effect of intact (FLT) and photo-modified (phFLT) fluoranthene on maximal capacity of PSII 
(FV/FM) in pea plants. Symbols and data evaluation as in Figure 1
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apply 10 mg/l FLT and phFLT to nutrient solu-
tion in the case of root uptake (left columns of 
Figures 1–3).

Basal chlorophyll fluorescence (F0) increased 
with increasing concentration (0.1, 1 and 10 mg/l) 
of intact and photo-modified FLT in the environ-
ment (Figure 1). The higher values in F0 recorded 
in foliar application, as compared with F0 values 
in root uptake, are the results of earlier response, 
more effective influence of FLT if applied on 
plant shoots. The recorded higher toxicity of 
phFLT is in agreement with the higher toxicity 
of photo-modified anthracene found by Mallakin 
et al. (2002). The possible mechanism respon-
sible for the increase of F0 is phosphorylation 
of the light harvesting complexes (LHCs) and 
their detachment from the core of PSII. Such 

changes would obviously lead to a decrease in 
the efficiency of energy transfer from LHCs to 
the reaction centre of PSII and thus cause an 
increase in basal chlorophyll fluorescence. The 
effect of FLT on thylakoid membranes might 
cause a reversible inactivation of PSII (Huang et 
al. 1997). The damage of PSII by FLT and phFLT 
was recorded in lower plants, too (Kummerová et 
al. 2007). The destruction of the photosynthetic 
pigment molecules might be another mechanism 
responsible for F0 increase (Gensemer et al. 1996, 
Kummerová et al. 2006). The apparent enhanced 
toxicity of phFLT might be related to physical 
and chemical properties of the photoproducts, 
such as higher polarity and solubility, enhanced 
bioavailability and reactivity as compared with 
the intact FLT.

Figure 3. The effect of intact (FLT) and photo-modified (phFLT) fluoranthene on effective quantum yield of PSII 
(ΦII) in pea plants. Symbols and data evaluation as in Figure 1
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The maximum capacity of PSII (FV/FM) is a widely 
used indicator of stress response of plants (Huang 
et al. 1997). The value of FV/FM decreased with 
increasing concentration of both forms of FLT 
(1 and 10 mg/l). A significant decrease in FV/FM 
was caused by 10 mg/l phFLT in foliar applica-
tion (Figure 2). It can be assumed that the higher 
impact of the photo-modified FLT is given by its 
effect on the redox state of the primary electron 
acceptor plastoquinone A (QA). Quinones belong 
among the main products of photo-modification of 
PAHs (McConkey et al. 1997). These compounds 
penetrate thylakoid membrane (Duxbury et al. 
1997) and are able to block the electron transport 
in the location where plastoquinone acts as an 
electron acceptor or donor (Huang et al. 1997). 
We assume that the reaction centre of PSII might 
be also attacked by PAHs at the site of the water-
oxidizing complex (oxygen evolving center, OEC) 
(Kummerová et al. 2006).

The effective quantum yield of the photochem-
ical energy conversion in PSII (ΦII) decreased 
with increasing concentration of both intact and 
photo-modified FLT and with duration of the 
treatment. The greatest decrease was caused by 
10 mg/l FLT and phFLT if foliar application was 
used (Figure 3). Since the ΦII value corresponds 
to the electron transport in thylakoid membrane, 
we might attribute FLT-induced decrease of ΦII 
of photochemical processes of photosynthesis 
related to electron transport chain in thylakoid 
membrane. It could be assumed that products of 
PAHs transformation (metabolization or photo-
modification), especially quinones, could affect 
PSII and electron transport to PSI (Greenberg 
et al. 1997).

Usually, during the biomonitoring of the in-
fluence of important groups of environmental 
contaminants only the effect of intact PAHs in 
plants is investigated. The results of untold stud-
ies however supported the necessity to assess an 
influence of the more toxic photoproducts. The 
results found in our experiments show that the 
influence of PAHs depends on the type of the 
compound, on its concentration, and on the dura-
tion of exposure.

REFERENCES

Ankley G. ,  Mount D. ,  Er ickson R . ,  Diamond S . , 
Burkhard L., Sibley P., Cook P. (1999): Phototoxic 
polycyclic aromatic hydrocarbons in sediments: 

a model-based approach for assessing risk. In: 9th An-
nual Meeting of SETAC-Europe, Leipzig, Germany.

Bolhár-Nordenkampf H.R., Öquist G. (1993): Chloro-
phyll fluorescence as a toll in photosynthesis research. 
In: Hall D.O., Scurlock J.M.L., Bolhár-Nordenkampf 
H.R., Leegood R.C., Long S.P. (eds.): Photosynthesis 
and Production in a Changing Environment. A Field 
and Laboratory Manual. Chapman & Hall, London.

Branquinho C., Brown D.H., Catarino F. (1997): The 
cellular location of Cu in lichens and its effects on 
membrane integrity and chlorophyll fluorescence. 
Environ. Exp. Bot., 38: 165–179.

Bryselbout C., Henner P., Carsignol J., Lichtfouse E. 
(2000): Polycyclic aromatic hydrocarbons in highway 
plants and soils. Evidence for a local distillation ef-
fect. Analysis, 28: 290–293.

Diamond S.A., Mount D.R., Burkhard L.P., Ankey G.T., 
Makynen E.A., Leonard E.N. (2000): Effect of irradi-
ance spectra on the photoinduced toxicity of three 
polycyclic aromatic hydrocarbons. Environ. Toxicol. 
Chem., 19: 1389–1396.

Duxbury C.L., Dixon D.G., Greenberg B.M. (1997): 
Effects of simulated solar radiation on the bioac-
cumulation of polycyclic aromatic hydrocarbons by 
the duckweed Lemna gibba. Environ. Toxicol. Chem., 
16: 1739–1748.

Gensemer R .W., Ren L., Day K.E., Solomon K.R ., 
Greenberg B.M. (1996): Fluorescence induction as 
a biomarker of creosote phototoxicity to the aquatic 
macrophyte Lemna gibba. In: Bengston D., Henshel 
D.S. (eds.): Environmental Toxicology and Risk As-
sessment. American Society for Testing and Materi-
als, Philadelphia: 163–176.

Greenberg B.M., Huang X.D., Dixon D.G., Ren L., 
McConkey B.J., Duxbury C.L. (1993): Quantitative 
structure activity relationships for the photoinduced 
toxicity of polycyclic aromatic hydrocarbons to plants 
– a preliminary model. In: Gorsuch J.W., Dwyer F.J., 
Ingersoll C.G., La Points T.W. (eds.): Environmen-
tal Toxicology and Risk Assessment, Vol. 2. Ameri-
can Society for Testing and Materials, Philadelphia: 
369–378.

Greenberg B.M., Huang X.D., Mallakin A., Babu S.B., 
Duxbury C.A., Marder J.B. (1997): Inhibition of pho-
tosynthesis by polycyclic aromatic hydrocarbon pol-
lutants. Environ. Respon. Adapt., 29: 58.

Holoubek I. (2000): Advances and trends in environmen-
tal chemistry – the case of persistent, bioaccumulative 
and toxic compounds (PBTs) in the environment. 
Chem. Listy, 94: 771–775.

Huang X.D., Dixon D.G., Greenberg B.M. (1993): 
Impacts of UV radiation and photo-modification 
on the toxicity of PAHs to the higher plant Lemna 



436 PLANT SOIL ENVIRON., 53, 2007 (10): 430–436

Corresponding author:

Mgr. Lucie Váňová, Masarykova univerzita, Přírodovědecká fakulta, Ústav experimentální biologie, Kotlářská 2, 
611 37 Brno, Česká republika
phone: + 420 532 146 224, fax: + 420 541 211 214, e-mail: vanoval@sci.muni.cz

gibba (Duckweed). Environ. Toxicol. Chem., 12: 
1067–1077.

Huang X.D., McConkey B.J., Babu T.S., Greenberg 
B.M. (1997): Mechanisms of photo-induced toxic-
ity of photo-modified anthracene to plants: Inhibi-
tion of photosynthesis in the aquatic higher plant 
Lemna gibba (Duckweed). Environ. Toxicol. Chem., 
16: 1707–1715.

Kolb M., Harms H. (2000): Metabolism of fluoranthene 
in different plant cell cultures and intact plants. En-
viron. Toxicol. Chem., 19: 1304–1310.

Krause G.H., Weis E. (1991): Chlorophyll fluorescence 
and photosynthesis: the basics. Annu. Rev. Plant 
Physiol., 42: 313–349.

Kummerová M., Kmentová E. (2004): Photoinduced 
toxicity of fluoranthene on germination and early 
development of plant seedling. Chemosphere, 56: 
387–393.

Kummerová M., Krulová J., Zezulka Š., Tříska J. (2006): 
Evaluation of fluoranthene phytotoxicity in pea plants 
by Hill reaction and chlorophyll fluorescence. Chemo-
sphere, 65: 489–496.

Kummerová M., Zezulka Š., Krulová J., Tříska J. (2007): 
Photoinduced toxicity of fluoranthene on primary 
processes of photosynthesis in lichens. Lichenolo-
gist, 39: 91–100.

Mallakin A., Babu T.S., Dixon D.G., Greenberg B.M. 
(2002): Sites of toxicity of specific photooxidation 
products of anthracene to higher plants: inhibition 
of photosynthetic activity and electron transport in 
Lemna gibba L. G-3 (Duckweed). Environ. Toxicol., 
17: 462–471.

McConkey B.J., Duxbury C.L., Dixon D.G., Greenberg 
B.M. (1997): Toxicity of a PAH photooxidation prod-
uct to the bacterium Photobacterium phosphoreum 
and the duckweed Lemna gibba: effects of phenan-
threne and its primary photoproducts, phenanthrene-
quinone. Environ. Toxicol. Chem., 16: 892–899.

Meudec A., Dussauze J., Deslandes E., Poupart N. 
(2006): Evidence for bioaccumulation of PAHs within 
internal shoot tissues by a halophytic plant artificially 
exposed to petroleum-polluted sediments. Chemo-
sphere, 65: 474–481.

Roháček K. (2002): Chlorophyll fluorescence param-
eters: the definitions, photosynthetic meaning, and 
mutual relationships. Photosynthetica, 40: 13–29.

Samanta S.K., Singh O.V., Jain R.K. (2002): Polycyclic 
aromatic hydrocarbons: environmental pollution and 
bioremediation. Trends Biotechnol., 20: 243–248.

Simonich S.L., Hites R.A. (1995): Organic pollutant 
accumulation in vegetation. Environ. Sci. Technol., 
29: 2905–2914.

Tukaj Z., Aksmann A. (2007): Toxic effect of anthraqui-
none and phenanthrenequinone upon Scenedesmus 
strains (green algae) at low and elevated concentra-
tion of CO2. Chemosphere, 66: 480–487.

Wilcke W. (2000): Polycyclic aromatic hydrocarbons 
(PAHs) in soil – a review. J. Plant Nutr. Soil Sci., 
163: 229–248.

Xiao R.S., Ghosh A.R., Tanaka B.M., Greenberg B.M., 
Dumbroff E.B. (1997): A rapid spectrophotometric 
method for measuring photosystem I and photosys-
tem II activities in a single sample. Plant Physiol. 
Biochem., 35: 411–417.

Received on May 30, 2007


