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Краткое описание
The aim of this article is assessment of the PAHs bioavailability and phytotoxicity on benzo[a]pyrene (BaP) example in
model experiment with Haplic Chernozem and that spiked with various doses of BaP (20, 200, 400 and 800 µg/kg)
equivalent to 1, 10, 20 and 40 levels of maximal permissible concentrations (MPC) planted with spring barley (Hordeum
sativum distichum). The main subject of this study is to research the bioindication of BaP contaminated soil in a model
experiment to quantify the main features of BaP accumulation, phytotoxicity and degradation in soil-plant system with
chernozem. The content of BaP in soil and plants was determined by using new ecologically friendly method of subcritical
water extraction instead of traditional methods based on a large amount of organic solvents. The experiment was
carried out with Haplic Chernozem, virgin, taken from the upper 0-20 cm layer of soil in the State Soil Preserve
“Persianovsky preserved steppe” of Rostov region (south of Russian Federation) located far from contaminated sources.
This soil revealed the following physical and chemical characteristics: Corg 3.4%; pH 7.3; cation exchange capacity (CEC)
37.1 mMol(+)/100g; content of CaCO3 0.1%; physical clay 53.1% and clay 32.4%. The experimental soil samples were
planted every spring and incubated outdoor during 4 years. The express-method of subcritical water extraction was used
for BaP extraction from samples. The values of BaP period of semi-degradation in soil (T50, y) contaminated with 10, 20
and 40 MPC deviated from 1.4 to 1.8 years, while these values in low contaminated soils deviated from 2.9 to 5.4 years.
The BaP concentrations in plants depended on initial BaP contamination and reduced simultaneously with diminish of
BaP concentration in the related spiked samples. Growing of spring barley in the BaP spiked soils lead to BaP
accumulation in plants. The bioaccumulation factors for BaP in roots and vegetative part of barley plants (BAFr and BAFv
respectively) fluctuated within 0.035-0.065 and 0.015-0.025 respectively at the 1st season and then reduced about twice
to the 4th season. Meantime those values in control soils vice-versa increased twice from 0.03 and 0.01 respectively. The
spiked BaP revealed phytotoxic effect on growth of spring barley even in low dose equal to 1MPC. The most sensitive
indicators of the BaP contamination are length of vegetative part and ear hight, which reduced more than 20% at initial
BaP content in soil about 30 µg/kg. The other morphometric characteristics of spring barley (germination energy and
plant weight) reduce significantly at BaP content in the soil 150-200 µg/kg. Meantime the root length was not sensitive
characteristic of the plant. © SGEM2018.
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The aim of this article is assessment of the PAHs bioavailability and phytotoxicity on benzo[a]pyrene (BaP) 

example in model experiment with Haplic Chernozem and that spiked with various doses of BaP (20, 200, 

400 and 800 µg/kg) equivalent to 1, 10, 20 and 40 levels of maximal permissible concentrations (MPC) 

planted with spring barley (Hordeum sativum distichum). The main subject of this study is to research the 

bioindication of BaP contaminated soil in a model experiment to quantify the main features of BaP 

accumulation, phytotoxicity and degradation in soil-plant system with chernozem. The content of BaP in 

soil and plants was determined by using new ecologically friendly method of subcritical water extraction 

instead of traditional methods based on a large amount of organic solvents. 

The experiment was carried out with Haplic Chernozem, virgin, taken from the upper 0-20 cm layer of soil 

in the State Soil Preserve “Persianovsky preserved steppe” of Rostov region (south of Russian Federation) 

located far from contaminated sources. This soil revealed the following physical and chemical 

characteristics: Corg 3.4%; pH 7.3; cation exchange capacity (CEC) 37.1 mMol(+)/100g; content of CaCO3 

0.1%; physical clay 53.1% and clay 32.4%. The experimental soil samples were planted every spring and 

incubated outdoor during 4 years. The express-method of subcritical water extraction was used for BaP 

extraction from samples. 

The values of BaP period of semi-degradation in soil (T50, y) contaminated with 10, 20 and 40 MPC 

deviated from 1.4 to 1.8 years, while these values in low contaminated soils deviated from 2.9 to 5.4 years. 

The BaP concentrations in plants depended on initial BaP contamination and reduced simultaneously with 

diminish of BaP concentration in the related spiked samples. 

Growing of spring barley in the BaP spiked soils lead to BaP accumulation in plants. The bioaccumulation 

factors for BaP in roots and vegetative part of barley plants (BAFr and BAFv respectively) fluctuated within 

0.035-0.065 and 0.015-0.025 respectively at the 1st season and then reduced about twice to the 4th season. 

Meantime those values in control soils vice-versa increased twice from 0.03 and 0.01 respectively. The 

spiked BaP revealed phytotoxic effect on growth of spring barley even in low dose equal to 1MPC. The 

most sensitive indicators of the BaP contamination are length of vegetative part and ear hight, which 

reduced more than 20% at initial BaP content in soil about 30 µg/kg. The other morphometric characteristics 

of spring barley (germination energy and plant weight) reduce significantly at BaP content in the soil 150-

200 µg/kg. Meantime the root length was not sensitive characteristic of the plant. 

Keywords: PAHs, soil, energy plant, pollution, monitoring sites 

 

INTRODUCTION 

 

Polycyclic aromatic hydrocarbons (PAHs) are one the most dangerous environmental 

contaminants characterizing as mutagenes and carcinogenes for all living organisms. Sixteen 

PAHs compounds are obligatory controlled all over the world that regulated by legislation [1]. 

These compounds are very persistent in the environment because of complicated soil matrix 

structure. Soil has a high ability to PAHs accumulation that results in a significant accumulation 

of these contaminants in plants [2]. The assessment of regularities of PAHs biogeochemistry in 

soil-plant system is one of the major indicators of the environmental monitoring system [3]. 



PAHs are involving into plant metabolic processes through plant cells or in the intercellular spaces, 

due to their lipophylity. The way of PAHs bioaccumulation can proceed through the stoma by 

accumulation in the plant intercellular tissue [4], [5] (Patowary et al., 2017; Alagić et al., 2016). 

BaP may be concentrated in the plant lipid membrane layers mainly by falling from the atmosphere 

on the leaf surface [2] (Alagić et al., 2016). On the on the other hand, water-soluble BaP derivatives 

move to the cell membranes causing its damage and increasing membrane permeability [3], [6] 

(Yakovleva et al., 2016; Sivaram et al., 2018). This fact maybe connected with М+ and Са2+ 

changes at membrane proportion and with SH groups number decreasing that leads to the increase 

in number of SH bonds. The damaged areas in membranes may be a result of concentration of 

lipids. Impact of such harmful factors as BaP contamination may damage membrane functions and 

structure that is followed by disturbances in the photosynthetic system of plants. 

The aim of the research was PAHs bioaccumulation by soil contaminated with benzo[a]pyrene 

(BaP), the main marker of PAHs pollution. The study was conducted in a model experiment to 

quantify the main features of BaP accumulation, phytotoxicity and degradation in soil-plant system 

with chernozem. The mechanisms of BaP bioaccumulation will be determined for spring barley 

the most common agricultural plant in the studied area. Thus, this model experiment will provide 

the unique information about consiquences of technogenic contamination in the Chernosem zone 

of the South of Russia that will help to choose correctly the ways of remediation and cultivating 

the agricultural crops in this region. 

 

MATERIALS AND METHODS 

The experiment was carried out with carbonate Haplic Chernozem [7], virgin, taken from the upper 

0-20 cm layer of soil in the State Soil Preserve “Persianovsky preserved steppe” of Rostov Region 

(south of Russian Federation) located far from contaminated contamination sources. This soil 

revealed the following physical and chemical characteristics: Corg 3.4%; pH 7.3; cation exchange 

capacity (CEC) 37.1 mMol(+)/100g; content of CaCO3 0.1%; physical clay 53.1% and clay 32.4% 

[8], [9]. 

The freshly collected air-dried soil was sieved through a 1 mm sieve and placed by 2 kg into the 4 

L vegetative plastic pots. For BaP background level in the soil of the studied region is under its 

maximum permissible concentration (MPC) for Russian Federation (20 µg kg-1). The respective 

standard solutions of BaP in acetonitrile was spread on the soil surface at corresponded rates to 

create following concentrations in the soil samples 20, 200, 400 and 800 µg kg-1 (1, 10, 20 and 40 

MPC, respectively) solved in 80 mL of acetonitrile. The soil samples left for 1 day for solvent 

weathering and then were thoroughly mixed in the pots. The initial soil was used as a background 

control (control), while in the other control sample (ACN-control) the soil was treated with a pure 

acetonitrile similar to the BaP contaminated soils. The samples were prepared in triplicates. The 

soil samples incubated outside under temperature 22-25oC and normal lighting close to natural 

conditions, on an experimental platform of Southern Federal University, within 4 years. Soil in the 

pots was humidified/wetted humified with distilled water as required to maintain an optimal 

humidity. In 8, 20, 32, 44 months after the beginning of incubation, the soil samples were mixed 

and sowed by test culture. Spring barley (Hordeum sativum distichum) "Odesskii-100" was used 

as the test culture. Soil was maintained at 60% of water holding capacity during the experiment by 

the regular application of distilled water to the pots. 

After 4 months growing, the barley plants were sampled from the pots and cleared thoroughly 

from soil particles. Roots and vegetative parts of the harvested barley plants were air-dried up, 

weighed, grinded, and shifted through a 1 mm diameter sieve. Aliquots of the average plant 

samples were taken for the BaP analysis. Besides aliquot of average soil samples was taken from 

every pot for the BaP analysis just at the very beginning after solvent weathering and every time 

before the plant sowing. 



The new method of subcritical water extraction was used for extraction of BaP from the soil and 

plant samples  [10], [11]. The content of BaP in the extracts was quantified by HPLC (Model 1260, 

Agilent Technologies, USA, 2014) with fluorescence (FL-3000) detection following ISO 13877 

requirements [12]. Excitation wavelength of the FD is 264 nm, and emission wavelength of the 

FD is 408 nm. The BaP peak on chromatograms was identified by comparing retention time to that 

of analytical standard samples. The limit of BaP detection and quantification was determined using 

standard solutions and calibration curves. A calibration standard was injected after every six 

samples to correct for drift in retention time within a run. 

Assessment of the BaP bioaccumulation factors for soil spiked with BaP was measured by 

counting the next indicators: 

1) The rate constant of BaP degradation in the soil samples (Ks, y-1) was calculated from the 

equation: 

                                                 Ks = -ln (Ct/Co)/t,       (1) 

where Co and Ct are BaP concentrations in soil: initial and in a point t (y) of incubation respectively. 

The period of BaP semi-degradation in soil (T50, y) was counted from the equation: 

                                                   T50 = 0,693/Ks      (2) 

The bioaccumulation factors for BaP in roots and vegetative part of barley plants (BAFr and BAFv 

respectively) were counted as a ratio of its concentrations in the respective parts of plant (Cr and 

Cv respectively) to BaP concentration in soil (Cs) in according to the next equations: 

                                           BAFr = Cr/Cs,     or      BAFv = Cv/Cs    (3) 

The soil properties were determined by standard methods [9]. Solvents and reagents were HPLC 

grade and included ethanol (96%, analytical grade), n-hexane (99%, analytical grade), potassium 

hydrate (98%, analytical grade), acetonitrile (99.9%, analytical grade), NaOH (97%, analytical 

grade), and anhydrous Na2SO4. The BaP standard in acetonitrile with concentration 200 µg/cm3 

(Sigma-Aldrich CAS Number 50-32-8) was used to prepare standard solutions for HPLC analyses. 

 

RESULTS AND DISCUSSION 

The initial BaP concentrations in the background and ACN-controls are 24.3±1.2 and 27.6±2.8 

µg/kg that is close to MPC. It means that treatment of the background soil with acetonitrile did not 

influence significantly on the BaP recovery. The initial concentrations of BaP determined in the 

soil samples spiked with BaP in doses equivalent to 1, 10, 20 and 40 MPC were 37.4±2.9; 

221.7±4.6; 406.0±12.6; and 743.4±16.4 µg/kg respectively. The recovery of the spiked BaP from 

the 1MPC-samples was only 52±15%, while those values for the other spiked soil samples deviated 

from 90 to 99%. Incomplete BaP recovery at the low dose can be explained by its binding to the 

soil matrix. It is caused by strong sorption of aromatic BaP molecules by soil humus, clay minerals 

or probably by pyrogenic particles. Due to restricted capacity of the soil binding sites, the recovery 

of the larger BaP doses is no less than 90% [12]. The dynamics of BaP depletion in the spiked 

Haplic chernozem are given on Fig. 1. The dynamics of BaP concentration in roots and vegetative 

part of the harvested spring barley are also presented on the same Fig. 1. During the experimental 

time (almost 4 years), concentrations of BaP decreased by 80-87% in the soil samples spiked with 

high doses, while only about 41% BaP degraded in the soil with lowest dose of the pollutant. 

Concentration of BaP in the background and ACN-control soils decreased finally by about 54 and 

60% respectively that is also much less compared to highly contaminated soils. The data have been 

received for the Haplic Chernozem soil for the first time. For example, after one season planting 

of Tagetes patula and Mirabilis jalapa, plant-promoted biodegradation of BaP was 79.5-99.8% and 

71.1-99.9%, respectively, whereas the amount of BaP dissipation enhancement was only 0.2-

20.5% and 0.1-28.9%, respectively, for soil with low level of Humus – 2.4% [13]. It shows soil 

have a high ability to BaP biodegradation especially during planting that decrease a risk for 



environmental contamination and availability level for humans. This fact can also be explained by 

lower availability of the pollutant to degrading microorganisms in the slightly contaminated soil 

compared to highly contaminated one. 

Substantial amounts of BaP were accumulated in the spring barley plants. Its concentrations in 

roots and vegetative part depended on the initial BaP contamination and reduced simultaneously 

with diminish of BaP concentration in the related spiked samples. The initial BaP concentration in 

roots of the 1st season deviated from 0.9 to 23.4 µg/kg and in vegetative part – from 0.3 to 12.4 

µg/kg depending on the initial soil contamination (Fig. 1). Changes of BaP accumulation in plants 

revealed similar tendencies. The BaP content in roots and vegetative part of the plants grown in 

the highly contaminated soils reduced to the 4th year by 68-82 and 72-82% respectively, while BaP 

content in the 1MPC-soil reduced only by 50 and 38% respectively. At the same time, BaP content 

in the plants grown in the control soils remained almost constant or changed insignificantly during 

all the experiment. 

 

 
Fig. 1. Dynamics of BaP concentration in soil, roots and vegetative part of plants in the background 

control as well as in soil samples spiked with BaP at the dose equivalent to 1, 10, 20, or 40 MPC 

and linear regression dependence of dynamic of BaP bioaccumulation factors in roots and 

vegetative part of spring barley (BAFr and BAFv, respectively) grown in the background control 

and from BaP concentration in soil spiked soils every season during 4 years. 

 

For the first time it was counted the rate constants for soil, roots and vegetative part of plants 

grown in highly contaminated Haplic Chernozems deviated in close intervals: 0.39-0.48; 0.39-

0.53; and 0.44-0.55 y-1 respectively (Fig. 1). The values of BAFr and especially BAFv were rather 

low, that indicates low accumulation potential of BaP in plants grown in the contaminated soils. 

At the 1st season the BAFr fluctuates within 0.03÷0.065, and BAFv. – within 0.01÷0.025. For all 

samples, the coefficients of BaP accumulation in roots were about 2.5 higher compared to those 

in vegetative part. This fact is due to existence of a barrier in many plants that prevents from 

toxicant penetrations into their vegetative part. Comparison with research data received for another 

plants shows that for technogenic contaminated area BaFs ranged from 0.22 to 0.63 for Lasianthera 

africanum, and 0.18 to 0.55 for Vernonia amygdalina [14]. There are some data about BaP removal 



by agricultural plants from 6 up to 14% during 50 days by using Sudan grass, vetiver, maize, and 

sunflower [6]. It shows agricultural plants are very resistant to BaP contamination and should be 

used for BaP biodegradation. 

The most informative indicators of pollutants persistence in soil are a degradation rate constant 

and a period of semi-degradation. These determined values are presented in Table 1. The rate 

constants of BaP content reduction in roots and vegetative part of spring barley grown every season 

in the same soil samples are also given at the same Table 1. Correlation coefficients (R2) 

determined by SigmaPlot program in course of the rate constant calculations are also given there. 

The values R2 determined for BaP degradation rates in soil as well as for the rate constants of BaP 

content reduction in both parts of plants were rather high and deviated from 0.84 to 0.99. It means 

that concentrations of BaP in the soil as well as its concentration in both parts of plants are reduced 

with time in according to exponential equations. The rate constants for soil, roots and vegetative 

part of plants grown in highly contaminated soils deviated in close intervals: 0.39-0.48; 0.39-0.53; 

and 0.44-0.55 y-1 respectively. From the other side, the same rate constants in 1MPC-soil are also 

close to each other (0.13; 0.23; and 0.16 y-1 respectively), but about 2 or 4 times lower compared 

to highly contaminated soils. 

 

Table 1. Degradation rate constants and periods of BaP semi-degradation in the spiked and control 

soils, as well as rate constants of BaP content reduction in roots and vegetative part of spring barley 

plants grown in the same soil samples every season during 4 years. R2 indicate correlation 

coefficients determined by SigmaPlot when the rate constants were calculated from data presented 

on Fig. 1. 

Soil sample 

Soil Roots Vegetative parts 

Rate constants 

Ks, y
-1 

R2 
T50, 

y 

Rate constants 

Kr, y
-1 

R2 
Rate constants 

Kv, y
-1 

R2 

Background 

control 
0.18 

0.96 
4.0 

- - 
- - 

ACN 0.24 0.90 2.9 - - - - 

1 MPC 0.13 0.93 5.4 0.23 0.99 0.16 0.90 

10 MPC 0.44 0.92 1.6 0.51 0.99 0.51 0.93 

20 MPC 0.39 0.92 1.8 0.53 0.88 0.44 0.94 

40 MPC 0.48 0.84 1.4 0.39 0.96 0.55 0.98 

 

The degradation rates of BaP in Haplic chernozem appeared to be rather high, especially in the 

highly contaminated soils. The values of T50 of BaP in the soils contaminated with 10, 20 and 40 

MPC deviated from 1.4 to 1.8 years, while these values in low contaminated soils (close to 

background) deviated from 2.9 to 5.4 years. Comparatively high rate of BaP degradation in the 

experimental soil can be explained by increased activity of BaP degrading microorganisms in the 

Haplic chernozem of South of Russia and favorable climate conditions in this region compare, for 

example, Northern Taiga Region where T50 of BaP did not exceed 0.2-0.5 years because of cold 

climate and low microbial activity [3]. 

 

CONCLUSIONS 

The assessment of the benzo[a]pyrene bioaccumulation by spring barley plants was revealed 

according the rate constant of BaP degradation in the soil; period of BaP semi-degradation in soil, 



T50; bioaccumulation factors for BaP in roots and vegetative part, BAFr and BAFv, respectively. 

For the first time it was counted the rate constants for soil, roots and vegetative part of plants 

grown in highly contaminated Haplic Chernozems deviated in close meanings. It has been shown 

a high microbial activity of soil actively increasing in high BaP concentrations and contribute to 

BaP biodegradation. The degradation rates of BaP in Haplic chernozem appeared to be rather high, 

especially in the highly contaminated soils. The values of BAFr and especially BAFv were rather 

low, that indicates low accumulation potential of BaP in plants grown in the contaminated soils. It 

was found a significantly positive linear relationship between BaP concentration in soil and in 

roots, vegetative part of spring barley. Growing of spring barley in the BaP spiked soils lead to 

BaP accumulation in the plants. The coefficients BAFr and in roots and BAFv in vegetative part 

fluctuated within 0.035-0.065 and 0.015-0.025 respectively at the 1st season and then reduced 

about twice to the 4th season. These data can be explained by higher BaP availability in the spiked 

soil and low availability of the BaP residues after its degradation in soil. 
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