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ABSTRACT

This work is devoted to studying the dynamics of changes in phytotoxicity of oil-contaminated meadow soils in
the process of microbial bioremediation. The research was conducted under laboratory and field conditions. Winter
rye (Secale cereale) was selected as the test object. In order to assess the degree of toxicity in the laboratory, the
indicators of seed germination — germination rate and germination energy-were determined. In a field experiment,
the ecological state of oil-contaminated soils was evaluated by the germination rate and the amount of aboveg-
round plant biomass. The research results showed that the content of petroleum products significantly affected the
percentage of germination of rye seeds. There are differences in the size of seedlings for different experimental
schemes: in all tests, the average height of cleoptila on polluted soil was less than on unpolluted soil, but at the
same time it varied for different experimental bioremediation schemes. The use of potassium humate and modified

vermiculite as additives significantly reduced the toxicity of the oil-contaminated soil.
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INTRODUCTION

Bioremediation is a technology for remedia-
tion of contaminated areas, in which microorgan-
isms are used to decompose pollutants into less
toxic forms (Kazuya, 2001; Andreoni, Gianfreda,
2007; Robles-Gonzalez et al., 2008; Lakshmi et
al., 2013). For example, organic pollutants such
as petroleum hydrocarbons are converted into
carbon dioxide and water during bioremediation,
which are harmless metabolites (Seo et al., 2009).
Bioremediation is a method of cleaning up pollu-
tion by enhancing the same biodegradation pro-
cesses that occur under natural conditions (Lu et
al., 2012; Lakshmi et al., 2013).

The changes in the composition and content
of petroleum hydrocarbons in the soil during
bioremediation lead to the changes in the bio-
logical toxicity of the soil. Some oil metabolic
compounds, such as aromatic ketones, alde-
hydes, carboxylic acids, fatty acids, and esters,
also contribute to the biotoxicity of oil pollut-
ants (Lee, 2003).

The biotests for toxicity to plants provide
unique advantages compared to the tests on ani-
mals or microbes. Wang (1991) suggested that the
general benefits of plant toxicity testing include:
e ready for testing in the sense that seeds can be

purchased in bulk, and the shelf life of most of
them is a year or more;
e ready activation for testing (seed germination);
e minimal maintenance costs between tests.

These characteristics make the plant the most
suitable for the assessment of contaminated soils.

Higher plants are often used in the toxic-
ity tests for oil-contaminated soil, since they are
most susceptible to oil and petroleum products
(Masloboev, Evdokimova, 2012). The choice of
plants as test objects depends on such factors as
the type of soil, the nature of pollution, climatic
conditions, etc. In their work, Pawluskiewicz ct
al. (2020) determined the effect of soil pollution
with diesel fuel on the early development of three
legume plant species (Medicago lupulina L., Lo-
tus corniculatus L., Trifolium repens L.). The
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authors proved that the studied species have dif-
ferent tolerance to the petroleum products in the
soil and demonstrate different protective mecha-
nisms under stressful conditions.

Buluktaev (2019) proved that radish is a
good indicator of oil pollution, and the rela-
tively short growing season allows using radish
for laboratory experiments. Ptaza et al. (2005)
used six higher plant species (Secale cereale L.,
Lactuca sativa L., Zea mays L., Lepidiumsati-
vum L., Triticumvulgare L., Brassica oleracea
L.) for the biotests based on seed germination
and root elongation, which showed different
sensitivity to oil pollution.

Dry plant seeds, when at rest, can withstand
harsh environmental conditions without loss of
viability. However, when wet and under favorable
conditions, plant seeds undergo rapid changes —
metabolism, nutrient transport, and cell division
occur (Mayer and Poljakoff-Mayber, 1982), and
during this period, sprouted seeds become very
sensitive to the environmental stress. For this rea-
son, seed germination and germination energy
are the most common indicators for assessing
phytotoxicity.

MATERIALS AND METHODS

The object of research involved meadow soils
of the subtaiga zone in the South of the Tyumen
region. The soil of the studied territory was char-
acterized as meadow leached medium-low-hu-
mus medium-loamy. The soil-forming rocks are
cover loams and clays.

The results of agrochemical analysis showed
that the studied soil is characterized by a high
humus content of 5-7%; the content of mo-
bile phosphorus is average and varies within
53-68 mg / kg; the potassium content is low and
is about 51-70 mg/kg; nitrates are practically
absent, less than 2.8 mg/kg. The pH of the me-
dium in the upper part of the profile is neutral
pHKCl16.5.

Table 1. Schemes of microbial bioremediation

At the first stage of the experiment, phytotox-
icity was evaluated in the laboratory. The study of
phytotoxicity of oil-contaminated soils was car-
ried out using various schemes of microbial bio-
remediation, presented in Table 1.

When planning the experiments, the same
level of oil pollution was assumed at all the sites
under study (approximately 5.0% of the soil
mass). The oil dose for contamination was cal-
culated taking into account the soil compaction
density and the oil density at a wetting depth of
20 cm. The amount of the introduced bacterial
preparation, which is an association of oil-de-
stroying bacteria (Bacillus, Atherobacter, Rho-
dococcus, Pseudomonas), was 0.03 liters per site.
The preparation was diluted with water from a
natural source in such a way and in such a ratio
that the resulting solution was evenly distribut-
ed over the entire planned area. The amount of
lime applied was determined based on the acidity
of the salt extract of the studied soil (the norm
was 0.1 kg/m?). The C-Verad sorbent (modified
vermiculite) was added in the amount of 0.1 kg
per 1 m?. The amount of potassium humate was
30 ml/m?, diluted in a ratio of 1: 300 with water.

On the basis of the analysis of literature data
(Muratova et al, 2008; Muratova et al, 2010; Nol-
vak et al., 2013), winter rye (Secale cereale) was
selected as the most suitable bioindicator for as-
sessing the soil phytotoxicity at various stages of
bioremediation of meadow soils in the south of
the Tyumen region. This inexpensive and easy-to-
grow plant is superior to all other cover crops in
infertile, sandy or acidic soil or poorly prepared
land. Rye reaches its highest fertility when the soil
pH is above 6.0, preferably 6.5. It is widely adapt-
ed, but grows best in cool, temperate zones. Seeds
begin to germinate at a temperature of 0.5-2°C.

Vegetative vessels with a capacity of 2000 ml
were used for the experiment. For each plot, 100
seeds were selected, which were pre-checked vi-
sually to make sure that they were of uniform size
and not damaged. Then, the seeds were washed
twice with ethanol (70%). The seeds were sown

Experiment scheme Oil Bactreparation Lime Sorbent Potassium humate
Uncontaminated control - - - - -
Contaminated control + - - - -

S1 + + + - -
S2 + + + + -
S3 + + + - +
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in the soil on days 12 and 40 from the beginning
of the experiment. The rye seeds sprouted at room
temperature of 20 + 2°C.

In order to assess the degree of toxicity in the
laboratory, the indicators of seed germination —
germination rate and germination energy-were
determined. Seed germination was calculated as
the proportion of sprouted seeds, expressed as a
percentage of the total number of seeds taken for
germination. The germination energy was calcu-
lated as the number of seeds sprouted during the
first three days, expressed as a percentage of the
total number of seeds taken for germination. The
studies were carried out in three-fold repetition.

The second stage consisted of conducting
field research. Four plots of 1 m? each were al-
located for the experiment. The scheme of the
field experiment corresponded to the scheme of
laboratory research. The ecological state of oil-
contaminated soils was assessed by the germi-
nation rate and the amount of the aboveground
plant biomass.

At all stages of research, the residual content
of oil products was assessed using fluorimetry
methods.

RESULTS AND DISCUSSION

The results of the research showed that the
soil samples, 12 days after the experiment, hav-
ing a residual content of petroleum products
from 5010 to 7224 mg/kg, have an inhibitory ef-
fect on rye grains, reducing the speed of seed
germination and plant growth and shifting the
growth phases of sprouts. This is characterized
by low values of germination energy — dur-
ing the first three days on the oil-contaminated
control, it was only 1%, while the germination
rate was 12%. The highest values of germina-
tion were observed in vegetation vessels S2 and
S3 — 40 and 45%, respectively, but the germina-
tion energy in the S3 sample is 2.8 times higher
than in the S2 sample. The germination rate of

the Secale cereale seeds in uncontaminated soils
used as a control was 92-94%, and the germina-
tion energy was 88-92%.

In the soil samples 40 days after the start of
the experiment, the residual content of petroleum
products varied from 2644 mg / kg to 5666 mg / kg
in the S2 sample and the oil-contaminated con-
trol, respectively. This reduction in oil pollution
has had a positive impact on the seed growth
rates, especially on the germination energy. In the
growing vessel S3, this indicator increased from
14 to 38%, and in the vessel S2-from 5 to 16%.
The greatest increase in germination (from 40 to
52%) occurred in the S2 sample. No significant
changes in growth parameters were detected in
vessel S1 and the vessel with oil-contaminated
soil (control).

It is also necessary to note the differences in
the parameters of sprouts. In both tests, the aver-
age height of coleoptile was lower than in uncon-
taminated soil, but varied for different bioremedi-
ation schemes. The lowest height of sprouts was
observed at the oil-contaminated control and did
not exceed 2.5 cm. The average cleoptil height for
the S2 and S3 schemes was 4.9 and 5.6 cm, re-
spectively, which is about 34.7 and 25.3% lower
than on pure soil.

The data on the effect of oil-contaminated
soils on the results of germination energy and
seed germination in the studied schemes under
laboratory conditions are shown in table 2.

On the basis of the results of laboratory stud-
ies, a field experiment was set up. Winter rye
seeds were sown in early August to assess field
germination with subsequent wintering and deter-
mination of phytomass at the earing stage.

In the field experiment, the results were simi-
lar to the results of laboratory studies. The con-
tent of petroleum products significantly affected
the percentage of germination of rye seeds. There
is an inverse dependence of seed germination on
the concentration of petroleum hydrocarbons (the
higher the concentration, the lower the percent-
age of germination).

Table 2. Values of germination energy and germination of the Secale cereéle seeds under laboratory

conditions, %

Days after the spill Uncontaminated control Contaminated control S1 S2 S3
92 1 10 5 14
12 days 94 12 25 40 45
88 5 8 16 38
40 days 92 16 28 52 46

Note: the numerator is the value of the germination energy, and the denominator is the germination rate.
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Seed germination in sections S2 and S3 of the
studied soils did not differ significantly from the
control soils that did not contain oil contamina-
tion. It is interesting to note that the residual con-
tent of petroleum products, which had almost no
effect on the germination of winter rye seeds in
the bioremediated areas of meadow soils, ranged
from 2276 to 2552 mg / kg.

After overwintering in the next growing sea-
son, rye went into the earing stage, then the plants
were collected and dried at 70°C for 3 days to
determine the dry weight of plant biomass per site
and per plant. The number of plants that entered
the earing stage in the “clean” control soil was
57% of the seeds that sprang up, and in other ar-
eas it did not exceed 30%. The average biomass
per plant was 97.6% of the control at site S2, 94%
at site S3, 78.8% at site S1, and 74% at the oil —
contaminated control. The results of the field veg-
etation experiment are shown in figure 1.

The inhibition of the growth of seeds and
sprouts of rye may be due to the toxicity of some
petroleum hydrocarbons (Bossert and Bartha,
1985; Chaineau et al., 1996). The oil-contam-
inated soil becomes hydrophobic, resulting in
impaired root and sprout development (Amakiri
and Onofeghara, 1983; Udo and Fayemi, 1975)

and reduced availability of water and nutrients for
crops (Baker, 1970; Klokk, 1984).

The decrease in toxicity at the S3 site may be
due to the use of potassium humate. The results
showed that humate has a positive effect on the
biodegradation of pollution and reduces the incu-
bation time required for the removal of petroleum
products. In the presence of humate, higher rates
of biodegradation and more intensive growth
were observed compared to the cultivation of
plants without its addition. Humic acids act as
surfactants, helping to release petroleum hydro-
carbons into the water environment and thereby
enhancing the microbial decomposition process-
es. A study by Kochany and Smith (2001) found
that humic substances can enhance the biotic
and abiotic decomposition of phenols, polyaro-
matic hydrocarbons (PAHs), and pesticides in the
aquatic environment. In Kuran et al. (2014), the
addition of humates caused only a slight increase
in the rate of decomposition of petroleum hydro-
carbons, but significantly affected the amount
of PLFA in the studied soils, which indicates an
improvement in the soil microenvironment. The
antidote effect of humates has also been noted in
Mosley et al. (1998), Minnikova et al. (2018), and
Kim et al. (2018).
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Fig. 1. Average field germination (a) and biomass (b) of the aboveground part of winter rye plants:
1 — uncontaminated control; 2 — oil — contaminated control; 3 — site S1; 4 — site S2; 5-site S3.
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In the S2 scheme, a vermiculite-based sorbent
was used as an auxiliary component. Vermiculite
promotes the adsorption of liquids and improves
soil aeration (Rhykerd et al., 1999; Embar et al.,
2006; Su et al., 2006). In their work, Vasilyeva
G.K. et al. (2019), reported that the main mecha-
nisms of the positive action of sorbents are as-
sociated with a decrease in the phyto- and micro-
botoxicity of contaminated soils by reducing the
hydrophobicity of soils, increasing their moisture
capacity, porosity, and improving the aeration
properties. Good aeration not only provides the
plant with the necessary oxygen and nitrogen, but
also prevents the formation of rot, the develop-
ment of mold, moss, fungi and various pathogen-
ic microorganisms.

CONCLUSIONS

The state of vegetation cover under natural
conditions is the most important criterion that,
along with the content of petroleum products
in soils, diagnoses the reversibility of degrada-
tion processes and the permissible degree of soil
contamination.

The results of the experiments confirm the
toxic effect of oil contamination of the soil on the
growth and development of plants. It is also nec-
essary to note the differences in the parameters of
sprouts. In all tests, the average height of coleop-
tile was lower than in uncontaminated soil, but
differed for different bioremediation schemes.

The limits of Secale cereéle’s resistance to oil
pollution were experimentally determined. The
residual content of petroleum products, which
had almost no effect on the germination of winter
rye seeds in the bioremediated areas of meadow
soils, ranged from 2276 to 2552 mg/kg.

The lowest phytotoxicity was observed in the
bioremediation schemes using potassium humate
and modified vermiculite.
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