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Abstract

For remediation and restoration of fertility of oil-contaminated soil it is promising to use complex methods including
preparations that include hydrocarbon-oxidizing microorganisms and plants-phytoremediants, in the root zone of which
microorganisms actively grow and participate in the degradation of oil hydrocarbons. Thus, the assessment of microbiological
activity can characterize the intensity of the processes of cleaning the soil contaminated with oil. The article presents the
characteristics of the microbiological biota in the rhizosphere of phytoremediant plants Medicago sativa L. and Secale cereale
L. under the influence of oil pollution and after the introduction of the hydrocarbon-oxidizing biopreparation "Lenoil" into the
soil. It was shown that the rhizosphere of microorganisms of alfalfa developed more intensively than in the rhizosphere of rye.
The use of "Lenoil" stimulated the growth of the number of oil-degrading microorganisms as well as cellulolytic and
heterotrophic bacteria and microscopic fungi in the root zone of Medicago sativa L. and Secale segeale L.
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AHHOTa M

[nsi peKy/nbTUBaLMM WM BOCCTAHOBJIEHWIO IUIOAOPOAYs HedTe3arps3HeHHOM TII0YBbI TIePCIIeKTUBHO HCIIONb30BaTh
KOMIUIEKCHBIE MeTO/bl, BKJIFOUAIOLMe IIperaparbl Ha OCHOBE YIVIEBOAOPOJOKUC/SIOIIMX MHUKPOOPTaHH3MOB U pacTeHHs-
¢uTOpEMeMaHTEI, B TIPUKOPHEBOW 30He KOTOPBIX AKTMBHO Pa3BHUBAIOTCS MHKDOOPraHU3MbI U YUYacTBYHOT B [eCTPYKLHU
HedTsIHBIX yrieBogopozoB. OlieHKa MUKPOOMOIOTHUeCKO aKTHUBHOCTH MOXKET XapaKTepH30BaTb UHTEHCHBHOCTh TIPOTEKAHHS
TPOLIECCOB OUYMCTKH TIOUBLI, 3arpsi3HEHHOM HedThI0. B cTaThe MpejcTaB/ieHa XapaKTePUCTHKA MUKPOOUOIOTHUECKOH OHOTHI B
pusocdepe pacrenuii-¢puropemeiuantoB Medicago sativa L. u Secale cereale L. B yciioBusix He(TSIHOTO 3arpsi3HeHUs U TTOCTIE
BHECEHMsT B TIOUBy YIVIEBOAOPOJOKUC/sIOIiero Ouompernapara «JleHoi». Bpulo 1oOKasaHO, 4YTo pu3ocgepHbie
MMKPOOPTaHU3MBbI JIFOL|epHb] Pa3BUBAIOTCS MHTEHCHBHee, UeM y pxku. Vcrosb3oBaHue npenapara «JIeHOHI» CTUMY/IMPOBAIo
pOCT  UYHCJIEHHOCTH  MHKPOOPraHM3MOB-ZIeCTPYKTOPOB, a TakkKe  Le/II0/I030/UTUIeCKUX,  OUTOHUTPO(UILHBIX,
reTepoTpodHbIX OaKTepHii 1 MUKPOCKOIHUeCKUX rpuboB B puzocdepe Medicago sativa L. u Secale cereale L.

KiroueBble coBa: JOL[epHA TOCEBHasl, POXKb TMOCEBHasl, pu3ochepHble MHKPOOPraHU3MBI, He(TSHOe 3arpsi3HeHHe
MOUBKI, OUoTpernapar «JIeHowm».

Introduction

Biological methods for the remediation of oil-contaminated soils currently occupy a large share of all the activities carried
out. Biobjects used for soil remediation include hydrocarbon-oxidizing microorganisms and plants-phytoremediants, which can
grow in the presence of petroleum hydrocarbons in the soil [1], [2], [3]. Bacteria destroy petroleum hydrocarbons by activating
enzyme systems and are the leading link in the process of destruction and detoxification of xenobiotics. The mechanisms that
occur in the plant organism under conditions of pollution are more complex and diverse. These include accumulation,
extraction, stabilization, rhizodegradation [4], [5], [6]. To enhance the effectiveness of measures to clean up and restore soil
fertility, it is promising to use complex methods, including both specialized preparations and plants-phytoremediants, in the
root zone of which microorganisms actively develop due to biologically active root secretions [7] and also take part in the
destruction/detoxication of petroleum hydrocarbons. Thus, the aim of the study was to evaluate the effect of the hydrocarbon-
oxidizing biopreparation "Lenoil" on the microbiological activity in the root zone of plants-phytoremediants Medicago sativa
L. and Secale cereale L. under the influence of oil pollution.

Research methods and principles
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In the experiment, we used gray forest soil selected in the Ufa region of the Republic of Bashkortostan. Soil samples were
incubated in individual vessels with drainage. It was contaminated with commercial oil at a concentration of 4% by weight.
After three days, the biopreparation "Lenoil" was introduced as an active destructor of oil hydrocarbons at the rate of 0.3 ml
per 100 g of soil. The composition of the biopreparation "Lenoil" — NORD, SHP (manufacturer CJSC SPE «Biomedchem»
technical condition 9291-007-33822935-2014) includes the bacteria Pseudomonas turukhanskensis IB 1.1 (titer not less than
1*10® CFU/g). The biopreparation is intended for biological treatment of oil-contaminated soils and restoration of the
productivity of reclaimed soils [2], [8].

In the course of preliminary studies, we found that the most resistant to 4% oil contamination of soil among cereal crops
was rye (Secale cereale L.) variety "Tatiana", and among representatives of legume family, alfalfa (Medicago sativa L.) variety
"Nadezhda" [9].

Seeds of alfalfa and rye plants were sterilized in chlorine solution and germinated for a day in thermostat at 37 °C, then
they were sown into vegetative vessels according to seeding rates 30 days after treatment of contaminated soil with "Lenoil".
The vessels were placed on a light platform at a 12-hour light day at a temperature of 22-25 °C. Plants were watered every
other day. For further studies, 30-day-old plants were used. Plants grown on uncontaminated soil were used as control.

Soil samples of the rhizosphere were obtained by shaking off adhering particles from plant roots and then scraped off with
a sterile scalpel under sterility conditions [10]. To determine the microbiological activity of the soil, the indicators of the
number of microorganisms of different ecological and physiological groups were used. Cultivation of heterotrophic bacteria,
cellulolytic microorganisms, oligonitrophils, microscopic fungi, and hydrocarbon-oxidizing microorganisms (HOM) was
carried out on nutrient media of MPA, Getchinson, Ashby, Chapek, and Dianov-Voroshilova, respectively [11].

The results were processed and diagrams were constructed using a licensed Excel software package (MS Office 2010). The
arithmetic mean, the error of the arithmetic mean, and the confidence interval were calculated. To identify significant
differences between the compared indicators, Student's t-test was used at a significance level of p <0.05.

Main results

The use of microbial preparations for the remediation of oil-contaminated soil certainly affects the quantitative
composition of the native microbiota, including in the rhizosphere of phytoremediant plants [3]. However, the number of
microbiota in the rhizosphere depends on the type of plant and the soil on which they are grown. The most general indicator
describing soil microbiocenosis is the value of the total microbial number. This indicator corresponds to the number of
heterotrophic bacteria grown on a general-purpose nutrient medium. Under the influence of oil pollution, this index decreased
by 63% in the rhizosphere of rye plants (Table 1). This happened, probably, as a result of the direct toxic effect of petroleum
hydrocarbons. Not enough time has passed since the moment of pollution for a natural decrease in the concentration of the
pollutant to occur and, accordingly, the negative impact to decrease. However, in the alfalfa rhizosphere, a slight stimulation of
the development of heterotrophic bacteria was noted, indicator increased from 6,7*106 to 10,5*10° CFU/g of soil. A number of
authors have already noted a similar phenomenon and explained by the fact that petroleum hydrocarbons in small
concentrations can be used as a source of carbon [12], [13], [14], [15]. The total microbial number in the contaminated soil
after the introduction of the biological product increased by an order of magnitude compared to the samples that were not
treated in the experiment using rye plants as a phytoremediant and amounted to 34,5%10° CFU/g of soil compared to 8,7*10°
CFU/g of soil isolated in the control. An even greater increase in the indicator was registered in the rhizosphere of alfalfa
plants, which exceeded the control values by 6 times. (Table 1). The observed changes in the number of heterotrophic bacteria
under the influence of a biological product may be due to the fact that the hydrocarbon-oxidizing microorganisms that make up
its composition not only reduce the concentration of pollutants, but also destroy complex oil hydrocarbons and make them
available for other bacteria to feed on. In general, a more favorable environment for the growth of bacteria developed in the
rhizosphere of Medicago sativa L. plants, and the presence of microorganisms of the biological preparation additionally
contributed to this process [3].

Table 1 - Numbers of heterotrophic bacteria and microscopic fungi in the rhizosphere of plants Medicago sativa L. and Secale
cereale L. under the influence of soil oil pollution and application of "Lenoil"

DOI: https://doi.org/10.23649/JAE.2023.32.4.1

Control Pollution Pollution + "Lenoil"
1 2 1 2 1 2

Indicator

Heterotroph
ic bacteria
(n*10° 6,7+£1,18 8,7 £1,04 10,5+1,94 3,25+0,29 41+5,74 34,5+3,18
CFU/g of
soil)

Microscopic
fungi (n*10°
propagol/g
of soil)

10,75+1,85 1,1+0,07 20£3,2 22,25+2,0 29+3,19 46,75+3,9

Note: 1 — Medicago sativa L.; 2 — Secale cereale L.
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As a result of the analysis of the study data, an increase in the number of microscopic fungi in samples of contaminated
and reclaimed soil was noted. In the presence of oil in the rye rhizosphere, the number of micromycetes increased by 22 times
compared to the control, and after the introduction of the biological preparation, it increased by 2 times (Table 1). The situation
is logical because many microscopic fungi are resistant to the action of this pollutant and can also take part in its degradation
[16], [17], [18], [19].

The intensity of the development of microscopic fungi in the rhizosphere of alfalfa was significantly lower, as compared
with the control values, the number of micromycetes increased by 2 times under the influence of oil pollution and by about 3
times after the introduction of the preparation «Lenoil». However, it should be noted that the initial level of rhizosphere
infestation by microcycetes differed significantly: in the root zone of rye (1,1 propagols in 1 g of soil), there were about 10
times fewer fungi in the control than in alfalfa (10,75 propagols in 1 g of soil). Despite the differences in clean soil, the number
of micromycetes in contaminated soil was the same in rye (20 propagol/g of soil) and alfalfa (22,25 propagol/g of soil)
samples.

In the composition of the root microbiota, the permanently present microorganisms include representatives of
oligonitrophils and cellulosolytics. Figure 1 shows that the number of cellulosolytics in the rhizosphere of rye significantly
decreased under the influence of oil pollution of the rye rhizosphere from 16,8*10* CFU/g (clean soil) to 1,2*10* CFU/g,
because this group of microorganisms is highly sensitive to the pollutant, which has been repeatedly shown [1], [3], [19].
Addition of hydrocarbon-oxidizing bacteria of "Lenoil" had a favorable effect on their numbers, but the toxic effect of oil was
not completely eliminated, and their numbers did not recover to the control values. A similar trend in the number of cellulose-
destroying microorganisms was observed in the rhizosphere of alfalfa (Figure 2), but in this experimental variant the indicator
was 2.4 times higher than the control values after treatment with the biopreparation and amounted to 66,9 *10* CFU/g of soil
compared to 27,8*10* CFU/g of soil isolated in the control.
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Figure 1 - The number of cellulosolytic and oligonitrophilic microorganisms in the rhizosphere of plants Secale cereale L.
under the influence of oil pollution and bioremediation with the preparation "Lenoil"
DOT: https://doi.org/10.23649/JAE.2023.32.4.2

The number of oligonitrophils turned out to be more stable, no significant changes were observed under the influence of
oil pollution and bioremediation. There were no significant statistical differences between the parameters in the control
(10,25*10* CFU/g of soil) and after treatment with "Lenoil" (10,0*10* CFU/g of soil). A slight stimulation of the growth of this
group of bacteria in the rhizosphere of Secale cereale (Figure 1) can be associated with the fact that a limited amount of bound
nitrogen is sufficient for them, and in oil-contaminated soil, the C/N ratio shifts towards a decrease in the proportion of
nitrogen [1]. Oligonitrophilic bacteria of the alfalfa rhizosphere were more sensitive to the action of oil (Figure 2). The number
of microorganisms decreased from 17,5*10* to 11,25*10* CFU/g of soil under the influence of the pollutant.
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Figure 2 - The number of cellulosolytic and oligonitrophilic microorganisms in the rhizosphere of plants Medicago sativa L.
under the influence of oil pollution and bioremediation with the preparation "Lenoil"
DOTI: https://doi.org/10.23649/JAE.2023.32.4.3

Hydrocarbon-oxidizing bacteria belong to a specific group of microorganisms that develop under simulated conditions.
They are naturally present in the soil in small amounts, however, the introduction of a nutrient substrate in the form of
petroleum hydrocarbons leads to an increase in their abundance [1], [3], [22], which is confirmed by our experiment (Figure 3).
After pollution, the number of this group of microorganisms in the root zone of alfalfa (15*10° CFU/g of soil) was higher than
in rye plants (7,5%10° CFU/g of soil). In samples of the rhizosphere of rye and alfalfa plants after the application of «Lenoil»,
the maximum values of the abundance of HOM were noted. The indicator for alfalfa plants increased by 22,5 times compared
with the rhizosphere samples after pollution, for rye plants — by 7.5 times. In the variant of the experiment with the
introduction of oil and a hydrocarbon-oxidizing biological preparation into the soil, a combined stimulation of the growth of
this group of microorganisms occurred both due to plant-microbial interaction [15], [22], [23] and due to the introduction of
HOM in the form of a biological preparation.
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Figure 3 - The number of hydrocarbon-oxidizing microorganisms in the rhizosphere of plants Medicago sativa L. under the
influence of oil pollution and biopreparation "Lenoil"
DOI: https://doi.org/10.23649/JAE.2023.32.4.4

Conclusion

Thus, microorganisms of different ecological groups developed better in the root zone of Medicago sativa L. plants, than
in Secale cereale L. plants. This may be due to the specifics of basal secretions characteristic of species of different families
and classes. The use of the preparation "Lenoil" for the treatment of oil-contaminated soil and plants-phytoremediants
stimulated the growth of the number of oil-degrading microorganisms (45*10° CFU/g of soil in the rhizosphere of alfalfa and
25*%10% CFU/g of soil in the rhizosphere of rye) and contributed to the normalization of other characteristics of microbial
community in the rhizosphere of plants from the families Poaceae and Fabaceae.
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