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Abstract Widespread soil contamination with oil 
and the toxicity of petroleum hydrocarbons to soil 
biota make it extremely important to study micro-
bial responses to oil stress. Soil metabolites reflect 
the main metabolic pathways in the soil microbial 
community. The examination of changes in the soil 
metabolic profile and metabolic function is essential 
for a better understanding of the nature of the pollu-
tion and restoration of the disturbed soils. The present 
study aimed to assess the long-term effect of oil on 
the ecological state of the soil, evaluate quantitative 
and qualitative differences in metabolite composition 
between soil contaminated with oil and non-contam-
inated soil, and reveal biologically active metabo-
lites that are related to oil contamination and can be 
used for contamination assessment. A long-term field 
experiment was conducted to examine the effects of 
various oil concentrations on the biochemical prop-
erties and metabolic profile of the soil. Podzolic soil 

contaminated with oil demonstrated the long-term 
inhibition of soil biological activity and vegeta-
tion. Oil affected the metabolic activity of soil fungi 
increasing the production of toxic metabolites. A 
metabolomic approach was employed to determine 
soil metabolites. The metabolite profile was found to 
vary greatly between oil-contaminated and non-con-
taminated soils. Carbohydrates had the largest num-
ber of metabolites negatively affected by oil, while 
the content of organic acids, phenolic compounds, 
and terpenoids was mainly increased in oil-contam-
inated soil. The evaluation of the long-term impact 
of oil on microbial metabolism can make a valuable 
contribution to the assessment of soil quality and the 
activity of soil microorganisms being under stress 
from oil pollution. The results contribute to a further 
understanding of the role of microorganisms in the 
ecological functions of contaminated soil, which can 
be useful in the development of rehabilitation strate-
gies for disturbed sites.

Keywords Hydrocarbons · Soil pollution · 
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Introduction

Soil contamination with petroleum and its derivative 
products is a global environmental problem. Petro-
leum oil enters the environment through different 
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routes including leakages from wellheads, pipelines, 
and underground storage tanks, accidental spills dur-
ing transportation, incorrect disposal of petroleum 
wastes, drilling operations, and many other ways. 
Increasing the contamination of the natural environ-
ment leads to loss of vegetation cover, a decrease in 
soil fertility, and progressive soil degradation (Albert 
& Tanee, 2011; Alrumman et al., 2015; Souza et al., 
2014; Wyszkowska et al., 2015). To solve the problem 
of rehabilitation of oil-contaminated soils, it is neces-
sary to determine the critical values of stress factors 
that can lead to irreversible violations of fundamental 
biological processes in soil ecosystems (Bakina et al., 
2021; Geng et al., 2022; Onwosi et al., 2020). No less 
important is the qualitative and quantitative assess-
ment of the relationships between the components 
of the biogeocenoses of disturbed soils. The imple-
mentation of these approaches is impossible without 
understanding the mechanisms of self-purification of 
oil-contaminated soils and a timely comprehensive 
assessment of the ecological state of the soil as the 
main component of biogeocenosis.

Ecological assessment is necessary not only to 
determine the current suitability of soils for use but 
also to identify potentially dangerous functional dis-
orders in soil ecosystems that may manifest them-
selves in the future (Hernandez-Soriano & Jimenez-
Lopez, 2014). Soil contamination could cause serious 
disturbance of its natural metabolic profile and meta-
bolic function. Thus, careful examination of these 
violations is essential for a better understanding of the 
nature of environmental pollution (Patil et al., 2016).

One effective way to assess changes in soil func-
tion and quality is metabolomic analysis, as soil 
metabolites reflect important metabolic pathways and 
complex molecular networks in the soil microbial 
community (Withers et  al., 2020). Soil metabolites 
have been actively studied in recent years to investi-
gate the effects of environmental stresses on soil biota 
(Griffin, 2014; Li et al., 2019; Rochfort et al., 2015). 
Functional shifts at the molecular level provide deep 
insight into biological responses to stress conditions 
and can be even more sensitive than traditional indi-
cators (Pagano et al., 2016).

In the functioning of biogeocenosis, a key role is 
played by soil microorganisms with a genetic poten-
tial to degrade anthropogenic pollutants that decom-
pose and mineralize organic substances. Pollutants 
affect several of the major metabolic pathways in soil 

microorganisms, including the tricarboxylic acids 
cycle, glycolysis, and amino acids metabolism, caus-
ing a decrease in the production of the associated 
metabolites (Hernandez-Soriano & Jimenez-Lopez, 
2014). Metabolic response to soil contamination 
can be considered as part of the biological reaction 
of soil microorganisms to the influence of pollutants 
(Boer et  al., 2013; Tremaroli et  al., 2009). Metabo-
lites related to stress response comprise an appropri-
ate group of target compounds for risk assessment. 
However, there is no work or data reporting the meta-
bolic profile of oil-contaminated soil and the degree 
to which metabolomic fingerprints of contaminated 
soil may differ. There is a lack of information about 
the overall shifts in soil microbial metabolic func-
tion, and changing trends in biologically active soil 
metabolites in response to long-term contamination 
with oil.

Therefore, in this study, it is hypothesized that (1) 
long-term soil contamination with oil will affect soil 
microbial metabolic function depending on the level 
of contamination, and (2) the combination of metabo-
lomics with classical culture-based microbiological 
and biochemical methods will provide new insight 
into the ecological state of the soil. Based on this, 
the specific objectives of this study were to assess 
the long-term effect of oil on the ecological state of 
the soil, to evaluate quantitative and qualitative dif-
ferences in metabolite composition between soil con-
taminated with oil and non-contaminated soil, and to 
reveal biologically active metabolites that are related 
to oil contamination and can be used for assessment 
of land recovery following oil drilling, transportation, 
and refinery activities.

Materials and methods

Soil treatment and sampling

The field experiment was performed for 6  years 
(2010–2016) at an experimental site near St. Peters-
burg, Russia (58°49′53″N, 30°7′56″E) (Fig.  1). This 
area has a humid continental climate with average 
annual temperature, precipitation, and air humidity 
of 5.8 °C, 660 mm, and 78%, respectively. Soil mois-
ture in the area is mostly high, since evapotranspira-
tion is low due to the cool climate. The studied soil is 
sandy podzol (Albic Podzol according to WRB IUSS 



Environ Geochem Health (2024) 46:13 

1 3

Page 3 of 22 13

Vol.: (0123456789)

Working group WRB, 2006) covered with moss and 
lichen. The soil contains 96.5% sand, 3.1% clay, and 
0.4% silt  (pHH2O of 4.05). The vegetation on the study 
plots was allowed to develop naturally throughout 
the entire research period. Five square plots, meas-
uring 20  m2 each, were established separately in the 
flattened part of the study areas. The first plot served 
as an uncontaminated control, and four were treated 
with crude oil (0.6, 1.2, 3.5, and 8.5 L  m−2). The veg-
etation cover (plants, sod, and litter) was removed 
from treatment plots prior to the application of oil. 
The peaty moss-lichen cover was removed from the 
soil surface to the mineral sandy horizon.

Crude oil (saturated hydrocarbons—46.9%, aro-
matics—22.4%, polyaromatic hydrocarbons—9.8%, 
and asphaltenes—2.1%) was collected from oil refin-
ery “Kirishinefteorgsintez” (Leningrad Region, Rus-
sia). The oil was poured evenly across the experimen-
tal plots using 0.6, 1.2, 3.5, and 8.5 L per  m−2 of soil. 
After pouring, the upper layer of 0–10 cm was addi-
tionally mixed with a rake to achieve a uniform con-
centration of oil over the entire depth of the polluted 
layer. Thereafter, vertical migration and distribution 

of oil and oil products were governed by natural 
causes (wetting and gravity).

Soil samples were collected one week and three 
months after contamination, and later on annually in 
late September–early October (i.e., at the end of the 
growing season). Each plot was divided into four 
subplots of 2.5  m2 with a method of randomized rep-
etitions (Dospehov, 1985), and 10 coring sites were 
chosen within the subplot (One plot ➔ Four subplots 
➔ 10 coring sites). Soil samples were taken with a 
soil corer from a depth of 0–10 cm. All ten soil cores, 
collected from each subplot, were pooled and sieved 
(< 2  mm). This combined sample represented one 
replicate so there were four replications from each 
plot. The total weight of a combined soil sample was 
900 g.

Chemical and physical analyses

The chemical and physical characteristics of the col-
lected samples (pH, sum of exchangeable bases, 
hydrolytic acidity, base saturation, total organic car-
bon, N-NH4, available phosphorus, and potassium) 

Fig. 1  Location of the experimental plots
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were determined according to Arinushkina (1970). 
Total petroleum hydrocarbons (TPH) were extracted 
from soil samples with hexane and measured accord-
ing to protocol PND F 16.1:2.21-98 (2012). TPH 
levels were determined by UV fluorescence spectros-
copy using a FLUORAT-02-3  M spectrofluorometer 
(Nordinkraft-Sensor, Russia). The fluorescence of 
the samples was measured at 270 nm excitation and 
320 nm emission wavelengths.

Assessment of soil toxicity

The ecotoxicity of contaminated soils was deter-
mined by direct contact (solid-phase) bioassay. Solid-
phase bioassays were based on the germination and 
growth of the common wheat Triticum aestivum 
L. (Kapel’kina et  al., 2009). Soil samples were put 
into 100-mm-diameter Petri dishes with the mois-
ture adjusted to 60% of the maximum water-holding 
capacity. Twenty seeds with > 90% germination rate 
were arranged on the soil surface. The test dishes 
were incubated at 20 °C for 72 h. The measurement 
endpoints used were seed germination and seedling 
growth (roots and shoots).

To identify changes in vegetation, the research 
team measured foliage projective cover for each plot, 
which is the relative area covered by all the plants in a 
plot as seen above (Mirkin et al., 2002). The measure-
ments were done annually at the end of the growing 
season.

Assessment of soil enzyme activities

Four types of soil enzymatic activity (dehydrogenase, 
catalase, phosphatase, and urease) were determined 
using the methods described by Haziev (2005) with 
few modifications. Dehydrogenase activity was ana-
lyzed via the reduction of the 2,3,5-triphenyltetrazo-
lium chloride (colorless) to a red-colored 2,3,5-tri-
phenyl formazan (TPF) with a 1% (w/v) glucose 
solution added as a source of organic carbon. After an 
incubation period of 24 h at 30 °C, TPF was extracted 
with methanol, and the optical density of the solution 
was measured at 484 nm (spectrophotometer Genesys 
10 UV, Thermo Spectronic, USA). The latter values 
served to determine the TPF concentration. Dehydro-
genase activity was expressed as mg TPF  g−1  day−1.

The activity of catalase was determined fol-
lowing the Johnson and Temple method (1964) by 

back-titrating residual  H2O2 with  KMnO4. The mix-
ture of 2  g of dry soil and 0.3% hydrogen peroxide 
solution was shaken at 120 rpm for 20 min and then 
1.5  M  H2SO4 was added. Afterward, the solution 
was filtered, and the liquid was titrated using 0.1 M 
 KMnO4. The result was expressed as ml  KMnO4  g−1.

Phosphatase activity was determined with the Gal-
styan method (Haziev, 2005). The method is based 
on the colorimetric assaying of the released substrate 
after the incubation of 1  g of dry soil with a 0.5% 
p-nitrophenylphosphate solution and a modified uni-
versal buffer for 30  min at 30  °C. After incubation, 
1 N NaOH was added to the samples followed by fil-
tration. The released p-nitrophenol was determined at 
440  nm using a spectrophotometer Genesys 10 UV 
(Thermo Spectronic, USA). Phosphatase activity was 
expressed as mg  P2O5  g−1 30  min−1.

Urease activity was measured using urea as a sub-
strate (Haziev, 2005). Five grams of dry soil and 1 ml 
of methylbenzene were mixed in a 150-ml conical 
flask. After 15 min, 10 ml of 10% urea and 20 ml of 
citrate buffer (pH 6.7) were added to the sample. The 
mixture was incubated at 37 °C for 24 h and filtered. 
One milliliter of the filtrate was transferred into a 
volumetric flask, mixed with 4 ml of sodium phenox-
ide, and 3 ml of sodium hypochlorite, and diluted to 
50 ml. Absorbance was determined at 578 nm using 
a spectrophotometer Genesys 10 UV (Thermo Spec-
tronic, USA). The urease activity was expressed as μg 
 NH3-N  g−1  h−1 at 37 °C.

Enumeration of soil fungi and assessment of fungal 
allelopathic activity

Soil heterotrophic fungi were enumerated by the 
dilution-plate method (Zvyagintsev, 1991) using Cza-
pek agar medium supplemented with streptomycin. 
The inoculated Petri plates were incubated at 24° for 
5–7  days. After incubation, the number of filamen-
tous fungi was counted. The results are given as CFU 
 g−1 (colony forming units of the isolates per gram dry 
weight of soil).

The allelopathic activity of soil fungi was deter-
mined as the total phytotoxicity of fungal metabo-
lites using the microbiological method as previ-
ously described (Polyak et  al., 2020). Briefly, soil 
suspension was spread on the surface of Czapek 
agar medium, supplemented with streptomycin, and 
fungi were cultured in four replicates, at a constant 
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temperature of 24  °C for 14  days. After incubation, 
the agar gel with grown fungi was turned over and 
seeds of plants were distributed on the back side of 
the agar gel (20 seeds per Petri dish). Common wheat 
(Triticum aestivum L.) was used for testing. Seed ger-
mination and root and shoot length of each seedling 
were determined three days after seeds were placed 
on the agar plate.

The allelopathic indices of the soil fungal com-
munity were calculated according to the following 
formulas:

where Ka1 and Ka2 are allelopathic indices calculated 
by measuring the inhibition of the length of roots and 
shoots, respectively;

lexp1 and lexp2—the length of roots and shoots, 
respectively, in experimental plates (Czapek agar gel 
with grown fungi);

lcontr1 and lcontr2—the length of roots and shoots, 
respectively, in control plates (sterile Czapek agar 
gel).

The permissible limit of phytotoxicity calculated 
using these formulas was 0.3 (Danilova, 2010).

Soil metabolite profiling analysis

The soil metabolite extraction method was modified 
from Swenson and Northen (2019). Briefly, 2 g soil 
samples were extracted twice with 8  ml of metha-
nol:  H2O = 4:1 (v/v). The soil mixture was sonicated 
for 10  min followed by centrifugation and the two 
extracts were combined. Two milliliters of the extract 
was flash‐frozen in liquid nitrogen, freeze‐dried for 
48  h until complete dryness, and stored at − 80  °C 
prior to gas chromatography–mass spectrometry 
(GC–MS) analysis.

Metabolites were analyzed using an Agilent 6850 
gas chromatograph equipped with a 5975 mass selec-
tive detector (Agilent Technologies, USA): column 
HP-5MS, 30  m × 0.25  mm × 0.25  μm. Chromatogra-
phy was performed with linear temperature program-
ming, from 70 to 320 °C for 6 °C/min, in the mode of 
constant carrier gas flow through the column (1 mL/
min). The carrier gas was helium. Mass spectra were 
scanned in the range of 50–800 m/z with a frequency 
of 1.6  scans/s. Chromatograms of the samples were 

Ka1 = 1− lexp 1∕lcontr1,

Ka2 = 1−lexp 2∕lcontr2,

recorded using the total ion current. The metabolome 
data have been normalized into relative abundance 
obtained by dividing the normalized abundance by 
the sample-level total normalized abundance. The 
calculation of relative concentration on the dry weight 
of the sample and concentration of internal standard 
tricosane (1  μg  μl−1) was performed by methods of 
semi-quantitative analysis. This approach meets mini-
mum reporting standards related to the chemical anal-
ysis aspects of metabolomics experiments (including 
sample preparation, experimental analysis, quality 
control, metabolite identification, and data preproc-
essing) of the Chemical Analysis Working Group 
(CAWG) as part of the Metabolomics Standards Ini-
tiative (MSI) (Sumner et al., 2007).

GC–MS data analysis was performed using the 
PARADISe software (Johnsen et  al., 2017) in asso-
ciation with NIST MS Search (National Institute of 
Standards and Technology (NIST, USA). For addi-
tional metabolite identification, the AMDIS (Auto-
mated Mass Spectral Deconvolution and Identifica-
tion System, NIST, USA) was used with mass-spectra 
libraries: NIST2010, Golm Metabolome Database 
(GMD) and in-house library of the Resource Centre 
"The Development of Molecular and Cell Technolo-
gies" of the St. Petersburg University. Mass spectra 
were considered reliably identified if they coincided 
with the library record with a match factor of at least 
80 (800 for the NIST search).

Statistical analyses

Pairwise differences were determined using Tukey’s 
post-hoc multiple comparison test. Differences were 
considered significant at p < 0.05. Data were normal-
ized and mean-centered prior to principal component 
analysis (PCA). Statistical analyses were performed 
using the Statistica software (version 10; Statsoft).

Results

General soil properties

The studied sandy podzolic soil was characterized by 
a low content of exchangeable bases, a low degree of 
base saturation, and high acidity (Table 1). The soil 
was depleted of nutrients and organic matter. Soil 
contamination in all tested doses did not affect the 
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acid–base properties of the soil. There were no sig-
nificant differences between unpolluted and polluted 
soils in any of the controlled parameters (pH, hydro-
lytic acidity, the sum of exchangeable bases, and the 
base saturation percentage) for the entire observation 
period.

The content of available phosphorus (AP) and 
potassium (AK) was less than 10  mg   kg−1 of soil; 
total organic carbon (TOC) was only 1%. Soil phys-
icochemical characteristics remained unchanged dur-
ing the research period except for a decrease in the 
already low concentration of AP and AK in the first 
two years after soil contamination. After soil con-
tamination with oil at doses of 3.5  l   m−2 and above, 
there was a significant decrease in the content of AP 
(by 70–75% of the control value) and potassium (by 
almost 40%). By the end of the first growing sea-
son, AP and especially AK were gradually restored, 
although there was a significant difference compared 
to unpolluted and slightly polluted soils. The content 
of AP at maximum oil concentration was 50% com-
pared to the control, AK—75%. By the end of the 
second growing season, the content of AP and AK 
was fully restored to the level of the unpolluted soil.

The content of organic carbon in oil-contaminated 
soils differed from the control uncontaminated soils, 
and this difference remained almost unchanged over 
the entire observation period. The rate of oil degra-
dation in contaminated soil was low. The concen-
tration of TPH remained nearly unchanged after 
two years of contamination (Fig.  2). After the third 
year, some decontamination occurred but even over 
a period of 6  years, the initial oil contamination of 
0.48–3.75% TPH was reduced to 0.19–1.31%, which 

corresponded to a decontamination of 40–65%. The 
highest degradation rate (18% per year) was observed 
three years after contamination in soil contaminated 
with 8,5 l of oil per  m2.

Effect of petroleum hydrocarbons on enzymatic 
activities of soil

Oil pollution influences the biological activity of 
soil. Soil enzyme activity might be an informa-
tive indicator of the intensity of microbiological 
processes in contaminated soil (Lee et  al., 2020). 
In contaminated soil, the values of soil enzymatic 
activities differed from the uncontaminated control 
(Fig.  3). Soil phosphatase activity showed mean 
values of 1.5–1.8 times higher compared to con-
trol after treatment with 1.2–8.5  l of oil per  m2. 

Table 1  Physicochemical properties of soil six years after contamination

*The data are presented as mean and standard error

Characteristics Units Oil (l  m−2)

0 0.6 1.2 3.5 8.5

pHH2O 4.50 ± 0.15 4.22 ± 0.09 4.22 ± 0.02 4.20 ± 0.01 4.26 ± 0.04
Sum of exchangeable bases (SEB) cmol  kg−1 6.1 ± 2.2 7.3 ± 2.0 8.0 ± 1.3 6.4 ± 2.1 3.9 ± 1.1
Hydrolytic acidity (HA) cmol  kg−1 4.8 ± 0.2 5.2 ± 0.3 4.6 ± 0.1 3.8 ± 0.3 3.2 ± 0.6
Base saturation (BS) % 11.1 ± 1.0 10.1 ± 0.6 10.8 ± 0.6 11.0 ± 0.9 12.9 ± 0.7
Total organic carbon (TOC) % 0.98 ± 0.04 1.67 ± 0.10 2.41 ± 0.26 4.23 ± 0.10 5.42 ± 0.32
N-NH4 mg  kg−1 19.2 ± 1.1 9.1 ± 1.2 8.2 ± 0.8 7.9 ± 0.7 6.9 ± 0.6
Available phosphorus (AP) mg  kg−1 1.20 ± 0.12 1.20 ± 0.11 1.20 ± 0.30 0.80 ± 0.05 0.60 ± 0.14
Available potassium (AK) mg  kg−1 1.0 ± 0.02 1.0 ± 0.04 1.0 ± 0.05 0.9 ± 0.03 0.8 ± 0.05
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Fig. 2  Degradation of total petroleum hydrocarbons (TPH) in 
soil contaminated with oil (0.6, 1.2, 3.5, and 8.5 l  m−2)
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However, the increased level of phosphatase activ-
ity was observed only for two years after the appli-
cation of oil. Later on, the activity of phosphatase 
decreased and remained two times lower than phos-
phatase activity in the control soil even six years 
after contamination.

Urease showed enhanced activity during the first 
year of the experiment followed by a pronounced 
decrease compared to unpolluted soil. Plots treated 
with 3.5 and 8.5 l  m−2 of oil demonstrated an increase 
of 262–284% compared to the control soil. Two years 
after treatment, urease activity decreased in the oil-
treated soil in comparison to the control, for both 
doses. Six years after treatment, urease activity values 
were 2.5 times lower in soil treated with 3.5 l  m−2 and 

4.3 times lower in soil treated with 8.5  l   m−2 of oil 
compared to the control soil.

Catalase activity did not statistically vary among 
the treatments three months after the addition of 
oil. Later on, catalase activity was not affected by 
0.6–1.2  l   m−2 treatments while it was lower in soils 
treated with 3.5 and 8.5 l  m−2 of oil than in the control 
soil (50% and 35% of the control value, respectively).

The low level of oil contamination (0.6  l   m−2) 
did not affect soil enzymes except dehydrogenase. 
Dehydrogenase activity was significantly (p < 0.05) 
increased in slightly polluted soil (by 63% in com-
parison with the control soil). The activity of dehy-
drogenase was increased, even more (by 109%), in 
soils treated with higher doses of oil, although the 
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Fig. 3  Effect of petroleum hydrocarbons on soil enzymatic activities in soil contaminated with oil (0.6, 1.2, 3.5, and 8.5 l  m−2)
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differences among doses 1.2–3.5  l   m−2 were not 
significant. Dehydrogenase activity remained at an 
enhanced level in contaminated soils throughout the 
research study.

Effect of oil on plant growth and toxicity of soil

The low rate of oil biodegradation was manifested 
in the restoration of vegetation. The impact of oil 
on plant growth depended on the level of pollution. 
At plots treated with oil at concentrations of 0.6 and 
1.2 l  m−2, plant growth was observed a year after the 
introduction of oil (Fig. 4a). Nevertheless, plant cover 
at these plots was only 37–54% compared to unpol-
luted soil (control). After two years, the plant cover 
decreased even more (20–44% compared to control) 
and increased only the following year. For the least 
polluted soil (0.6  l   m−2), the difference decreased to 
20% after three years, and after six years, there were 
no statistically significant differences between pol-
luted and unpolluted soils. Oil products remaining 
in the soil by this time did not have a negative effect 
on plant growth. Despite the low level of pollution at 
plots with 1.2 l  m−2 of oil, plant growth was inhibited 

even six years after the introduction of oil. Oil con-
centrations of 3.5 and 8.5% had an even stronger 
inhibitory effect on vegetation (Fig.  4a). Vegetation 
growth was inhibited nearly completely during the 
whole studied period.

Direct-contact ecotoxicity testing was conducted 
to evaluate the level of soil toxicity to plants. The 
results of a contact bioassay measuring germinating 
capacity as well as root and shoot length of wheat 
seedlings (Triticum aestivum L.) are presented in 
Fig.  4b-d. Seed germination was strongly inhibited 
after soil treatment with oil. Germinating capac-
ity, root and shoot length were severely affected in 
soil treated with 1.2–8.5  l   m−2 of oil (Fig.  4b). A 
30–60% decrease in germinating capacity relative to 
the control was observed. Two years later, the inhibit-
ing effect decreased to 20–35%. After six years, only 
plots treated with 8.5  l   m−2 of oil demonstrated the 
inhibition of germinating capacity (19% compared to 
the control).

Root growth was further inhibited. A decrease in 
root length (42–60% relative to control) was observed 
in soil polluted with 3.5 and 8.5  l   m−2 of oil. After 
two years of contamination, the germination of wheat 

Fig. 4  Effect of petroleum 
hydrocarbons on plant 
cover (a) and phytotoxicity 
(b–d) of soil contaminated 
with oil (0.6, 1.2, 3.5, and 
8.5 l  m−2)
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seeds was inhibited even more than after one year 
(65–86% decrease in the root length of wheat seeds). 
Four years after the introduction of oil, the toxicity 
of soil decreased (42–50% inhibition of root length). 
After six years, the differences in the length of wheat 
roots between soil polluted with 8.5 l  m−2 of oil and 
unpolluted soil were still significant (p < 0.05). Soil 
polluted with 3.5  l   m−2 of oil had no effect on root 
growth by that time. Oil at a dose of 0.6 and 1.2 l  m−2 
affected root growth with a smaller effect (up to 30% 
inhibition), which disappeared after six years of the 
experiment.

A similar response pattern was found for shoot 
growth (Fig.  4d). The highest inhibitory effect (up 
to 85% decrease in shoot length) was observed in 
the first growing season. After 6  years of pollution, 
no significant differences in the length of shoots were 
found between plots polluted with 0.6–3.5 l  m−2 of oil 
and the control (p > 0.05). Soil polluted with the max-
imum dose of oil (8.5  l   m−2) inhibited shoot growth 
during the whole observation period.

Effect of oil on the abundance and allelopathic 
activity of soil microorganisms

Oil-polluted soil was characterized by significant 
changes in soil microbiota. Six years after treat-
ment, fungal abundance was 6–7 times lower com-
pared to uncontaminated soil in soil treated with 
0.6–1.2 l of oil  m−2, while in more contaminated soil 
(3.5–8.5 l  m−2), it decreased by 30–50 times (Fig. 5a).

One year after contamination, no significant dif-
ferences in fungal abundance were found between 
soils exposed to different doses of oil. The differ-
ences between oil-contaminated and uncontaminated 
soil began to appear after two years of contamination. 
At this stage, all samples of contaminated soil dem-
onstrated a significant decrease in fungal abundance 
(by 65–79% compared to uncontaminated soil). After 
four years, the number of fungi in contaminated soil 
was even lower (3–20%) compared to the control, 
and it declined to a minimum value of 1–2% after six 
years in soil contaminated with 3.5–8.5  l of oil per 
 m2. In soil contaminated with 0.6–1.2 l of oil per  m2, 
the number of fungi did not exceed 17% compared 
with uncontaminated soil.

The changes affected not only the number of fungi 
but also their metabolic activity. The study of the 
allelopathic activity of fungal metabolites revealed 

their increased phytotoxicity. The allelopathic indi-
ces of soil fungi were determined using the root and 
shoot length of common wheat Triticum aestivum L. 
(Fig. 5b, c). Indices were calculated by inhibition of 
root length (Ka1) and shoot length (Ka2).

Seed germination, root and shoot length of com-
mon wheat responded differently to metabolites of 
soil fungi. Germination of wheat seeds was not sensi-
tive to these compounds, while roots and shoots were 
affected by fungal metabolites. Root and shoot length 
turned out to decrease over time, especially in bioas-
says with the fungal community of highly contami-
nated soils.
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There were no statistically significant differences 
(p > 0.05) in the allelopathic indices of fungi that 
inhabited the control soil and soil contaminated with 
the lowest dose of oil (0.6 l  m−2). The root and shoot 
length of wheat was the same for both contaminated 
and uncontaminated soils. The mycobiota of these 
soils did not have toxic effects on plants during the 
whole study period. The allelopathic indices, calcu-
lated based on root and shoot length, did not exceed 
the threshold value of 0.3. In contrast, the mycobiota 
of soil treated with 1.2  l   m−2 of oil demonstrated 
increased allelopathic activity (130–160% compared 
to the control). In soils with higher doses of oil (3.5 
and 8.5 l  m−2), fungal metabolites had an even more 
strong impact on plant growth. Six years after the 
contamination, the allelopathic activity of fungi was 
5–7 times higher compared to the control. Moreo-
ver, the indices calculated from both roots and shoots 
exceeded the threshold value of 0.3.

Microbial metabolite responses to oil contamination 
in soil

Combining classical biochemical and modern meth-
ods of analysis (gas chromatography, high-perfor-
mance liquid chromatography, and mass spectrome-
try), it is possible to get more objective and complete 
information on the biochemical characteristics of 
the studied soil samples. Soil metabolomic analysis 
could provide evidence for changes in microbial com-
munities and functions in oil-contaminated soil. 
The research team detected 118 known metabolites, 
including organic acids, phosphoric acids, carbo-
hydrates, polyols, fatty acids, sterols, phenolic com-
pounds, flavonoids, terpenoids, and amino acids, and 
there were some metabolites that were not classified. 
The contents of many metabolites were significantly 
affected by contamination (p < 0.05), with an increase 
in 24 metabolites and a decline in 47 metabolites. 
The changes in metabolites mainly occurred in phe-
nolic compounds, terpenoids, organic acids, and car-
bohydrates. In the contaminated soil, the percentage 
of the phenolic compounds and terpenoids increased 
by 2.3 and 1.2 times, respectively (Fig. 6). Phenolic 
compounds had the largest number of metabolites 
increased by oil. Among phenolic compounds, the 
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content of benzoic acid showed a great increase in 
contaminated soil (Fig. 7a). Compared to the control, 
there was a higher content of some other phenolic 
acids in the oil-contaminated soils, including pheny-
lacetic, vanillic, gallic, and ferulic acids.

At the same time, some metabolites negatively 
responded to contamination. Compared to the control, 
the content of fatty acids was decreased, especially 
in the soil treated with the maximum dose of oil. In 
addition, the content of carbohydrates in the soil was 
reduced by 17–25% with oil treatment (Fig. 6). Sugar 
concentrations in the soil varied across oil treatment, 
with trends typically toward lower sugar concentra-
tions in the oil-contaminated soils (Fig.  7c). The 
soil treated with oil showed a significant decrease 
in glucose, mannose, arabinose, and galactose, by 
(%) 34.8–68.1, 8.4–69.2, 36.6–64.3, and 40.7–100, 
respectively, although the differences among the dif-
ferent doses of oil were mostly not significant.

The response of organic acids differed among 
treatments, with a decrease in maleic and galactu-
ronic acids, and an increase in hydroxypropionic, 
fumaric, and malic acids (Fig.  7b). In addition, the 
content of some other acids including glyceric acid 
was positively correlated with oil treatments. The 
most increased organic acid in the contaminated soil 
was malic acid. The varying metabolic compositions 
among soil samples were further confirmed by the 
heat map analysis of the top 60 metabolites (Fig. 8).

In the samples of uncontaminated soil, the con-
tent of low molecular weight organic substances 
was mainly represented by sugars, carboxylic acids, 
and fatty acids. Samples of oil-contaminated soils, in 
addition to organic sugars, acids, and fatty acids, con-
tained the main compounds of terpenoids and pheno-
lics. The main terpenoids were dehydroacetic acids 
and quinic acids. The main presented phenolic com-
pounds were 4-hydroxybenzoic acid and gallic acid.

The diversity of low molecular weight organic 
compounds in oil-contaminated soils turned out to 
be significantly lower than in the control soil. For 
example, some amino acids (glycine, valine), polyols 
(myo-inositol), and sterols (cholesterol, b-sitosterol) 
were found only in samples of unpolluted soil. On the 
other hand, malic acid was found in all samples of oil-
contaminated soils and was practically not contained 
in the samples of the control soil. Ellagic acid was not 
detected in the samples of the control soil, while it 
was present in the samples of oil-contaminated soils.

Principal component analysis (PCA) revealed 
oil concentration as a strong driver of the variation 
among phenolic compounds, accounting for 41% of 
the total variability (Fig.  9). Similar patterns were 
observed for organic acids with 31% and terpenoids 
with 43% variation on PC1, respectively. PCA iden-
tified larger differences along PC1 and PC2 between 
the control and oil-contaminated soils. The main dif-
ferential compounds between the non-contaminated 
and contaminated soils were phenolic acids and ter-
penoids. The analysis showed that certain low oil 
concentration was correlated with terpenoids, while 
higher concentrations were correlated with different 
phenolic compounds.

Discussion

The widespread soil contamination with oil and 
the toxicity of petroleum hydrocarbons to soil biota 
makes it extremely important to study microbial 
responses to stress. The results obtained in this 
study showed a decrease in total hydrocarbon con-
centrations and a metabolic shift of the soil micro-
bial community determined by oil. The rate of oil 
degradation in soil was low. A significant amount 
of TPH (35–60%) still remained in soils even six 
years after contamination. The slow TPH degrada-
tion rate is apparently related to the persistence and 
limited bioavailability of remaining hydrocarbons 
and the deficiency of nutrients necessary for micro-
bial growth and biodegradation. The concentration 
of nutrients was initially low in sandy podzolic soil, 
and it decreased even more after treatment with oil 
(Table 1).

The main reason for the decrease in the content of 
nutrients in oil-contaminated soil is the hydrophobic-
ity of soil particles covered with an oil film. The con-
tamination of soil by oil leads to increased soil water 
repellency (Hewelke et  al., 2018). Oil-contaminated 
soils are much worse when wetted with water and 
thus hydrophobicity prevents the extraction of mobile 
compounds. As the oil decomposes, the hydrophobic-
ity of the soil is eliminated. Thus, after a few years, 
nutrient mobility was restored to the control level.

Soil contamination with petroleum hydrocarbons 
is known to contribute to a high C:N ratio that has an 
adverse influence on microbial activity (Shahi et al., 
2016). Moreover, the degradation of higher molecular 
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Fig. 7  The effect of oil contamination on the proportion of soil phenolic compounds (a), organic acids (b), and carbohydrates (c). 
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weight hydrocarbons may produce toxic intermedi-
ate metabolites that can inhibit hydrocarbon-oxidiz-
ing microorganisms. The accumulation of inhibiting 
metabolites may also slow down the biodegradation 
process (Stroud et al., 2007).

The long-term impact of contamination on soil 
quality was observed in vegetation restoration. Six 
years after treatment, plant growth was strongly 
inhibited in the soil contaminated with 1.2  l   m−2 of 
oil, and almost complete inhibition of plant growth 
was observed in the plots treated with higher oil con-
centrations. The direct-contact ecotoxicity testing 
confirmed the high level of soil toxicity to plants. The 
inhibition of plant growth is a typical response to oil 
contamination, and the duration of restoration is espe-
cially long for poor soils characterized by low organic 
carbon and low biological activity (Chugunova et al., 
2022; Salanitro et al., 1997).

Due to the slow rate of hydrocarbon biodegrada-
tion, oil pollution has a long-term effect on the bio-
logical activity of soil. At the beginning of the experi-
ment, the activity of soil enzymes (phosphatase, 
urease, and catalase) increased in contaminated soils 
(Fig. 3). A short-term initial increase in the enzymatic 
activity may be caused by the biodegradation of the 
easily available hydrocarbons (Dindar et  al., 2015). 
The activity of soil enzymes decreased afterward 
and remained at a lower level than enzymatic activ-
ity in the control soil even six years after contami-
nation. This can be explained by the fact that later, 
the residual hydrocarbons are comprised mostly of 
compounds that are recalcitrant and resistant to bio-
degradation. Heavy oil fractions are known to block 
enzyme activity by coating organo-mineral and cell 
surfaces, thereby preventing soluble substrates from 
reaching the enzyme molecules (Lee et al., 2020).
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Fig. 7  (continued)
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A different effect was revealed for dehydroge-
nase activity exceeding the level of the control soil 
throughout the experiment. Dehydrogenases play an 
important role in the biodegradation of petroleum 
hydrocarbons transporting electrons and hydrogen 
through a chain of intermediate electron carriers to a 
final electron acceptor (oxygen) (Tate, 2002; Varjani 
& Upasani, 2017). Dehydrogenase activity reflects 
the microbial biomass and degradation activity of soil 
microbiota. It is often strongly affected by the intro-
duction of oil; both positive and negative correlations 
with oil concentration were reported under various 
conditions (Polyak et al., 2018). In the present study, 
dehydrogenase activity decreased over time, which 

indicates a decrease in microbial oxidative activi-
ties in soil. Soil dehydrogenase is considered a good 
measure of the change of microbial oxidative activ-
ity under environmental pollution (Tan et  al., 2017; 
Wolińska & Stępniewska, 2012).

Nutritional deficiencies may limit the degrada-
tion potential of soil microorganisms able to oxidize 
hydrocarbons (Silva-Castro et al., 2015). It was found 
that oil pollution influenced soil microbiota, signifi-
cantly changing the total number of soil fungi. Fun-
gal abundance decreased up to 50 times depending 
on the concentration of oil. The identified changes 
were dependent on the duration of contamination. 
The lowest number of fungi was revealed in the soil 

Fig. 8  Heat map showing expression profiles of soil samples based on the most significant known metabolites
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Fig. 9  Principal com-
ponent analysis plots 
of the soil metabolites: 
oil{1}—0.6 l  m−2; 
oil{2}—1.2 l  m−2; oil{3}—
3.5 l  m−2; oil{4}—8.5 l  m−2
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contaminated with maximum oil concentrations 
(3.5–8.5 l per  m2) six years after treatment.

Oil contamination is known to inhibit the growth of 
sensitive microorganisms and increase the number of 
hydrocarbon-degrading microorganisms (Ławniczak 
et  al., 2020; Xu et  al., 2018). Hydrocarbon-degrad-
ing fungi become beneficial for contaminated envi-
ronments as they easily adapt to extreme conditions 
and contribute to hydrocarbon removal from soil 
(Borowik et al., 2017; Marchand et al., 2017). Among 
fungi demonstrating high efficiency in the removal 
of petroleum products from the soil are species of 
the genera Aspergillus, Candida, Alternaria, Clad-
osporium, Paecilomyces, and Trichoderma, Fusarium 
(Ameen et  al., 2016; El-Hanafy et  al., 2017; Jiang 
et al., 2016; Marchand et al., 2017; Silva et al., 2015). 
Representatives of these genera synthesize many bio-
logically active substances, including enzymes, anti-
biotics, and various toxins.

Fungal toxins may affect soil organisms: plants, 
animals, fungi, and bacteria (Battilani et  al., 2016). 
Many hydrocarbon-degrading fungi produce allelo-
pathic substances influencing the growth and repro-
duction of other organisms (Ismaiel & Papenbrock, 
2015; Polyak et  al., 2020; Selbmann et  al., 2013). 
The allelopathic effect may be enhanced under stress 
conditions caused by nutrient deficiency and changes 
in the soil moisture content (Barazani & Friedman, 
2001). The allelopathic activity of fungi in the con-
taminated soil increased. Fungal metabolites had the 
strongest impact on plant growth (5–7 times higher 
compared to the control, in soils treated with high 
doses of oil). The indices of allelopathic activity cal-
culated for both roots and shoots of common wheat 
exceeded the threshold value of 0.3. Thus, on the 
one hand, fungi take part in oil degradation improv-
ing soil quality, and on the other hand, hydrocarbons 
influence the allelopathic activity of fungi increasing 
soil toxicity.

Depending on the nature of hydrocarbons, they are 
generally transformed by degrading microorganisms 
through biochemical processes to more polar organic 
compounds such as alcohols, organic acids, alde-
hydes, and ketones (Okoh, 2006). Soil microorgan-
isms exhibit a great diversity of metabolic abilities. 
The metabolites isolated from soil samples not only 
reflect the chemical composition of the soil but also 
depend on the microorganisms present in the soil. 
Thus, shifts in the composition of soil metabolites 

can help to evaluate the effect of contaminants on soil 
microbial processes.

Little research has been carried out on the meta-
bolic profile of soil in response to long-term stress. 
Earlier, Li et  al. (2019) demonstrated an obvious 
shift in soil microbial function in agricultural soil 
under fresh polycyclic aromatic hydrocarbons stress. 
The present study is the first to apply metabolomics 
approaches to distinguish poor soils that are con-
taminated and non-contaminated by oil. We used 
untargeted metabolomics as an unbiased metabo-
lomics analysis that can discover new biomarkers. In 
contrast to targeted metabolomics, which measures 
ions from limited known metabolites, an untargeted 
approach registers all ions in a sample (Vinayavekhin 
& Saghatelian, 2010).

The changes in metabolites mainly occurred in 
carbohydrates, organic acids, phenolic compounds, 
and terpenoids. In general, the most oil-polluted soils 
were characterized by the least diversity and quanti-
tative content of low molecular weight organic com-
pounds. Carbohydrates had the largest number of 
metabolites negatively affected by oil. Moreover, 
sterols and flavonoids were mainly reduced in the 
contaminated soil, while phenolic acids were mainly 
increased.

Carbohydrates were significantly changed by oil 
treatments, which specifically decreased glucose, 
mannose, arabinose, and galactose inducing changes 
in soil functioning. These monosaccharides are 
among the most important primary inputs of organic 
carbon in the soil. Typically, they represent more than 
90% of total hydrolyzable carbohydrates (Chesire, 
1977). The ratio greater than 1 of mannose to xylose 
indicates that a soil carbohydrate material is synthe-
sized mostly by microorganisms in contaminated 
soils (Hu et al., 1995). Glucose is the dominant hex-
ose among soil sugars. The decrease in the amount 
of glucose in contaminated soil may be explained by 
its diverse origins. Glucose is released by plant roots, 
from the decomposed cellulose of plant residues, and 
synthesized by microorganisms (Gunina & Kuzyakov, 
2015), while both plants and microorganisms are sup-
pressed in contaminated soil.

Meanwhile, the importance of soil carbohy-
drates as carbon and energy sources for soil micro-
biota, as well as their effect on the stability of soil 
particle aggregates, is well known (Coelho et  al., 
1988; Uzoho & Igbojionu, 2014). Sugar metabolism 
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regulates many pathways and cycles such as glyco-
lysis and the citric acid cycle, which are essential in 
various activities of soil microbiota (Sun et al., 2022). 
According to metabolic analysis, the decrease in com-
pounds related to sugar metabolism may significantly 
contribute to changes in metabolic pathways in the 
control soil and soils treated with different doses of 
oil.

The important differences between the meta-
bolic profile types of unpolluted and polluted soil 
are the higher concentrations of organic acids in 
the former. These differences may suggest micro-
bial stress response and the relationship between 
metabolites. An increase in carboxylic and dicarbo-
xylic acids (hydroxypropionic, fumaric, and malic) 
was observed. Both bacteria and fungi are capable 
of producing various organic acids, but in terms of 
productivity, fungi are incomparable (Karaffa et  al., 
2021). Fungi are known to be the best fumaric acid 
producers, mainly species from the genera Aspergil-
lus, Rhizopus, Mucor, Cunninghamella, and Cirinella 
(Jiménez-Quero et al., 2017; Yang et al., 2017). Malic 
acid can be produced by species of the fungus Asper-
gillus (West, 2015). In filamentous fungi, there is a 
significant accumulation of fumaric, malic, and cit-
ric acids under specific stress conditions (Goldberg 
et al., 2006). Thus, after the impact of oil, some fungi 
accumulate intermediates of the Krebs cycle as end 
products.

Organic acids are among the major metabolites 
exhibiting allelopathic potential. The most commonly 
reported soil allelochemicals are phenolic acids (Latif 
et  al., 2017). The contents of phenolic acids were 
higher in the contaminated soils with the highest 
number of fungi. It is known that phenolic acids are 
synthesized and perform physiological functions in 
plants (Cosme et al., 2020; Vuolo et al., 2018). They 
are no less characteristic of fungi (Valanciene et al., 
2020). Moreover, phenolic acids, in high concentra-
tions, were found in samples of heavily polluted soils, 
where vegetation cover was practically absent.

Soil fungi produce antioxidants including phe-
nolic compounds, flavonoids, saponins, steroids, tan-
nins, terpenoids, and alkaloids. The antioxidant effect 
of phenolic compounds is determined by their high 
anti-radical activity, which is due to hydroxyl groups 
forming a conjugated system with double bonds of 
the benzene ring. High antioxidant activity was dem-
onstrated by soil isolates Penicillium citrinum and P. 

granulatum, Aspergillus wentii (Arora & Chandra, 
2011). Among fungi with high biochemical activ-
ity are A. phoenicis, A. proliferans, A. niger, and P. 
chrysogenum (Ameen et al., 2022). Fungal responses 
to petroleum hydrocarbons can be reflected by differ-
ences in metabolic responses, enzyme induction and 
synthesis, and extracellular metabolite production.

Phenolic acids are classified as hydroxybenzoic 
and hydroxycinnamic acids. Hydroxybenzoic acids 
are composed of a C6-C1 skeleton and include ben-
zoic acid, p-hydroxybenzoic acid, vanillic acid, gallic 
acid, protocatechuic acid, syringic acid, gentisic acid, 
veratric acid, and salicylic acid. Hydroxycinnamic 
acids have a C6-C3 skeleton and include cinnamic 
acid, coumaric acid, ferulic acid, sinapic acid, and 
caffeic acid (Pratyusha, 2022).

The contents of 4-hydroxybenzoic acid and gallic 
acid showed the greatest increase by contamination, 
inferring that the contents of these phenolic acids, 
which are metabolites with high biological activity, 
clearly positively responded to oil stress. 4-hydroxy-
benzoic acid is known as a product of fungal benzo-
ate catabolism (Wright, 1993). In most fungi, benzoic 
acid is hydroxylated to 4-hydroxybenzoic acid, which 
is then also hydroxylated to protocatechuic acid, 
resulting in ring cleavage and the b-ketoadipate path-
way (Mäkelä et al., 2015).

Earlier, high concentration of phenolic com-
pounds, especially gallic acid, was shown to contrib-
ute to the biological activity of Penicillium flavige-
num (Tavares et  al., 2018). In addition, Aspergillus 
niger and A. fischeri are capable of producing gal-
lic acid during the assimilation and catabolism of 
organic compounds (Bajpai & Patil, 2008; Valanciene 
et al., 2020). Robledo et al. (2008) reported the high 
production of ellagic acid, a dimeric gallic acid deriv-
ative, by Aspergillus niger as a result of the hydroly-
sis of ellagitannins. In the present study, ellagic acid 
was found in the oil-contaminated soil and was prac-
tically not contained in the control soil.

The proportion of ellagic and quinic acids also 
changed significantly in the contaminated soil. Ellagic 
acid is a powerful bioactive compound with antimi-
crobial and antioxidant properties. These molecules 
exhibit high antioxidant capacity due to the stability 
of free radicals (Evtyugin et al., 2020). They can be 
produced by A. niger and A. fumigatus. Quinic acid 
is efficiently produced by A. niger, A. awamori, A. 
sojae, P. chrysogenum, Mucorales mucor, Mucorales 
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rhizopus, and Monascus purpureus as a metabolic 
intermediate of the shikimic acid pathway (Patent, 
2009).

The concentration of vanillin and vanillic acid 
increased significantly in the oil-contaminated soil. 
The aromatic metabolism of fungi includes the con-
version of ferulic acid into vanillic acid, which is then 
converted to vanillin. This pathway was observed 
for A. niger, Botrytis, Cephalosporium, Penicillium, 
Trichoderma, and Verticillium species (Lesage-Mees-
sen et al., 1996; Mäkelä et al., 2015). A demethylation 
pathway of ferulic acid to caffeic acid was described 
for a Penicillium species (Tillett & Walker, 1990).

The results obtained in this study indicate that 
the production of phenolic acids may be enhanced 
under stress conditions caused by soil contamina-
tion with oil. Biologically active substances of this 
group are accumulated in soil and inhibit the germi-
nation of seeds and plant growth. Taking into account 
the particular role of phenolic compounds in soil 
ecosystems, their increased content causes a signifi-
cant allelopathic tension in phytocenoses (Polyak & 
Sukcharevich, 2019).

PCA revealed that the first two principal compo-
nents, (PC1 and PC2), explained 76.38% of the total 
variance and soil samples treated with different doses 
of oil obviously differed from each other. PCA gave 
a preliminary indication of a relationship between 
the allelopathic activity of fungi isolated from soil 
and soil contamination. Metabolomics helps to iden-
tify biomarkers indicative of specific environmen-
tal conditions. The significant loadings of phenolic 
compounds, terpenoids, and organic acids toward 
contaminated soils indicate that these metabolites are 
specific to these soils, implying the potential role of 
fungi in soil properties. Identification of such metabo-
lites may help to evaluate microbial succession and 
functioning pathways. The metabolomic approach 
provides an opportunity to identify the features of the 
development and biochemical activity of microbial 
communities in oil-polluted soil, which can be useful 
in the development of remediation strategies for con-
taminated environments (Sharma et al., 2022).

Conclusions

The obtained results revealed the long influence of 
oil on the biological activity of soil and vegetation. 

The degradation potential of soil microorganisms 
was limited by the nutritional deficiency of poor 
sandy podzolic soil. The effect of oil pollution on soil 
microbiota was observed in changes in the abundance 
and allelopathic activity of soil fungi increasing the 
production of toxic metabolites. Untargeted metabo-
lomics was employed to determine soil metabolites, 
as well as their changing trends in oil-contaminated 
soil. The concentration and profile of metabolites 
were found to vary greatly between oil-contaminated 
and non-contaminated soils. The changes in metabo-
lites mainly occurred in carbohydrates, organic acids, 
phenolic compounds, and terpenoids. Some metabo-
lite compounds, which changed under stress condi-
tions, may influence soil quality and plants. It can be 
concluded that oil contamination can alter the com-
position and activity of the soil microbial community 
toward a higher abundance of fungi-producing bioac-
tive compounds that inhibit the growth of plants. The 
evaluation of the long-term impact of oil on micro-
bial metabolism can make a valuable contribution to 
the assessment of soil quality and the activity of soil 
microorganisms being under stress from oil pollution. 
The results contribute to a further understanding of 
the role of microorganisms in the ecological functions 
of disturbed soil, which can be useful in the develop-
ment of rehabilitation strategies for post-industrial 
lands. More work is needed to explore the metabo-
lomic responses of different types of soil to identify 
overall shifts in soil microbial metabolic function and 
specific biomarkers of oil pollution.
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