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Abstract

The aim of our studies was to determine the follow-up (four years after the soil contamination)
effect of petroleum derived substances (PDSs), e.g., spent engine oil (EO), diesel fuel (DF), and
petrol (P) on the growth of winter wheat (Triticum aestivum L.) and on the content of nutrients and
heavy metals in plant leaves. We also evaluated the supportive effect of bioremediation by the use of
ZB-01 biopreparation upon the parameters mentioned above. In general, the studied PDSs had not
affected the growth of winter wheat, which is indicative of its relative resistance toward this kind
of contaminant. PDSs significantly modified the contents of some nutrients in plant leaves: soil
contamination with DF resulted in a decrease in sulphur content, but contamination with P led to
the increase in carbon content with a simultaneous decrease in iron content in the analysed organs
of plants. Furthermore, oils contributed to the increase in the manganese content in plants.
The contaminants used in the experiments contributed to the increases in the contents of such
heavy metals, i.e., zinc, lead, cadmium, and copper in the leaves of winter wheat; nevertheless,
this phenomenon depended on the kind of PDSs, with stronger effects caused by oils. The application
of ZB-01 biopreparation on soil contaminated with PDSs evoked changeable effects depending on
the kind of contaminant and the analysed parameter. It generally resulted in levelling the negative effects
of EO and DF.
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Introduction that they contain a mixture of organic compounds

with low bioavailability in their composition, often

Petroleum and petroleum-derived substances (PDSs) described as being carcinogenic and mutagenic [3,
contribute to the degradation of the soil environment 4]. Those compounds cause essential changes in
and water ecosystems [1, 2]. It follows from this fact biological parameters such as enzymatic activity, and

the numbers of micro- and macroorganisms in soil [5-8].
Furthermore, they show negative effects on the growth
and development of plants growing on contaminated
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soil [9, 10] and modify the content of nutrients and
heavy metals in plants [11]. For this reason, it becomes
necessary to attempt the restoration of equilibrium
in soil by adding various substances to the soil,
bioremediation, phytoremediation, or applying more
costly ex-situ methods [12].

Bioremediation is one of the most effective methods
of cleaning soil from petroleum-derived substances,
allowing for significant degradation of petroleum-
derived hydrocarbons [13]. The method uses specialized
strains of microorganisms capable of decomposing toxic
substances to those which are less dangerous or neutral
toward the soil environment [14, 15]. It is a relatively
low-cost method, because it allows the cleaning process
to take place in the same place where the contamination
occurred [16, 17].

The aims of the studies included the following:
(@) to determine the follow-up effect of petroleum
derived substances (PDSs), e.g., spent engine oil (EO),
diesel fuel (DF), and petrol (P) on the growth of winter
wheat and on the content of nutrients and heavy metals
in plant leaves; and (b) to evaluate the supportive effect
of bioremediation by the use of ZB-01 biopreparation
upon the parameters mentioned above.

Material and Methods

The field study area was in the Experimental Station
of the University of Agriculture in Krakow, located
in Mydlniki near Krakow, Poland (50.0815°N,
19.84730°E). In November 2009, indigenous soil
(loamy-sand, pH = 6.45 in 1 mol dm? KCI solution
and 7.12 in water, organic carbon content = 1.04%,
Pb content = 25.5 mg kg, Cd content = 0.99 mg kg,
Ni content = 2.19 mg kg', Zn content = 51.7 mg kg,
Cu content = 5.02 mg kg, cation exchange capacity:
Ca = 0.0371 mol kg, Mg = 0.0037 mol kg, K = 0.0033
mol kg'!, and Na = 0.0001 mol kg') was placed in
special containers of 1 m?® volume, retaining the natural
arrangement of layers. The containers were sunk in
the ground so that their upper edge was at the same
level as the surface of the soil. In June 2010 the soil
surface was artificially contaminated with petrol (P),
used engine oil (EO), and diesel oil (DF) in a quantity
of 6000 mg of petroleum-derived substance per 1 kg of
dry mass (i.e., typical petroleum concentration in
medium-contaminated soils), by pouring it on the soil.
The dose was calculated in relation to the total volume
of the soil in the container. Petrol and diesel fuel
came from a BP petrol station while engine oil was
obtained from an Orlen station. Engine oil was used
for one year (in a petrol engine) prior to application in
this experiment. After one week, half of the number
of containers were subjected to the bioremediation
process by adding biopreparation ZB-01, which was
specially produced for this experiment and contained
selected prokaryotic organisms — mainly bacteria
from the following genera: Pseudomonas, Moraxella,

Acinetobacter, Oligella, Alcaligenes, Methylobacterium,
Bacillus, Stenotrophomonas, Corynebacterium,
and Morganella. The decomposition activity of the
proposed ZB-01 microbial consortium toward organic
and aromatic petroleum-derived contaminants was
confirmed in environmental practice [18-20]. After one
year, i.e., in spring 2011, the bioremediation treatment
was repeated according to the same procedure as in
2010. The non-contaminated soil was placed in identical
containers and constituted the control treatment.
(A detailed description of the process of setting the
experiment and the containers used was included in an
earlier publication [21]). The experiment was set in four
replications in line with the randomized blocks method.
In three subsequent years, the soil in the containers was
left without any intervention to enable natural plant
succession.

In the 2013 season, broad beans of the Windsor
White variety were cultivated on the soil in containers.
The data pertaining to the effect of polluted soil on
the growth and chemical composition of that plant has
already been published [21]. In mid-October 2013 the
seeds of the winter wheat of the Batuta variety were
sown in the soils in containers in the quantities of 400
seeds per container (in line with the standard for sowing
seeds) after earlier soil preparation (i.e., loosening and
fertilizing). The pre-sowing fertilization with Azofoska
fertilizer was applied, adding to soil 544 g N, 2.56 g
PO, and 7,64 g K,O per container (the dose was set
in line with the recommendation from the producer). In
all objects, approximately 90% of wheat plants survived
winter. The assessment of the morphology of plants and
yield structure was done at the stage of the full grain
maturity of winter wheat. In 15 randomly selected plants
from each container, the following parameters were
determined: the length of straw, the length of ear, the
number of grains in each ear, the mass of 1000 grains,
and grain yield.

In order to determine the concentrations of macro
and microelements in the leaves of plants, plant
material was cleaned of any patches of deposited aphid
honeydew and other surface contaminants, washed in
tap and then distilled water, and then dried at 105°C.
A portion of 0.25 g dried plant material was digested
with 5 ml of HNO, at 120°C and then diluted to
25 ml with deionized water. Next, the metal content
was measured using flame absorption spectrometry
(Thermo Scientific iCE 3500) [22, 23]. The carbon,
nitrogen, and sulphur contents were determined in
a Variomax CNS analyser. After completion of the
experiment the analysis of the experimental soil was
done in the WESSLING Poland Laboratory in Krakow.
It confirmed that in four years after the contamination
incident the content of PDSs in the contaminated soils
was still much higher than in control soil (details in
another paper that is at press).

The obtained results were then subjected to analysis
by STATISTICA 10.0 software. The significance of
differences between the means were tested by two-factor
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Table 1. Effects of petroleum-derived substances on selected morphological parameters of plants and yields.
Treatments Length of straw Length of ear | Number of grains in ear Mass of 1000 grains Grain }field
(cm) (cm) (pcs) (& (gm?)
EO 51.87" 8.43b 39.05% 50.25° 395.03®
EOr 53.02¢be 7.78¢ 37.13¢ 50.92¢ 336.06°
DF 52.63® 8.40% 39.25% 50.58¢ 353.94
DFr 55.65¢ 8.03% 39.00® 51.44 416.37®
P 55.60¢ 8.45% 43,030 51.132 470.89
Pr 60.67¢ 8.88¢ 43.00° 50.59° 510.48°
C 54.77% 8.93¢ 40.93% 51.67° 449.12%
Cr 55.25b 9.48¢ 41.58® 50.48° 472.71%

EO — soil contaminated with engine oil, DF — soil contaminated with diesel fuel, P — soil contaminated with petrol, C — control soil,

r — with bioremediation

*Values marked by different letters are statistically different (o = 0.05)

variance analysis, and the means were differentiated by
Fisher’s LSD test at o = 0.05.

Results and Discussion

In four years after the contamination incident,
the plants growing on soil contaminated by engine
oil were significantly lower than both the control
plants and those growing on soil contaminated with
petrol (Table 1). In these plants, the length of straw
was nearly 4 cm less than in control plants. Applying
ZB-01 biopreparation in the object contaminated
by petrol resulted in the increased straw length by
more than 5 c¢cm compared with the objects where
biopreparation was not applied. A significant increase
in straw length was also noted under the effect of
supported bioremediation used on soil contaminated by
diesel fuel (increase by approximately 3 cm). Viewing
that from another angle, however, it can be seen that the
plants from objects contaminated with engine oil, after
the biopreparation was applied, had lower length of ears
(by 0.65 cm). Neither significant effects of the PDSs
applied, nor of the bioremediation process, were noted
in terms of the number of grains per ear and of the mass
of 1000 grains. Also absent were the statistically proven
differences in the yield of grains between the plants
exposed to contamination and the control plants. The
obtained results thus indicate the remarkable resistance
of winter wheat on the studied contaminants. Although
the majority of results emphasize the adverse effects of
PDSs upon the growth and development of cultivated
plants [24-27], some studies confirm the resistance of
cereals to that type of soil-derived contaminant [28].
Everything depends on the dose of the contaminant, its
type, and the time that passes from when contamination
occurred. The contamination of soil by the mixture of
petrol and diesel fuel in a 20 ml kg' dose can contribute
to limiting the growth of wheat and to decreasing its

germinating capacity [29]. However, the authors analysed
the growth and development of plants immediately after
the contaminants were added. In the presented study, the
investigation pertained to a long-time follow-up effect
(i.e., after the passage of 4 years) of soil contamination.
When analysing the presented data on wheat growth,
one can note a permanent adverse effect of engine oil.
The adverse effects of oils on cultivated plants can be
explained by the negative effects of their hydrocarbons
upon the processes of transpiration and respiration
of plants, as well as on the transportation of nutrients
through cellular membranes [30, 31]. Petrol contains a
high proportion of volatile compounds that can rapidly
evaporate from the soil and are also more vulnerable
to natural biodegradation [32]; therefore, no negative
effect of this substance upon the growth of winter
wheat was observed in the experiment. Only a few
pieces of information are available in literature on the
effects of the application of bioremediation enhanced
by microbiological preparation on PDS-contaminated
soils and upon the growth of plants cultivated on those
soils. Rusin et al. [21] demonstrated that such actions
can positively affect the morphological features of broad
bean plants growing in the soil contaminated by diesel
fuel, increasing significantly the number and mass of
shoots, as well as the number of seeds. The additions of
compost, bentonite, calcium oxide [28, 33, 34], and bird
droppings [35] applied as means to improve the state
of soils contaminated by PDSs also contributed to the
better growth and development of plants.

No significant effect of the studied PDSs upon the
nitrogen content in wheat leaves was found (Table 2).
Wyszkowski and Wyszkowska [36] demonstrated that
engine oil applied in the dose of 9 g kg results in the
decreases in N content in the above-ground parts of oats
and maize. The authors did not find this relationship
after applying a lower dose of the xenobiotic. The
decreases in nitrogen content in plants caused by the
presence of PDSs in soil were also reported by other
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Table 2. Contents of nitrogen, carbon, and sulphur in winter
wheat leaves (g kg™).

Treatments N C S
EO 29.93+ 402.05% 3.56¢
EOr 30.10° 407.48° 3.15%
DF 30.70° 402.25% 2.50°
DFr 30.85¢ 398.64° 3.25b%

P 32.36% 407.25° 2.67%
Pr 29.93¢ 400.97 2.80%
C 31.98 396.93¢ 3.16"
Cr 35.07° 401.62¢ 4.96¢

*Values marked by different letters are statistically different
(a.=0.05)

authors [37, 38]. The discrepancies that appeared there
can result from the different plant species used in
experiments, as well as from the length of time that
passed from the instance of soil contamination. Under
the effect of ZB-01 biopreparation, a significant increase
in nitrogen concentration was observed, but only with
regard to the wheat cultivated on control soil. In our
earlier study [21], the biopreparation applied on the soil
contaminated with engine oil or petrol, contributed to
the increased nitrogen content in the tissues of broad
beans.

The contamination of soil by petrol contributed
to the increase in carbon content within the tissues
of winter wheat, although applying enhanced
bioremediation levelled those differences with regard
to the control object. In general, PDSs contribute to the
increase in carbon content in soil, a fact associated with
their structure (they contain aliphatic hydrocarbons,
cycloalkanes, olefins, and arenes) [39, 40]. It can partly
explain the increase in carbon content in plants growing
on the soil contaminated by those substances. In turn,
the sulphur content was evidently reduced under the
effect of soil contamination by diesel fuel. The ZB-01
biopreparation applied on this soil as well as on control
soil resulted in a significant increase in the sulphur
content in plant leaves, thus levelling the S concentration
in plants exposed to contamination with DF. Moubasher
et al. [4]1] demonstrated that the petroleum-derived
hydrocarbons can cause the increase in the sulphur
content within roots and shoots of Bassia scoparia
(L.); however, in the leaves of Vicia faba exposed to
the contamination with engine oil, which is similar to
the presented study, a decrease in sulphur content was
found, again reduced by the application of enhanced
bioremediation [21].

The content of magnesium in wheat leaves did not
fluctuate significantly either under the effect of applied
PDSs, or enhanced bioremediation (Table 3). A similar
situation occurred in the case of calcium; however, here
the ZB-01 preparation manifested different effects in

the cases of different PDSs, i.e., it contributed to the
increase in the content of the element in plants cultivated
on diesel fuel-contaminated soil and in control plants,
but it significantly reduced the Ca content in leaves of
wheat cultivated on petrol-contaminated soil. Numerous
authors indicated the possibility of the differentiated
effect of PDSs upon the calcium and magnesium contents
in plants, depending on the kind of contaminant, its
dose, and on the species of the tested plant [28, 33,
37]. Those substances can contribute to the increase,
decrease, or they fail to cause changes in the content
of analysed nutrients in plants. The soil contamination
with petrol was conducive to the decreased iron content
in the leaves of wheat cultivated on such soil. In turn,
the enhanced bioremediation contributed to the decrease
in Fe content in leaves of winter wheat cultivated on
soil contaminated with engine oil and diesel fuel.
Similarly, a significant decrease in the content of Fe was
observed in the leaves of broad beans cultivated in soil
contaminated with diesel fuel in the dose of 18 g kg
[38]; however, the dose of 9 g kg! did not produce such
effects. The content of manganese increased clearly in
the leaves of wheat cultivated on the soil contaminated
with engine oil and diesel fuel, by approximately four
and three times, respectively. In the case of engine
oil-contaminated soil, bioremediation enhanced by
ZB-01 preparation levelled those differences, whereas
in the case of diesel fuel-contaminated soil it resulted
in a further increase in the content of the element in
plant tissues. Rusin et al. [38] demonstrated that the
contamination of soil by diesel fuel in a 9 g kg' dose
involves the increase in manganese content in the shoots
and leaves of broad beans by 16% and 50%, respectively,
but no similar relationships were noted with regard to
engine oil and petrol. In the cited studies, broad beans
were cultivated immediately after the contamination of
soil with PDSs. However, in other studies, where broad
beans grew on the soil contaminated by the PDSs with
a dose of 6 g kg' within three years after the instance
of contamination, the observed level of manganese
content was convergent with the values found in winter
wheat, i.e., a significant increase was noted primarily
under the conditions of soil contamination by oils, while
biopreparation reduced the concentration of Mn only in
the case of broad beans growing in soil contaminated by
engine oil [21].

The literature provide little information pertaining
to enhanced bioremediation on the content of nutrients
in plants growing in soils contaminated by petroleum-
derived substances. Only Rusin et al. [21] demonstrated
that it can decrease differences in the contents of
nitrogen, carbon, and sulphur, between broad bean
plants growing on contaminated soil and those
cultivated on the control soil. Other techniques of soil
remediation, e.g., the addition of compost, bentonite, or
calcium oxide, demonstrate that the above actions can
significantly modify the content of macro- and micro-
components in plants [28]. Many authors emphasise
that the effectiveness of the bioremediation process
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Table 3. Contents of magnesium, calcium, iron, manganese, zinc, lead, cadmium, and copper in winter wheat leaves (mg kg™).
Treatments Mg Ca Fe Zn Pb Cd Cu
EO 83.56™" 2444.94° 98.26° 106.06° 88.38¢ 13.21¢ 0.640<d 12.51°
EOr 99.53° 2160.91° 74.18%¢ 52.16® 70.97¢ 3.71° 0.640d 10.12%
DF 81.92%® 2490.60° 80.630d 49.27° 2.25° 0.41% 9.66°
DFr 94.45%® 3105.84° 63.78° 115.49¢ 48.82° 2.932 0.90¢ 11.88"
P 73.03¢ 2125.59° 70.35%® 27.29% 24.56° 2.14° 0.62 10.10*
Pr 81.50® 1093.88¢ 82.84Pd 39.83® 29.56* 7.33° 0.76% 10.85%¢
C 89.20% 2343.04° 94.83¢% 31.38® 1.64* 0.24 9.02¢
Cr 86.21%® 3067.31¢ 87.78¢% 34.86%® 36.02° 2.552 0.33° 10.36%

Symbols as in Table 1.

*Values marked by different letters are statistically different (a. = 0.05).

depends on many factors, such as soil humidity,
temperature, pH, and the bioavailability of substrates
[42, 43].

The contents of the majority of heavy metals in the
leaves of winter wheat increased under the effect of the
studied PDSs (Table 3). The respective zinc contents
in the tissues of plants cultivated on soil contaminated
with engine oil and diesel fuel were nearly three times
and one-and-a-half times higher than that in control
plants. The ZB-01 preparation caused the reduction in
the concentration of the metal in the object with soil
contaminated by engine oil. The increase in zinc content
in the leaves of broad bean plants in the presence of
engine oil in soil was also demonstrated by Rusin et al.
[21]; however, it did not exceed 15%.

The lead content was approximately eight times
higher in plants growing on engine oil-contaminated
soil than in the control plants. Moreover, the enhanced
bioremediation effectively reduced the Pb level to that
found in the control plants. However, in the case of
plants growing on the petrol-contaminated soil, the
reaction to ZB-01 application was different, i.e., the Pb
content increased approximately threefold. Rusin et al.
[21] also demonstrated that the contamination of soil
with engine oil, as well as with diesel fuel and petrol,
resulted in a significant increase in the content of this
heavy metal in the leaves of broad beans, with the
highest content in the case of diesel fuel (the respective
increases amounted to fourfold for DF, threefold for
EO, and approx. twofold for P). For all of these PDSs,
biopreparation reduced the concentration of Pb in the
tissues of broad beans.

The cadmium content also evidently increased in
the presence of engine oil and petrol in the substrate. In
the case of this metal, the bioremediation either did not
significantly affect its content (objects EO and P), or it
caused an increase in the cadmium content in the leaves
of winter wheat (object DF). Rusin et al. [21, 38] did
not note the increase in cadmium content in the leaves
of broad bean plants growing on soil contaminated
by PDSs. Moreover, they even sometimes observed

decreases in the content of this metal in the plant organs
they analysed.

After four years, it was only the contamination of soil
with engine oil that still showed the increased content
of copper in the tissues of wheat. In this case, the ZB-
01 preparation somewhat reduced the concentration of
that metal, while simultaneously increasing its level in
the leaves of winter wheat growing in soil contaminated
with diesel fuel. For the sake of comparison, the broad
bean plants growing on soil contaminated earlier (three
years before) with the same PDSs, had approximately
three times higher levels of Cu than the broad bean
growing in control soil [21].

There is only scarce information pertaining to the
effect of enhanced bioremediation upon the content of
heavy metals in the plants growing on soil contaminated
by PDSs. Rusin e al. [21] demonstrated that such
bioremediation is capable of levelling the differences
in cadmium, lead, and zinc contents between broad
bean plants growing in contaminated and control
soils. This phenomenon results from the capability of
microorganisms to adapt to adverse conditions and
the ability to use harmful compounds for their own
growth and development, which accelerates the rate of
decomposition of the harmful compounds [44, 45].

Conclusions

1. In general, four years after the instance of soil
contamination, the studied PDSs did not affected
the growth of winter wheat, which is indicative of its
relative resistance toward this kind of contaminant.

2. PDSs significantly modified the contents of some
nutrients in plant leaves: soil contamination with
diesel fuel resulted in the decrease in sulphur content,
but contamination with petrol led to the increase
in carbon content with a simultaneous decrease
in iron content in the analysed organs of plants.
Furthermore, oils contributed to the increase in the
manganese content in plants.
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3. In general, the contaminants used in the experiments

contributed to the increases in the contents of such
heavy metals, i.e. zinc, lead, cadmium, and copper
in the leaves of winter wheat; nevertheless, this
phenomenon depended on the type of PDS, with
stronger effects caused by oils.

The application of ZB-01 biopreparation on the
soil contaminated with PDSs evoked changeable
effects depending on the kind of contaminant and
the analysed parameter, which generally resulted in
levelling the negative effects of engine oil and diesel
fuel.
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