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ABSTRACT

The aim of the study was to determine the effect of soil contamination with diesel oil on the early development of
three species of the Fabaceae family (Medicago lupulina L., Lotus corniculatus L., Trifolium repens L.). These
species have a wide ecological range and they often occur on extensively used lawns. For these reasons, the knowl-
edge on their tolerance to soil pollution with diesel oil can be of great importance in the creative and conserva-
tive cultivation of these plant species and their seed production for establishing the greenery of communication
routes. The studies were carried out under controlled laboratory conditions. The soil substrates were composed of
the loamy sand mixed with diesel oil in an amount of 2.5 g and 5.0 g per 1 kg of absolute dry mass of soil. The
germination dynamics were analyzed. The measurements were conducted twice a day for 12 days after sowing.
The development of seedlings was determined on the basis of the length, diameter, area and volume of the radicle.
These features were determined on 20-day-old seedlings of the tested species. For the analysis of plant material,
the technique of the scanned image was used in the “WinRhizo PRO 2009 software. It was proven that the tested
species have various tolerances for the petrol oil in the soil and demonstrate various defense mechanisms under
the stress conditions. The least changes of the seed germination rate on the soil with diesel oil against the control
were indicated for L. corniculatus. The defense strategy of that species relied on the radicle development through
increasing the diameter and — in consequence — the surface and the volume. M. lupulina also showed good germi-
nation capacity in the presence of diesel oil, but the radicle was shorter in comparison to the control. The germina-
tion rate of 7. repens in the contaminated soil was significantly reduced. The recommendation for using not only
L. corniculatus, but also M. lupulina on the contaminated areas should be taken into consideration.

Keywords: Fabaceae family, soil pollution, diesel oil, seed germination dynamics, nonlinear function, radicle.

INTRODUCTION

Nowadays, the contamination of the soil and
aquatic environments with oil derivatives is one
of the most serious ecological problems. The in-
crease in the consumption of petroleum and its
products, due to the decreasing share of coal in
energetic balance, causes the escalation of the
soil degradation due to the petroleum emissions.
According to Panagos et al. [2013], the number
of estimated potential contaminated sites in the
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European Union is more than 2.5 million, with
around 342 thousand identified contaminat-
ed sites. Mineral oil and heavy metals are the
main contaminants, contributing approx. 60%
to soil contamination. In Poland, the amount of
the events with petroleum during only one year
reached nearly 3 thousand [Radwan et al. 2012].
The leaks from the pipelines or damaged convey-
ances and the emission of incomplete fuel com-
bustion are usually the sources of contamina-
tion. The diversity of the contamination sources
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causes the petroleum accumulation, including
polycyclic aromatic hydrocarbons (PAH), in the
soil. Because of difficult biodegradation and tox-
icity they belong to the persistent and dangerous
organic pollutants. They cause cancer of animals
and humans, affect soil hydrophobicity and CO2
emissions, as well as contribute to chlorosis and
necrosis of plants [Ziotkowska and Wyszkows-
ki, 2010, Hawrot-Paw et al., 2015, Hewelke et
al., 2018]. The ecological policy enforces the
Member States of European Union to take the
activities focusing on the restoration of the en-
vironmental resources. The activities connected
with the enlargement of the re-cultivated areas
and the development of the methods and recla-
mation techniques of the polluted areas are the
antecedents in the programme of the implemen-
tation of that strategy [Report on the implemen-
tation of the national ecological policy in the
years 2009-2012 with a perspective until 2016.
2014]. On account of the facts that current meth-
ods and techniques have not been sufficiently
effective and the ecosystems self-purification
process is long-lasting, more and more scientific
studies consider phytoremediation and phyto-
stabilization [Radziemska et al., 2019]. The rel-
evant problems involve the proper selection of
the plants and microorganisms for the peculiar
degraded area and maintaining stable turf [Haw-
rot-Paw and Hreczuk, 2009, dos Santos and Ma-
ranho, 2018, Hussain et al., 2018]. In Poland, the
grasses, i.e., Dactylis glomerata, Festuca rubra
and Lolium perenne, were investigated most of-
ten [Matuszynski and Matuszynska, 2009, Gmi-
trzuk et al., 2017, Dabrowski, 2018]. Screening
of novel plant species, particularly natives, is
recommended with selection focused on species
phylogeny, plant morphological and functional
traits as well as tolerance towards harsh environ-
mental stresses [Kaur et al., 2017].

The aim of the study was to determine the
effect of diesel oil on the early development of
three species of the Fabaceae family, i.e., black
medick (Medicago lupulina), birdsfoot trefoil
(Lotus corniculatus) and white clover (Trifolium
repens). These species have a wide ecological
range and they often occur on extensively used
lawns. For these reasons, the knowledge on their
tolerance to soil pollution with diesel oil can be of
great importance in the creative and conservative
cultivation of these plant species and their seed
production for establishing the greenery of com-
munication routes.

MATERIAL AND METHODS

The studies were carried out under con-
trolled laboratory conditions, in Petri dishes with
the diameter of 10 cm, filled with 1 cm layer of
the substrate. The substrate was the topsoil with
granulometric composition of weakly loamy sand
mixed with diesel oil (DO) in amounts of 2.5 g
and 5.0 g per 1 kg of absolute dry matter of soil.
The amounts of diesel oil used in the experiments
were based on The Regulation of the Minister of
Environment concerning soil quality standards
and quality standards of soil [2002]. The soil was
sterilized prior to contamination.

The control comprised the substrate un-
contaminated with diesel oil. The seeds of
Medicago lupulina L., Lotus corniculatus L.,
Trifolium repens L. were sown on April 22,
2015, in the quantity of 50 per 1 Petri dish, in
5 rows of 10 seeds per row. Three replicates
were used for each research variant. The seeds
germinated in the light, at a temperature of
approx. 24°C, under constant humidity of the
substrate. The germination dynamics and the
rate of cotyledons appearance were analyzed.
The measurements were conducted twice a day
(8.00 am and 6.00 pm) for 12 days after sow-
ing. The results were fitted by the nonlinear
function [Scheatzl et al., 1994].

Yt) =a+ b exp(-c/t) (1

where: ¥ — dependent variable (germination or
cotyledons);
t —time (h);

a+b — upper asymptote (count);

a = 0 — the beginning of the germination
or cotyledons experiments;

¢ — shape parameter (h).

The vigour (first counting — Fc, previously
called the energy of germination) and the germi-
nation capacity (last counting — L¢) of seeds were
determined according to the methodology of the
research subject [Dorywalski and Wojciechowicz
1964, ISTA 2015]:

Fe (L) = 22 100y
c(Lc) = —-
Ne 0 )
where: N — the number of the seeds with the
radicle not shorter than the caryopsis;

N, —the number of the seeds placed on the
Petri dish.
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The energy of germination and the germina-
tion capacity of M. lupulina and T. repens were
determined after 4 and 7 days respectively, and for
L. corniculatus — after 3 and 12 days after sowing.

The development of seedlings was deter-
mined on the basis of the length, diameter, area
and volume of the radicle. These features were
determined on five randomly chosen 20-day-old
seedlings of the tested species. The scanned im-
age technique was used in the “WinRhizo PRO
2009 software for the analysis of plant material.

The results were statistically analyzed by
means of the analysis of variance (ANOVA) in
the Statgraph PRO software [STSC 1996]. The
significance of the differences was verified with
the help of the Tuckey test with the significance
level a = 0.05

THE RESULTS AND DISCUSSION

The germination progress

The used nonlinear function (1) describes
the legume germination process of plants very
well. The compatibility of the measurements
with mathematic function exceeds 95% in aver-
age (Table 1). The investigated species vary in
the germination rate and the time of cotyledons
appearance as well as the reaction on the diesel
oil content in the soil during their development
(Table 1, Figure 1).

Medicago lupulina had with the quickest ger-
mination rate under control conditions. On the
soil with no diesel oil (0DO) the germination rate
was most intensive till 65 hours (the point of the
germination rate curve inflection — parameter c).

The number of germinated seeds 65 hours after
seeding was equal to 21 (42 percent of all the
sown seeds in the dish). Under the conditions
of 2.5 g diesel oil content in the soil (1DO) such
share of germinated seeds occurred not until 95
hours, i.e. more than 24 hours later. The germina-
tion rate on the soil with 5 g of diesel oil (2DO)
was even smaller. Forty percent share was ob-
tained not until 133 hours, e.g. twice later than
in control and 38 hours later than on the soil with
2.5 g of diesel oil (1DO). The germination rate
in the following hours (from the point of inflec-
tion to maximal value) on the soil with diesel oil
was smallest on the soil 1DO (11% smaller than
in control and 8% smaller than on 2DO). Finally,
after 288 hours (12 complete periods of 24 hours)
the number of seeds germinated on the soil with
diesel oil regardless of its amount (1DO, 2DO)
was similar and smaller in the comparison with
the control of 16.2% in average (0DO).

The characteristics of seeds germination un-
der the control conditions (0DO) and on the soils
with diesel oil (1DO, 2DO) were different for
Medicago lupulina in comparison to Lotus cor-
niculatus. Lotus corniculatus germinated much
slower and the rate of that process on the soils
with diesel oil was more dependent on its con-
tent in the soil than in the case of M. lupulina.
The points of inflection (¢) of the germination rate
curve for L. corniculatus on the soil without oil
(DOO0) and with 2.5 g of 0il (1DO) were obtained
after similar time. The process of germination of
that seeds was rectilinear till 132.5 hours in aver-
age. Till that time 40% of the seeds germinated
on the soil without oil and 35% — with 2.5 g of
oil (1DO). Those shares of germinated seeds were
obtained 2 and 1.4 times later, respectively, than

Table 1. The parameters of nonlinear function (1) describing process of germination and cotyledons appearance
for investigated legume species. The values of the coefficient describing the logistic curve parameters in the
process of germination and cotyledons appearance for legume species

Species Medicago lupulina ‘ Lotus corniculatus ‘ Trifolium repens
The level of diesel oil contamination (gkg™ soil d.m.)
Co-efficient 0 25 5.0 0 25 5.0 0 25 5.0
(0DO) (1DO) (2DO) (0DO) (1DO) (2DO) (0DO) (1DO) (2DO)
The germination rate
b (-) 57.99 54.64 60.91 53.98 47.89 55.88 51.77 39.09 39.10
c (h) 65.43 95.01 133.46 133.60 131.36 196.25 137.92 140.54 168.86
R? (%) 99.20 98.76 98.77 94.69 91.92 94.31 98.86 98.79 99.10
The rate of cotyledons appearance
b(-) 274.23 283.98 179.12 52.16 80.09 57.56 48.01 59.37 64.67
c (h) 654.75 702.34 606.63 303.82 544.85 442.89 276.83 367.40 425.08
R? (%) 97.84 98.90 98.56 97.43 98.35 98.92 99.14 99.07 98.61
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Figure 1. The seeds germination rate (A) and cotyledons appearance (B) depending on the contents of the diesel
oil in the soil (DO)

in the case of M. lupulina. The rate of L. cornicu-
latus germination, for the seeds sown on the soil
with 5 g of oil (2DO) was 1.5-times slower than
on control and on the soil with half the contam-
ination value. The period of 196 hours, e.g. 64
hours more than on other soils, was necessary for
obtaining the 40% shares of the germinated seeds
number. The value of b parameter of the curve
shows that in the following hours (from the point
of inflection (c)) the process of seed germination

run slowest on the soil with 2.5 g of oil (1DO), as
in the case of M. lupulina. It was 11% smaller in
the comparison with the control and 3% smaller
against the 2DO soil. After 288 hours, the number
of germinated L. corniculatus seeds on the soil
with 2.5 g and 5 g of diesel oil was 10.6% and
16.7% smaller in the comparison with the control,
respectively.

The rate of Trifolium repens seeds germina-
tion was smallest and the differences between the

213



Journal of Ecological Engineering Vol. 21(1), 2020

control and the soil with petrol oil — larger than
for the rest of the legume plant species. Although
the inflection points (¢) on the control (0DO) and
on the soil with 2.5 g of diesel oil (1DO) were ob-
tained after a similar period (138 and 140 hours),
the number of germinated seeds on the soil with
oil (1DO) was 24.5% lower against the control and
equal to 28% of all sown seeds. On the soil with
twice higher content of diesel oil (2DO) the value
of 28% of germinated seeds was obtained 28 hours
later. In the following hours till 12 day after sow-
ing, the rate of the seeds germination on the con-
trol was also significantly higher, 27% in average,
against the soils with petrol oil. As the result of
such germination process after 288 hours, the dif-
ference in the number of germinated seeds on the
control and on the soil with 2.5 g of oil was equal
t0 25.5% and 32.2% on the soil with 5 g of oil.

The energy and germination capacity

Various germination courses of three le-
gume plant species are shown by the values of
the energy and seed germination capacity. The
germination energy is the parameter demonstrat-
ing the rate of the uptake and important for the
area managing. The quick uptake mean the larger
competitiveness of the sown species against the
germinating seeds from the soil seed bank and
better final effect of the forming biologically ac-
tive areas [Pawluskiewicz et al., 2019]. Under the
control conditions the seeds of Medicago lupu-
lina showed decidedly highest germination en-
ergy (Table 2). Its value was — in average — three
times higher than of other species. Significantly
lesser value of seeds germination energy was
characterised for Trifolium repens. Only 20% of

the seeds germinated in short time, taken for that
species. The value of the germination energy for
Lotus corniculatus was also low (26%), but sig-
nificantly higher than for 7. repens. The species
differences could be the result of higher number
so-called hard seeds of 7. repens.

The significant intra-species differences were
also noted on the soils with the diesel oil. The
reactions for the soil contamination were similar
in the cases of L. corniculatus and T. repens. No
significant differences of the germination energy
were observed on the control and on the soil with
2.5 g of diesel oil (1DO). Significant differenc-
es were indicated just on the soil with its twice
higher content (2DO). The values of the germina-
tion energy of L. corniculatus and T. repens were
1.5 times higher in average and equal to 18% and
12%, respectively. The M. lupulina was charac-
terised by higher sensitivity to the diesel oil in the
soil than the species mentioned above. Signifi-
cantly lower value of the germination energy (of
33%) was already found on the soil with 2.5 g of
oil (1DO). Twice higher amount of that substance
in the soil did not cause further differences. The
germination energy value in that case was equal
to 34% and was 1.8 times lower than in control.

The germination capacity is the parameter in-
dicating the vitality of seeds. Under the control
conditions, Medicago lupulina and Lotus cornicu-
latus had with similar (statistically insignificant),
high (79% in average) value of the germination
capacity (Table 2). The germination capacity of
Trifolium repens was significantly lower, which
may confirm the assumption about the high num-
ber of the hard seeds, requiring scarification be-
fore sowing. The soil contamination with 2.5 g
(1DO) of diesel oil caused a significant decreasing

Table 2. The energy and germination capacity of three legume species depending on the diesel oil content in the

soil (DO)
. The level of contamination (g kg DM of the soil)
Species
0 (0DO) \ 2.5 (1DO) \ 5.0 (2DO)
The germination energy (%)
Medicago lupulina L. 6034 4004 340A
Lotus corniculatus L. 266 26 188
Trifolium repens L. 203 182¢ 120
Mean 35.32 28.0° 21.3¢
The germination capacity (%)
Medicago lupulina L. 823r 6207 52¢A
Lotus corniculatus L. 763 684 60°A
Trifolium repens L. 4628 348 3008
Mean 68.0° 54.7° 47.3°

Note: “* homogenous groups in the rows, ¢ homogenous groups in the columns.
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in the germination capacity for all studied species,
20% in average. The L. corniculatus had the low-
est difference between the values of the germina-
tion capacity obtained on the control and on the
soil with that content of diesel oil (1DO). Twice
higher content of the diesel oil in the soil (2DO)
caused a significant decrease in the germination
capacity of two species, i.e. M. lupulina and L.
corniculatus. Nevertheless the mentioned values
were relatively high and equal to 52% and 60%,
respectively. The 7. repens germination capacity
was almost half of these values and equal to 30%.

The rate of the cotyledons appearance

The parameters of the nonlinear function pre-
senting the rate of the legume plants’ cotyledons
appearance indicate that the point of inflection (¢)
and the upper asymptote (b) are located outside
the area shown in Figure 1. It means that over 288
hours (i.e. the investigation period) the intensive
increasing in the number of occurring cotyledons
took place. The used function presents the plant
development feature very well (avg. R?=98.5%).
The interpretation of the characteristic parameters
of that function is not fully possible (the point of
inflection outside the measurement range). On the
other hand, owing to a detailed analysis of that
part of the linear path, it was possible to determine
more precisely— for all the species — the time nec-
essary for the appearance of cotyledons and the
influence of petrol oil on that process. Moreover,
the use of the same function as in the description
of the seeds germination allows for the connec-
tion of those two development processes.

It was proven that the species differed in the
time of first appearance of cotyledons and the
rate of their occurrence in the following hours.
Amongst the studied species, Medicago lupulina
showed the latest appearance of the cotyledons.
They appeared only 96 hours after sowing, inde-
pendently to the amounts of the diesel oil in the
soil and the number of germinated seeds. Despite
the late appearance of the cotyledons in the fol-
lowing hours, a high increase in the number of
plants with cotyledons outside the seed coats took
place. On all the soils (0DO, 1DO, 2DO) the rate
of that process was significantly higher than in the
cases of other species. Finally, after 288 hours,
56% of the plants on the soil with no diesel oil
had the cotyledons, on the soil with 2.5 g of oil
(1DO) — 50% and 44% on the soil with 5 g of
oil (2DO). In the cases of Lotus corniculatus and

Trifolium repens the appearance of the cotyledons
on the control soil was very similar. The first ones
appeared after 62 hours and after 288 hours the
number of the plants with cotyledons was equal
to 18 (37% of sown ones). The mentioned species
varied in the sensitivity for the diesel oil presence
in the soil. The L. corniculatus showed a signifi-
cantly slower rate of the cotyledons appearance
on the soils with oil, independently of its amount.
They appeared 34 hours later and their amount
was of 32% lesser than on control. The obtained
results also show that the defence mechanism of
that species under stress conditions provoked by
the oil presence relies on the quick development
of the radicle and the limitation of the aboveg-
round parts development. Another mechanism
was shown by 7. repens. On the soils with oil,
the cotyledons appeared at a similar rate than the
radicle. The rate of the cotyledons appearance was
similar to the one on the control. The first cotyle-
dons appeared 39 hours later and the difference in
the number of the plants with the cotyledons after
288 hours was equal to 9.8% on the soil with2.5 g
of 01l (1DO) and 19.6% on the soil with 5g of oil
(2DO) in the comparison with the control.

The radicle morphology

The values of the length, width, surface and
volume of the radicle were shown in Table 3. It
was stated that Medicago lupulina — in the com-
parison with Lotus corniculatus and Trifolium
repens — showed significantly higher values of
the investigated parameters, but only on the soil
with no diesel (0DO). No significant differences
between the species were noted on the soils with
diesel oil (1DO, 2DO), but the presence of that
substance significantly influenced the change in
the radicle dimensions of studied legume plants.
A significant impact from the change in root mor-
phology as a reaction to the diesel oil showed also
Zhan et al. [2013], Matachowska-Jutsz [2012]
and Tran et al. [2018]. The reaction was specific
for particular species. Under the influence of the
diesel oil, independently to its amount in the soil,
M. lupulina formed significantly (of 31%) radi-
cle, of slightly larger diameter (of 10%) than on
control. Finally, the radicle surfaces on the soils
with oil (1DO, 2DO) were smaller (of 16%) than
on the soil with no oil, but the differences were
not proven statistically. The volume of that spe-
cies’ radicle was the same on all the soils.
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Table 3. The parameter values characterizing the radicles of three legume species in dependency on the diesel oil

content in the soil (DO)

) The level of contamination (g kg DM of the soil)
Species
0 (0DO) \ 2.5 (1D0) \ 5.0 (2DO)
Lenght (cm)
Medicago lupulina L. 7.042A 4.86°* 4.86°
Lotus corniculatus L. 3.89% 4.00% 3.99%A
Trifolium repens L. 3.47% 5.05% 4.563A
Mean 4.80° 4.63° 4.472
Diameter (cm)
Medicago lupulina L. 0.257% 0.28334 0.283%
Lotus corniculatus L. 0.200%8 0.355% 0.304°*
Trifolium repens L. 0.207%® 0.276° 0.269%A
Mean 0.2212 0.305° 0.285°
Area (cm?)
Medicago lupulina L. 0.578% 0.4843A 0.4843A
Lotus corniculatus L. 0.24438 0.437°7 0.380%4
Trifolium repens L. 0.21738 0.487°A 0.404°A
Mean 0.346° 0.469° 0.423%
Volume (cm?®)
Medlicago lupulina L. 0.0043A 0.0042A 0.0043A
Lotus corniculatus L. 0.00128 0.0040A 0.003%
Trifolium repens L. 0.00128 0.0040A 0.00324
Mean 0.0022 0.004° 0.003°

Note: ** homogenous groups in the rows, #*¢ homogenous groups in the columns.

Different reaction on the diesel oil presence in
the soil was shown by L. corniculatus. The radi-
cle diameter was significantly larger (of 77.5%
on 1DO and of 52% on 2DO) and its length only
slightly greater (of 2.6%) than on control. Finally,
the surface and volume of the radicle were signifi-
cantly larger on the soil with oil than without one.
On the soil with 2.5 g of that substance (1DO),
the radicle surface was almost two times larger,
and the volume — three times greater than on con-
trol. Two times higher amount of petrol oil in the
soil (2DO) also caused twofold larger volume and
56% greater surface of the radicle in the compari-
son with the development on the control base.

The T. repens showed higher all the radicle
parameters on the soils contaminated with diesel
oil than on control. The greatest, significant dif-
ferences of the radicle development occurred on
the soil with 2.5 g of diesel oil (1DO). The lengths
and widths of the radicles were 45.5% and 33.3%
greater than on the soil without oil, respectively.
It was reflected in 2.2-times larger surface and
three times larger volume of the radicle. On the
soil with 5 g of diesel oil longer (of 33%) and
wider (of 29.9%) radicle were obtained, but the
values significantly higher than on control were
not observed. However, the significant difference
was proven for the surface of that species radicle.
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CONCLUSIONS

The soil contamination with the petrol oil
significantly impacted the preliminary growth
of the legume plants (Medicago lupulina, Lotus
corniculatus, Trifolium repens) and the radicle
morphology. Independently of the species, the
germination rate (appearance of the root and the
cotyledons) was significantly lesser than under
the control conditions (adequately to the diesel oil
amount in the soil). The Schatzel logistic curve
well describes the development process of the
studied species after the sowing and enables the
demonstration of the differences in its rate, better
than the often applied parameters (the energy of
the germination and its capacity). The relevance
of germination studies as important ecotoxico-
logical tools is highlighted with root imaging
software. It was proven that peculiar species
have various tolerances for the petrol oil pres-
ence in the soil and demonstrate various defence
mechanisms under the stress conditions. The least
changes in germination rate of seeds on the soil
with petrol oil against the control were stated for
L. corniculatus. The defence strategy of that spe-
cies relied on the radicle development through the
increasing in diameter and — in consequence — the
surface and the volume. The soil contamination
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with diesel oil affected mostly the decrease in the
rate of Trifolium repens germination. The species
reacted on the stress conditions by quick appear-
ance of cotyledons as well as the growth and in-
crease in the diameter of the radicle, especially on
the soil with smaller content of diesel oil (2.5 g).
Two times higher content of that substance signif-
icantly limited the radicle development. Accord-
ing to Matachowska-Jutsz et al. [2012], extension
of the cells in order to increase the radicle surface
and develop new root hairs, is the plants defence
mechanism, because the oil causes the clogging of
the vascular cells, used for water intake. Amongst
the studied species, M. lupulina showed the best
germination capacity in the presence of diesel oil,
but the differences in that parameter value and
the radicle morphology against the control were
large (equal to 31% — lesser germination capac-
ity and shorter radicle). It seems that good (above
50%) germination capacity of that species may be
the result of larger size of seeds in the compari-
son with 7. repens. The results of other authors
proved that such species show better emergences
[Hitchmough, 2017, Janicka et al., 2019]. Be-
cause of that, the recommendation for using not
only L. corniculatus, but also M. lupulina on the
contaminated areas should be taken into consider-
ation. These species could be especially valuable
for the re-cultivation of the soils contaminated
with petroleum products, which would make the
quicker phytoremediation successes possible. As
indicated by the own and other authors’ research
[Zhan et al. 2013], further work is necessary to
determine the equation of the predictive effect by
morphology and physiology of plant root on the
soils contaminated with petroleum substances.
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