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Abstract: This study aims to assess the impact of HydroBreak PLUS biosurfactant on the phytoreme-
diation of diesel-contaminated soil by three legume plant species: Medicago sativa, Lotus corniculatus,
and Melilotus albus. Legumes were grown in soil contaminated with diesel (4.0 g kg−1, 6.0 g kg−1) for
90 days, and the changes in soil diesel and nutrient concentrations, plant growth, and physiological
parameters were measured. Diesel negatively affected the biomass production of all legumes, though
the reduction in growth rate was observed only in L. corniculatus and M. albus. L. corniculatus had the
highest diesel removal rate of 93%, M. albus had the lowest of 87.9%, and unplanted treatments had
significantly lower diesel removal rates (up to 66.5%). The biosurfactant mitigated diesel-induced
reduction in plant shoot and root weight and an increase in L. corniculatus root biomass (24.2%) were
observed at 4.0 g kg−1 diesel treatment. The use of biosurfactant accelerated diesel removal from the
soil, though the effect was diesel soil concentration and plant species-dependent. In unplanted treat-
ments, the diesel removal rates increased by 16.4% and 6.9% in the treatments with 4 and 6 mg kg−1,
respectively. The effect of biosurfactants on diesel removal by plants was less pronounced and
reached 4.6% and 3.2% in the treatments with 4 and 6 mg kg−1, respectively. The study revealed
that the phytoremediation efficiency could not be directly linked to plant physiological parameters
as only M. sativa changes in plant growth corresponded well with photosystem II performance.
Implementation of legumes and biosurfactants has a positive effect on soil quality by its enrichment
with inorganic P and soluble phenols, while no enrichment in NO3

− and NH4
+ was observed.

Keywords: bioremediation; petroleum hydrocarbons; soil nutrients; Fabaceae plants

1. Introduction

Petroleum hydrocarbons are the essential building blocks of petroleum and natural
gas. These versatile compounds play an important role in our daily lives, serving as
fuels, lubricants, and raw materials for producing industrial chemicals, plastics, fibres,
rubbers, solvents, and explosives. Hydrocarbon combustion is the primary energy source
for generating electricity, heating homes, and powering transportation [1].

Global wide use of petroleum fossil fuels presents a considerable threat to environ-
mental contamination with petroleum hydrocarbons. These substances can cause severe
harm to ecosystems by disrupting food chains, damaging habitats, and harming wildlife [2].
During oil drilling, extraction, refining, storage, loading, and transportation processes,
petroleum hydrocarbons enter the soil environment and significantly impact soil quality
and soil-dwelling biota. Petroleum hydrocarbons can affect the physical and chemical
properties of the soil and alter the microbial community, leading to a reduction in soil
fertility. This pollution can hinder plant growth development and decrease productivity [3].
Because petroleum hydrocarbons are persistent, tend to accumulate in the environment
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and living organisms, and have the ability to enter the food chain, they pose a significant
human health risk [4–6].

Across Europe, there could be up to 2.5 million potentially contaminated sites [7].
More than 40,000 sites in the USA were reported as Superfund sites, of which more than
1300 are listed in the National Priorities List (NPL) [8]. The most significant source of
soil pollution varies by region. Industrial pollution poses the biggest problem in Western
Europe and North America; farming in Asia, Latin America, and Eastern Europe; and
mining in Sub-Saharan Africa [9,10]. Petroleum hydrocarbons are one of the most common
pollutants in contaminated soil sites. It is imperative to pay attention to soil pollution
caused by petroleum hydrocarbon contaminants, given their toxic effect on human health
and the environment [6].

Various techniques could be used to remediate soil contaminated with petroleum
hydrocarbons. Some standard physical and chemical remediation methods include using
steam, nitrogen, or air to strip out the contaminants, high-pressure water jetting, solvent
extraction, and hot or cold water washing. However, these physicochemical treatments can
be rather destructive and expensive [11,12]. Currently, biological treatment technologies
are widely adopted for the remediation of petroleum hydrocarbon-polluted environments
due to their effectiveness and cost-efficiency [13]. Phytoremediation is an up-and-coming
eco-friendly technique employing plants to detoxify contaminated sites, offering a sustain-
able alternative to conventional physicochemical methods [14]. Plant-assisted remediation
could be effective in reducing contaminant concentrations in soil but also could contribute
to soil health recovery [15]. Therefore, leguminous plants, due to their nitrogen-fixing
ability, could reduce the competition for limited soil nitrogen at petroleum-contaminated
sites and be effective in soil remediation [16]. There is an emerging interest in applying
various additives to enhance petroleum hydrocarbon phytoremediation. One promis-
ing approach is to use additional biosurfactants as phytoremediation process promoters.
Biosurfactants are secondary metabolites produced by microorganisms, and they can en-
hance the rate of bioremediation of petroleum hydrocarbons by reducing surface tension,
promoting emulsification, and micelle formation, making hydrocarbons bioavailable for
microbial breakdown [9,17]. Biosurfactants are advantageous over chemical surfactants
due to their simple chemical structure, biodegradability, low toxicity, and environmental
compatibility [18,19]. The rhizosphere is a dynamic environment that significantly influ-
ences the plant’s nutritional status and growth. It also has a diverse microbial community
that can effectively produce biosurfactants. While biosurfactants are naturally produced
during phytoremediation, supplementary biosurfactants can also be applied to speed up
soil decontamination [20,21]. Legume plants can establish symbiotic interactions with
rhizobia and arbuscular mycorrhizal fungi; thus, adding biosurfactants can enhance these
interactions, promoting petroleum hydrocarbon degradation in the soil and increasing
the abundance of microorganisms [22,23]. Biosurfactants can interact with legume plants
and their associated microorganisms in various ways, such as enhancing plant growth,
improving stress tolerance, developing disease resistance, improving nutrient uptake, and
promoting soil biodiversity [24–26]. This research aimed to evaluate the influence of the
biosurfactant HydroBreak PLUS on the diesel-contaminated soil phytoremediation effi-
ciency with Medicago sativa, Melilotus albus, and Lotus corniculatus in terms of diesel removal,
plant response, and soil quality changes.

2. Materials and Methods
2.1. Plant and Soil Sources

Three legume species from the Fabaceae family were chosen for the experiment:
(Medicago sativa L., Melilotus albus L., and Lotus corniculatus L.). These plant species were
chosen for their high tolerance to petroleum hydrocarbons in soil, as well as for their
phytoremediation potential and low soil fertility requirements. Selected plant species are
typically grown as forage legumes not only because of their high nutritive value but also
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their ability to enrich the soil with nitrogen [27–29]. The plant seeds were sourced from the
Lithuanian Research Center for Agriculture and Forestry (Akademija, Lithuania).

The natural unpolluted soil samples were collected from an open field near Jonava,
located in central Lithuania (108467, 24.241445 WGS). The soil was composed of sandy
loam and had a pHKCl of 6.51. The initial soil contained 2.10% soil organic matter (SOM),
734.83 mg kg−1 of NO3

−, 8.62 mg kg−1 of NH4
+, and 108.84 mg kg−1 of inorganic P.

2.2. Experimental Design

The soil was contaminated with diesel (D) at 4.0 and 6.0 g kg−1 levels, representing
low contamination levels. Contaminants were added and left for 24 h before the experiment.
A short ageing period was chosen due to the experiment’s design to test legume-based soil
phytoremediation potential and biosurfactant amendment interactions with fresh diesel
contamination. To study the biosurfactant effect on diesel phytoremediation with different
legume species, biosurfactant HydroBreak PLUS (BS) at 1 mL/kg−1 was added to the
soil prior to homogenization using an electric mixer. HydroBreak PLUS contains fully
biodegradable surfactants, plant extracts, and organic acids. It can break down vegetable,
animal, mineral, synthetic oils, greases, fats, and many aromatic substances through aerobic
means. Additionally, this product promotes microbial activities when used with petroleum
and fat-based substances. HydroBreak PLUS is classified as non-harmful. The product is
completely miscible with water and has a biodegradability of 97%.

The oval-shaped plastic pots were filled with 4 kg of soil each, with a total of 57 pots
used in the experiment. The pots were perforated at the base and were 25 cm deep. The
growth chamber with a temperature of 23/14 ± 1 ◦C (day/night) and a 14/10 h photoperiod
was used to conduct the experiment. The photoactive radiation intensity was maintained
at ~445 µmol m−2 s−1 using Venture Sunmaster dual-spectrum, high-pressure sodium HPS
lamps (3 × 600 W). The relative air humidity (RH) was kept at 55–60%. The experiment
was carried out in triplicate.

The following treatments were performed: (i) C control, unpolluted soil; (ii) D4 contam-
inated soil, diesel concentration 4.0 g kg−1; (iii) D6 contaminated soil, diesel concentration
6.0 g kg−1; (iv) D4BS contaminated soil, diesel concentration 4.0 g kg−1, and 1 mL kg−1 BS
additive; (v) D6BS contaminated soil, diesel concentration 6.0 g kg−1, and 1 mL kg−1 BS
additive. All five treatments comprised the three selected legume plant species: M. sativa,
M. albus, L. corniculatus, and unplanted treatments. Each pot was sown with 15 plant
seeds. After germination, the seedlings were thinned, and five plants were left in each pot.
In order to avoid potential differences in temperature and light intensity in the growth
chamber, the pots were randomly rotated every day.

The height of plant shoots was measured every two weeks, and 90 days after sowing
(90 DAS), the plants were harvested. The plant’s shoots and roots were dried in an oven
at a temperature of 70 ◦C until they reached a constant weight. The tolerance index
(TI) was calculated by taking the ratio of the plant’s dry aboveground biomass in diesel-
contaminated soil with the dry aboveground biomass of the plants in control soil [30].
The 90-day experimental period was thoughtfully selected to ensure that the chosen plant
species had ample time to mature, flower, and develop their root system.

Soil samples for diesel concentration determination were collected at the beginning
of the experiment and after 45 and 90 days. Gas chromatography was used (Shimadzu
GC-2010) (Kyoto, Japan) for quantitative analysis of diesel in soil, following the ISO
16703:2004 standard for detecting petroleum hydrocarbons (C10–C40) in soil [31]. The
removal efficiency of diesel was calculated using the following formula: [(initial diesel
concentration − diesel concentration after treatment)/initial diesel concentration] × 100.

Soil samples for nutrient (NO3
−, NH4

+, and inorganic P) and soluble phenol chemical
analysis were taken after the plant harvest and stored at a temperature of 4 ◦C.

The soil was sieved with a 1 mm sieve and dried at 70 ◦C to a constant weight before
being extracted (1:10 w/w with distilled water). To determine the concentration of nitrate,
the Griess method [32] was used, and the Berthelot reaction [33] was used to determine the
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concentration of ammonium. Concentrations of water-soluble phenols were determined
using the Folin–Ciocalteau reagent [34], and the Malachite green method [35] was used to
determine the concentration of inorganic phosphorus. Soluble phenols, nitrate, ammonium,
and inorganic phosphorus were measured spectrophotometrically (SPECTROstar Nano,
Ortenberg, Germany) at wavelengths of 725 nm, 540 nm, 660 nm, and 630 nm, respectively.

Chlorophyll fluorescence measurements were conducted with the Plant Efficiency
Analyser, PEA (Hansatech Instruments, Ltd., King’s Lynn, UK). Chlorophyll fluorescence is
the most commonly used method for monitoring and screening plant stress tolerance due
to its high sensitivity to alterations in the photosynthetic system, particularly photosystem
II [36]. Healthy top intact leaves of plants were used for the measurements. The leaves
were dark-adapted using leaf clips for about 15 min. The dark-adapted leaf samples of
4 mm diameter within each clip were illuminated with a saturating ultra-bright red-light
pulse of 660 nm light at 1800 µmol m−2 s−1 for 1 s.

2.3. Statistical Analysis

Statistical analyses were performed using STATISTICA 12 software. Fisher’s Least
Significant Difference (LSD) test compared the significant means of plant growth and soil
parameters. The strength of diesel and biosurfactant effects between different treatments
was compared using the Analysis of Variance (ANOVA) F-test. The results were deemed
significant if p ≤ 0.05.

Correlation analysis was performed to determine the relationship between the biomass
production of plants and the removal rate of diesel. The results were deemed significant if
p ≤ 0.05.

The plant growth rate is the change (cm week−1) in plant growth over time, measured
against a baseline period. To determine the plant shoot growth rate, a linear regression
was used to predict the growth rate (cm week−1) by calculating the slope of the curve (b).
It provides valuable information about plant growth and is a useful tool for comparing
and analysing plant growth patterns in different treatments. To analyse the significance
of the difference between different plant species’ growth rates, a Z-test was performed.
Differences in growth rates were significant (p < 0.05) if the Z-test exceeded 1.96.

Various biophysical parameters derived from OJIP transients were calculated using
JIP-test equations [37,38] based on data from 1 s measurements. JIP-test is a mathematical
model developed as a biophysical tool for assessing the cascade of chloroplast redox
reactions at microsecond or millisecond scales [39] based on energy flow theory across
thylakoid membranes. The JIP test converts the shape changes in the OJIP transient curve to
quantitative changes in numerous parametric data [37]. Table A1 provides descriptions and
equations for the calculated JIP-test parameters, showing how to calculate each biophysical
parameter using the initial fluorescence measurements [37–49].

3. Results
3.1. Estimation of Plant Biomass and Growth Rate

All three legume plant species (M. sativa, M. albus, and L. corniculatus) survived under
all diesel and BS treatments (D4, D6, D4BS, and D6BS) during the whole remediation exper-
iment. Diesel soil pollution had a significant adverse impact on all the tested legume plant
species, and the inhibitory effect was more pronounced under higher diesel concentrations.
The most considerable negative effect on shoot biomass production was observed in the
D4 and D6 treatments with M. albus (ANOVA, F = 50.7, p > 0.05). In the D6 treatment
of M. albus, there was a 64.5% reduction in shoot dry weight compared to the control.
Diesel soil contamination also had a significant effect on the shoot biomass of L. corniculatus
(ANOVA, F = 28.99, p > 0.05), though experienced inhibitory effect was less pronounced
(up to 35.6%). Among all the plant species tested, M. sativa was the most resistant to diesel
contamination (ANOVA, F = 12.74, p > 0.05), with only a 34.5% shoot weight loss in D6
treatment (Figure 1A). Tested leguminous plant species differed in their tolerance to diesel
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soil contamination. The highest tolerance was shown by M. sativa, while M. albus exhibited
the lowest tolerance (Table 1).
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Figure 1. Dry weight of shoot (A) and root (B) of M. sativa (MS), M. albus (MA), L. corniculatus (LC) 
grown in control (C), diesel-amended soil (D4, D6), and diesel- and BS-amended soil (D4BS, D6BS) 
for twelve weeks. Different letters specify a significant difference (p < 0.05) between the treatments 
(LSD test). 
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Figure 1. Dry weight of shoot (A) and root (B) of M. sativa (MS), M. albus (MA), L. corniculatus (LC)
grown in control (C), diesel-amended soil (D4, D6), and diesel- and BS-amended soil (D4BS, D6BS)
for twelve weeks. Different letters specify a significant difference (p < 0.05) between the treatments
(LSD test).

Table 1. Tolerance index (TI) of legume plants (M. sativa (MS), M. albus (MA), and L. corniculatus (LC))
in different soil treatments (D4—4 g kg−1 diesel, D6—6 g kg−1 diesel, D4BS—4 g kg−1 diesel + BS,
and D6BS—6 g kg−1 diesel + BS).

Treatment

Plant Species D4 D4BS D6 D6BS

MS 0.782 ± 0.065 b 1.008 ± 0.093 a 0.654 ± 0.022 b 0.776 ± 0.043 b

MA 0.487 ± 0.020 a 0.603 ± 0.061 a 0.354 ± 0.052 a 0.493 ± 0.061 a

LC 0.644 ± 0.046 b 0.867 ± 0.097 a 0.521 ± 0.040 b 0.771 ± 0.074 a

Different letters specify a significant difference (p < 0.05) between the treatments (LSD test) for each species.

The BS alleviated adverse diesel impact on the aboveground biomass of all tested
plant species at both diesel concentrations. BS significantly (up to 25.0%) diminished the
inhibitory effect of diesel on L. corniculatus shoot dry weight in D6BS treatment (Figure 1A),
resulting in significantly increased TI (0.52 vs. 0.77, p < 0.05) (Table 1). However, the
positive impact of the BS was less pronounced in the case of two other legume species,
M. sativa and M. albus, with a decrease in the inhibitory effect of only 12.2% and 13.8%,
respectively. In the D4BS treatment, L. corniculatus and M. albus showed similar decreases
in negative diesel impact, with reductions of 22.2% and 11.6%, respectively. For M. sativa
(D4BS), the addition of the BS had a stimulating effect compared even with the control (C),
though it did not reach statistical significance (ANOVA, F = 0.003, p < 0.05).

In comparison to its effect on the aboveground mass of the plant, diesel had a less
detrimental impact on the biomass of roots of the plants studied (ANOVA, FMA = 17.71,
p > 0.05; FMS = 11.14, p > 0.05; FLC = 8.68, p > 0.05). The highest diesel inhibitory effect on
root biomass was recorded for M. albus, whose root biomass in the D6 treatment was 54.5%
lower than that in the control treatment, while M. sativa and L. corniculatus lost 39% and
23.9%, respectively, compared to the control.

Soil amendment with BS not only counteracted the harmful diesel effect on the root
growth of M. sativa and L. corniculatus but also notably enhanced root growth. The most
pronounced increase in root biomass (+24.2%) compared to the control was noticed in L. cor-
niculatus subjected to D4BS treatment. Moreover, BS soil amendment affected L. corniculatus
root morphology as more lateral roots were formed, resulting in higher root density, and
the principal root was longer and thicker, indicating rooting depth and area of root zone
changes (Figure 2). However, in the case of M. albus, the use of BS did not produce any
stimulating effects compared to the control group. Additionally, when comparing D6 and
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D6BS treatments of M. albus, the application of BS resulted in a statistically significant
decrease in the root mass of 16.5% (p < 0.05).
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Figure 2. The difference in the degree and size of root development of the L. corniculatus grown in
control (C), diesel-amended soil (D4, D6), and diesel- and biosurfactant-amended soil (D4BS, D6BS)
for twelve weeks.

Due to their individual susceptibility to pollutants and different biology, certain plants
exhibited dissimilar growth patterns. From the 4th week, the growth of M. albus, measured
as plant height, grown in clean (control) soil was constantly higher compared to that of
plants grown in diesel-contaminated soil (Figure 3, Table 2). The differences in plant growth
patterns of M. sativa and L. corniculatus grown in control and diesel-contaminated soil were
less expressed. The plant height of plants grown in BS amended diesel contaminated soil
was higher than in the treatments without BS amendment. In addition, from the 10th week,
the height of M. sativa grown in BS-amended soil was higher than the height of control
plants. For M. albus and L. corniculatus, plant height in BS-amended treatment was also
higher than in the treatments without BS.
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Figure 3. Shoot height of plant species (M. Sativa (MS), M. albus (MA), L. corniculatus (LC)) grown in 
control (C), diesel-amended soil (D4, D6) and diesel and biosurfactant amended soil (D4BS, D6BS) 
for twelve weeks. 
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to an increase in non-photochemical dissipation energy (increases in DIo/RC and 
DIo/CSm) and, therefore, to a decrease in linear electron flow in photosystems and be-
tween them (reductions in ETo/CSm, ψEo, φEo, and φRo). This resulted in the diminished 
structure–function index (SFIabs) that favors photosynthesis, performance indexes (PIabs 
and PItotl), and overall photosynthetic driving forces (DFabs and DFtotal). The addition 
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control (C), diesel-amended soil (D4, D6) and diesel and biosurfactant amended soil (D4BS, D6BS) for
twelve weeks.
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Table 2. The calculated growth rate (cm week−1) of plant species (M. Sativa (MS), M. albus (MA),
L. corniculatus (LC)) grown in control (C), diesel-amended soil (D4, D6) and diesel and biosurfactant
amended soil (D4BS, D6BS) for twelve weeks.

Treatment

Plant Species C D4 D4BS D6 D6BS

MS 5.260 a 5.096 a 5.796 a 5.119 a 5.636 a

MA 6.150 a 3.757 b 4.187 b 3.689 b 4.414 b

LC 4.043 a 3.513 b 3.886 ab 3.721 ab 3.931 a

Different letters specify a significant difference (p < 0.05) between the treatments (determined by Z-test) for
each species.

M. sativa exhibited a consistent growth rate across all treatments (Table 2), although
the application of BS resulted in growth rate enhancement; however, the increase was not
statistically significant (p > 0.05). M. albus was highly susceptible to diesel soil pollution
and grew significantly slower than the control group. Although supplemented BS slightly
mitigated the inhibitory diesel effect on the growth rate of M. albus, the growth rate
remained lower than that of control plants. The growth rate of L. corniculatus in diesel-
contaminated soil was reduced by 8.0–13.1% and 2.7–11.8% in the treatments without BS
and with BS application, respectively.

3.2. Plant Chlorophyll Fluorescence

The chlorophyll fluorescence (ChlF) of the tested legume species was differentially
affected by diesel and biosurfactant. The ChlF changes in M. sativa demonstrated the
typical response of photosystem II (PSII) reaction centres (RCs) functionality under stress
conditions, with the response increasing with stressor intensity. When a certain part of
PSII RCs were inactivated under D6 treatment, M. sativa leaves responded to altered RC
functionality by increasing the light energy absorption capacity of the remaining active RCs
(increases in (dV/dt)o, ABS/RC, and TRo/RC, and decreases in RC/ABS and RC/SCm)
(Figure 4A). However, ineffective energy exploitation within the remaining active RCs
led to an increase in non-photochemical dissipation energy (increases in DIo/RC and
DIo/CSm) and, therefore, to a decrease in linear electron flow in photosystems and between
them (reductions in ETo/CSm, ψEo, φEo, and φRo). This resulted in the diminished
structure–function index (SFIabs) that favors photosynthesis, performance indexes (PIabs
and PItotl), and overall photosynthetic driving forces (DFabs and DFtotal). The addition of
BS significantly (p < 0.05) reduced the rate of RCs’ closure ((dV/dt)o) under D6 treatment
(D6BS), increasing the density of active RCs (RC/ABS and RC/CSm) and thus absorption,
trapping, and dissipation per active RCs decreased. This finally increased SFIabs, PIabs,
and PItotal, which were higher even than those of control plants (p > 0.05).

A non-typical ChlF response was observed for L. corniculatus. Both D4 and D6 treat-
ments affected the ChlF of L. corniculatus to a similar extent (Figure 4C). The rate of PSII
RCs’ closure and, thus, excitation energy transfer between the RCs (dVG/dto) increased,
reducing the density of active PSII RCs, electron transport (ET) in PSII (ETo/CSm), and
between photosystems (ψEo, φEo), and thus SFIabs, PIabs, and DFabs. However, contrary
to expectations that a decrease in ET in PSII would further reduce it even more in PSI, as was
the case for M. sativa (decreases in φRo and REo/CSm) (Figure 4A), electron flow through
PSI appeared to be facilitated in L. conriculatus leaves, allowing PSI to continue functioning
at high efficiency. This is evidenced by the electron flow capacity from plastoquinone to the
PSI end electron acceptors, as indicated by increases in δRo (p < 0.05 for D6), φRo, REo/RC
(p < 0.05 for D6), and REo/CSm, and thus PItotal and DFtotal increased (Figure 4C). BS
barely alleviated the diesel effect at 6 g kg−1 but was effective at 4 g kg−1, eliminating
the increased rate of PSII RCs closure ((dV/dt)o) and increasing PSII performance (PIabs,
SFIabs, and DFabs), which was close to control plants (p > 0.05) (Figure 4C).
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Figure 4. Conversion in the shape of the spider plot JIP-test parameters induced by diesel (D)
at 4 and 6 g kg−1 (D4 and D6, shown in orange and red, respectively) and biosurfactant (BS) at
4 and 6 g kg−1 diesel treatments (D4BS and D6BS, shown in light and dark green, respectively)
applied to M. sativa (A), M. albus (B), and L. corniculatus (C) relative to their control (C), i.e., D- and
BS-untreated plant values expressed as 100% (shown in black). Values are means (n = 3). Asterisks
(*), denoted by a different colour, mark significant differences between controls and D4- or D6- and
BS-treated plants according to the Fisher LSD test at p ≤ 0.05.

M. albus also showed other untypical responses to stress conditions with the most
pronounced changes in photosynthetic performance (Figure 4B). Unexpectedly, (dV/dt)o
decreased under D6 treatment, decreasing absorption, trapping, and dissipation per active
RCs, and thus RC/ABS and RC/CSm increased, enhancing PSII performance (PIabs, SFIabs,
and DFabs). However, the ET in PSII and between photosystems did not change under
D4 or D6 treatments. At the same time, electron flow from intermediate carriers to PSI
final electron acceptors (δRo and φRo) increased, thereby increasing Pitotal and Dftotal
(Figure 4B). ChlF in D4BS treatment almost did not differ from control ones (p > 0.05), while
increases in performance indexes were observed in D6BS treatment (Figure 4B).

3.3. Removal of Diesel

The implementation of three different legume plants (M. sativa, M. albus, L. corniculatus)
for diesel-contaminated soil phytoremediation led to a significant decrease in soil contami-
nation level (p < 0.05). Intermediate laboratory tests were conducted after 45 and 90 days
to comprehensively understand pollutant degradation (Figure 5).
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Figure 5. Diesel concentration in diesel-amended soil (D4, D6) and diesel- and biosurfactant-
amended soil (D4BS, D6BS) after 45 and 90 days in different soil remediation treatments: planted 
with M. Sativa (MS) (A), M. albus (MA) (B), L. corniculatus (LC) (C), and without plants (WP) (D). 

Figure 5. Diesel concentration in diesel-amended soil (D4, D6) and diesel- and biosurfactant-amended
soil (D4BS, D6BS) after 45 and 90 days in different soil remediation treatments: planted with M. Sativa
(MS) (A), M. albus (MA) (B), L. corniculatus (LC) (C), and without plants (WP) (D).

The results show that most diesel pollution was decomposed during the first half of
the experiment. The efficiency of the diesel removal rate under the D4 treatment spanned
from 53.3% in unplanted treatment to a remarkable removal of 87.1% in soil planted with
legumes. In the D6 treatment, the removal rate was somewhat lower, reaching 36.3% in
unplanted treatments, 80.6% in treatments planted with M. sativa, and 80.4% with M. albus.
Only L. corniculatus displayed a higher diesel removal rate of 87.3% in the D6 treatment
than in the D4 treatment (Figure 5C).

At the end of the experiment (90 days), diesel degradation in planted D4 treatments
varied slightly from 87.9% for M. albus to 93% for L. corniculatus. Very similar values
were observed in planted D6 treatments. Meanwhile, the diesel removal rate in unplanted
treatments reached only 66.5% and 52.4% in D4 and D6 treatments, respectively (Figure 6B).

The BS addition significantly enhanced the diesel degradation in unplanted treatments:
the degradation rose from 66.5% in D4 to 82.8% in D4BS treatment and from 36.3% in D6 to
45.5% in D6BS treatment (LSD, p < 0.05). However, the impact of BS on phytoremediation
efficiency in planted treatments was less pronounced. The results varied, ranging from
92.4% in D6BS treatment with M. albus to 97.2% in D4BS with L. corniculatus. Both treatments
with M. sativa and L. corniculatus (D4BS, D6BS) demonstrated a significant stimulating
effect of BS. It is noteworthy that the samples planted with M. albus did not exhibit any
significant influence (LSD, p > 0.05).

Although the application of BS proved to significantly enhance bioremediation ef-
ficiency rates, the effect was contaminant-concentration-dependent; at lower diesel soil
concentration (4 g kg−1), the BS amendment had a higher stimulatory effect on diesel re-
moval compared to that detected at 6 g kg−1. On average, in the middle of the experiment
(45 days) in the D4BS treatment, the diesel removal rates increased by 16.9% in unplanted
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and 4.9% in planted units compared to the D4 treatment (Figure 6A). In the D6BS treatment,
the diesel removal rates were 9.2% and 5.7% higher in unplanted and planted treatments,
respectively, than in the D6 treatment. At the end of the experiment (90 days), in the D4BS
treatment, the diesel removal rates increased by 16.3% in unplanted treatments and 4.6%
in planted treatments compared to the D4 treatment. In the D6BS treatment, the diesel
removal rates were 6.9% and 3.2% higher in unplanted and planted treatments, respectively,
than in the D6 treatment.
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D6) and diesel- and biosurfactant-amended soil (D4BS, D6BS) planted with M. Sativa (MS), M. albus
(MA), L. corniculatus (LC), and unplanted soil (WP) in control (C).

3.4. Soil Nutrients and Soluble Phenols

Nitrate soil concentration significantly decreased during the remediation process
of diesel-contaminated unplanted and planted soil compared to the initial concentra-
tions (p < 0.05) (Figure 7A). The highest drop was observed in the soil contaminated with
6 mg kg−1 of diesel in unplanted and planted treatments. There were only negligible differ-
ences in nitrates soil concentration among treatments planted with different legume species
soil. BS amendment had a positive effect on final nitrates concentration in unplanted
treatment and with L. corniculatus planted treatment with a more pronounced effect at
lower diesel soil concentrations. BS application had no effect on NO3

− concentration in
M. sativa treatments, whereas in the soil planted with M. albus, the positive BS effect was
detected in the soil with 6 mg kg−1 diesel.

NH4
+ concentration in soil ranged from 13.4% below the initial NH4

+ concentration
up to 37.4% above the initial value (Figure 7B). In most cases, NH4

+ concentration in
unplanted soil was lower than in the soil where legume plants were grown. In general, the
legume plant species had a weak but significant effect on the amount of NH4

+ in the soil
(ANOVA, F = 3.93, p < 0.05). The most significant increase in NH4

+ concentration from the
initial values was observed in the D6 treatments planted with L. corniculatus (37.4%) and M.
sativa (26.4%). At the same time, the highest reduction in NH4

+ amount was recorded in
the unplanted and diesel unamended soil (control). BS application led to a higher NH4

+

concentration in unplanted soil, though in planted treatment, the effect of BS differed
among plant species and diesel concentration. In M. sativa treatment, the BS application
lowered NH4

+ concentration both at 4 and 6 mg kg−1 diesel levels.
The decisive factor of inorganic P increase in the soil from the initial level was the sup-

plementary addition of biosurfactant (LSD, p < 0.05). A significant increase in inorganic P
concentration was observed in all treatments except for the D6BS without plants (Figure 7C).
On the other hand, BS application in unplanted soil contaminated with 4 mg kg−1 of diesel
resulted in the highest rise in P concentration (32.4%) from the initial value. In the planted
treatments, the highest increase in inorganic P was detected in the D6BS treatment with M.
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albus (27.6%) and M. sativa (18.2%) and in the D4BS treatment with L. corniculatus (20.5%).
In the treatments without BS, the inorganic P values remained close to the initial concen-
tration. Only the cultivation of M. albus resulted in an increase in the inorganic P content
(LSD, p < 0.05), while the cultivation of L. corniculatus and M. sativa had no significant effect.
In contrast, M. sativa did not help to maintain inorganic P levels in the soil, and a clear
tendency of decreasing phosphate concentration with increasing diesel concentration in
the soil was observed.
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Figure 7. The final concentrations of nitrates (NO3−) (A), NH4+ (B), inorganic phosphorus (C), and 
water-soluble phenols (D) in the soil where three plant species (M. Sativa (MS), M. albus (MA), and 
L. corniculatus (LC)) grown and without plants (WP) in control (C), diesel-amended soil (D4, D6), 
and diesel- and biosurfactant-amended soil (D4BS, D6BS) for twelve weeks. The dotted lines show 
the initial concentration before treatments. Different letters specify a significant difference (p < 0.05) 
among the treatments (LSD test) for each plant species. 
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Figure 7. The final concentrations of nitrates (NO3
−) (A), NH4

+ (B), inorganic phosphorus (C), and
water-soluble phenols (D) in the soil where three plant species (M. Sativa (MS), M. albus (MA), and
L. corniculatus (LC)) grown and without plants (WP) in control (C), diesel-amended soil (D4, D6),
and diesel- and biosurfactant-amended soil (D4BS, D6BS) for twelve weeks. The dotted lines show
the initial concentration before treatments. Different letters specify a significant difference (p < 0.05)
among the treatments (LSD test) for each plant species.

All treatments involving legume plants showed a statistically significant increase in
water-soluble phenol concentration compared to the initial level (p < 0.05) (Figure 7D).
M. sativa and L. corniculatus cultivation generated more water-soluble phenols in all treat-
ments except the control, while in the treatments with M. albus, the highest increase in
water-soluble phenols was detected in the control (46.7%). Across all treatments, including
the control, the concentration of water-soluble phenols in unplanted treatments decreased
from the initial value and was lower than in planted treatments. The addition of biosur-
factants in the unplanted D4BS and D6BS treatments resulted in a significant increase in
phenol levels compared to the initial concentration and other applications (LSD, p < 0.05).
The effect of BS application differed between plant species. The cultivation of L. corniculatus
and M. sativa in the soil contaminated with 4 mg kg−1 led to a slight decrease (LSD, p > 0.05)
in water-soluble phenols, whereas at 6 mg kg−1 of diesel, an increase in water-soluble
phenols was found. A statistically insignificant increase (LSD, p > 0.05) in water-soluble
phenol concentration was found in the treatments planted with M. albus regardless of diesel
concentration in the soil.



Environments 2024, 11, 64 12 of 22

4. Discussion

Legumes could be an excellent option for the phytoremediation of petroleum
hydrocarbon-contaminated soil due to their unique properties [16,50,51]. However, the
plant’s resistance to contamination is the key determinant of its suitability for phytoremedi-
ation. Even low concentrations of diesel can harm plants and soil microorganisms. This is
not solely due to the direct toxicity of diesel but also due to the toxic byproducts produced
during the microbial breakdown of intermediate hydrocarbons [52–54]. When found in
soil, diesel can impede the proper functioning of plant cells, resulting in inhibited growth,
discolouration, and even death [55]. Consequently, plants cultivated in diesel-polluted soil
display noticeable differences compared to those grown in uncontaminated soil. The lethal
concentration varies among plant species and depends on various factors such as the type of
hydrocarbon, duration of exposure, and specific characteristics of the plant species [56,57].

In this study, two legumes (M. sativa and L. corniculatus) tolerated soil contamination
with diesel reasonably well despite its high toxicity. The TI (Tolerance index) of M.sativa
varied from 0.78 in D4 to 0.65 in D6 treatments, and the TI of L. corniculatus was 0.64 and
0.52, respectively. M. abus was more sensitive to diesel with TI 0.48 and 0.35 in D4 and D6
treatments, respectively. Plant tolerance to diesel soil contamination corresponded well
with plant growth rate. Diesel had only a negligible (3.1%) inhibiting effect on the growth
rate of M. sativa, while M. albus in diesel-contaminated soil grew up to 39.9% slower than
those in control soil. High L. corniculatus and M. lupulina tolerance to diesel were also
confirmed by Pawluśkiewicz et al. (2020) [58], though T. repens showed higher sensitivity.
Good M. sativa tolerance to diesel was found in the study by Hawrot-Paw et al. (2015) [59],
where 19 plant species’ responses to diesel were analysed.

As plant tolerance to the contaminant is crucial for the success of soil remediation [60],
the data on plant growth corresponded well with the diesel removal rate. The effectiveness
of diesel removal in planted treatments varied slightly, with the highest efficiency of 93%
observed in L. corniculatus and the lowest efficiency of 87.9% observed in the D4 treatment
with the most sensitive plant M. albus. In the D6 treatment, the removal efficiency of diesel
was slightly lower for M. sativa and L. corniculatus, reaching 88.1% and 90.3%, respectively.
Only M. albus achieved slightly higher efficiency in the D6 treatment than D4 and reached
90.6%. The high bioremediation efficiency of M. sativa and L. corniculatus was also confirmed
during a 90-day remediation study by Zuzolo et al. (2021) [10], with both species showing
high-efficiency rates of 87–89%. Our results show that the most intense diesel degradation
is observed during the first 45 days of the experiment, and later, the degradation rate slows.

The close relationship between diesel removal efficiency and plant shoot biomass
(r = 0.68, p < 0.05) implies that ensuring better plant performance is essential for efficient
contaminant removal from the soil. Several additives are used to stimulate plant growth
performance in contaminated soil and enhance petroleum hydrocarbon bioremediation.
Many studies have reported successful implementation of biochar, microbiological inocula,
urea, compost, etc. [61–66]. Various biosurfactants (BS) have recently received considerable
attention as bioremediation-promoting agents [67–69]. BS, produced by bacteria, yeast,
and fungi, are amphiphilic biomolecules that reduce surface tension at air/water and
interfacial tension at oil/water interfaces [70,71]. The positive effect of BS HydroBreak
PLUS was also confirmed during this study. This amendment not only increased legume
plant tolerance to diesel (Table 1) but also contributed to better removal efficiency of diesel
(Figure 6) and soil nutrient recovery (Figure 7). However, BS efficiency in diesel removal
is dose-dependent and decreases with the dose (Figure 6), suggesting that the highest
efficiency of its amendment could be achieved at low soil contamination. According to
similar studies, the effect of BS amendment depends on many factors, including applied
plant species, type of petroleum hydrocarbons, and selected BS [72–75].

The effect of BS could be explained in two ways: petroleum hydrocarbons are not
easily soluble in water and often become trapped in the soil, hindering microorganisms’
ability to break them down [76]. Firstly, BS molecules can dissolve contaminants, making
them more accessible to microorganisms and increasing their bioavailability. Secondly, BS
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can alter microorganisms’ hydrophobicity, allowing them to adhere to the contaminants
directly [70,77]. This helps to promote better contact between the microbes and pollutants,
resulting in increased metabolic activity and improved contaminant degradation [78].

The functional state of the photosynthetic apparatus is an important physiological
indicator for studying plants’ susceptibility to environmental abiotic stress. ChlF measure-
ments are a quick, non-invasive, and informative method for investigating the structure and
function of the photosynthetic apparatus [37] and the JIP test has gained prominence for
large-scale stress screening [38]. The JIP test was proven to be an effective tool in studying
how photosynthetic apparatus adapts to various stressors, such as nutrient deficiency,
salinity, drought, heat, and heavy metal stress [48], as well as oil contamination [79].

Although tested leguminous exhibited good tolerance to soil diesel contamination
and high removal efficiency, they showed distinct physiological responses, in terms of
chlorophyll fluorescence. M. sativa showed ChlF response when the light energy absorp-
tion capacity of the remaining active RCs increased in response to the inactivated part
of PSII RCs (Figure 4A), which has been observed in studies with different stressors and
plant species [80–83]. The inactivation of RCs is considered a downregulation mechanism
in which the excess of absorbed light is transferred away from photosynthetic electron
transport by dissipating it as heat to protect stress-suffered leaves from photo-oxidative
damage [84]. However, as indicated by decreases in SFIabs, PIabs, PItotal, DFabs, and
DFtotal (Figure 4A), due to this self-protection mechanism, i.e., dissipating excess energy,
the excitation energy transferred to the remaining active PSII RCs was inefficiently utilised
in photochemical reactions. This was reflected in the significant reduction in shoot biomass
(Figure 4A), which was coherent to ChlF parameters under D6 treatment. The lower
light use efficiency with higher heat dissipation, resulting in a lower photosynthetic rate
and shoot biomass production, was also found in response to the cadmium treatment
of Brassica napus in the study of Dikšaitytė et al. (2024) [80] and in the study of Song
et al. (2016) [85], who examined the photosynthetic responses of S. baicalensis to future
climate change. A reduction in M. sativa photosynthetic performance was also recorded by
Agnello et al. (2016) [86] in heavy metal and petroleum hydrocarbon co-contaminated soil.
In addition, the transformation of some active PSII RCs into silence in M. sativa and L. cornic-
ulatus leaves (Figure 4A,C) could have occurred not only due to their structural changes to
‘heat sinks’ but also due to the inactivation of oxygen-evolving complex (OEC), additionally
limiting electron supply to the linear ET chain from the PSII donor side [46,47,84,87]. This
was indicated by increases in TRo/RC and Vk/Vj (Figure 4A,C) and a decrease in Fv/Fo
(Figure 4A). In addition, considering that TRo/RC followed the ABS/RC, while φPo was
not affected, the increases in ABS/RC and Vk/Vj in both M. sativa and L. corniculatus leaves
could also mean that the functional antenna, i.e., the antenna that supplies excitation energy
to active RCs, increased in size [47,88]. According to Kotakis et al. (2014) [47], it is possible
that PSII RCs were degraded earlier than their light-harvesting complex II (LHCII), and the
RCs-free LHCII provided excitation energy to the remaining centres.

Partially unlike M. sativa, a similar ChlF response to that of L. corniculatus (Figure 4C)
was observed in the study of Kotakis et al. (2014) [47] for E. dendroides during leaf senescence
despite decreased chlorophyll concentration. According to Kotakis et al. (2014) [47], given
that the electron sink capacities of both CO2 assimilation and photorespiration cycles in
senescing leaves have been severely reduced due to extensive Rubisco degradation [89], the
evident facilitation of ET from intermediate electron carriers to final acceptors of PSI appears
ineffective. Therefore, the authors argued that alternative ET pathways might be activated,
as the cyclic electron flow (CEF) through PSI increased significantly in E. dendroides. We
did not measure CEF, but we believe it was also possible in diesel-treated L. corniculatus
leaves. CEF around the PSI reduces plastoquinone at the expense of stromal electron
donors, primarily NADPH and ferredoxin (Fd). The overexpression of Fd stimulates
plastoquinone (PQ) reduction, CEF, and non-photochemical energy quenching (NPQ),
as well as a small increase in oxidative stress tolerance, but it has little effect on CO2
fixation [90]. In this way, CEF may aid in stress adaptation by adjusting the ATP/NADPH
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ratio [91,92], developing NPQ [90], and protecting against photo-oxidative stress [93] when
absorbed photon energy exceeds CO2 assimilation needs. It has been demonstrated that
the cyclic pathway is activated during heat, drought, and high-light and low-temperature
stresses [91,94]. Therefore, the higher demand for ATP under diesel stress conditions in L.
corniculatus leaves to maintain homeostasis could have been fulfilled by CEF around the
PSI favoring NPQ, which could have helped dissipate excess energy to maintain active
CO2 fixation. The shift in equilibrium between linear ET and CEF is considered to serve as
an important mechanism for plant adaptation to changing environmental conditions [95],
and regulating CEF helps photosynthesis tolerate stress [96]. The enhanced PSI functioning
(PItotal) in D-treated M. albus leaves (Figure 4B) might also be the result of CEF activation
as the adaptation to induced stress. However, other alternative electron transfer pathways,
which contribute to PSI or PSII photoinhibition prevention, could also be possible [91] and
need future research. As a result of the above-mentioned possible adaptation mechanism
to diesel-induced stress conditions, unlike for M. sativa, the PItotal and DFtotal were
inversely related to shoot biomass in both L. corniculatus and M. albus at both D4 and D6
treatments, though the correlation was statistically significant only in the case of M. albus at
D6 treatment (r = −0.91, p < 0.05). Taking all these into account, the discrepancy between
the total performance index of photosynthetic apparatus and plant biomass in the cases
of L. corniculatus and M. albus could indicate that the produced energy was used to resist
contaminant-induced stress rather than to accumulate biomass. Therefore, while ChlF
changes were good enough to explain M. sativa biomass accumulation under D and D+BS
treatments, they were not sufficient to clarify the growth and remediation efficiency of
L. corniculatus, let alone M. albus. Different ChlF and plant biomass responses to diesel
contamination were also observed in other studies. However, diesel inhibited biomass
acquisition had no impact on the efficiency of photosystem II of T. repens, L. perenne [60],
and B. napus [97].

BS can improve soil quality and act as plant growth promoter by reducing tension, im-
proving plant–microbe interactions, enhancing nutrient exchange, degrading hydrocarbons,
eliminating pathogens, and boosting plant immunity [72]. According to the gained result,
there was a positive correlation between the biomass production of plants and the removal
rate of diesel in the presence of biosurfactant (r = 0.74, p < 0.05). The amendment’s inclusion
had a notable impact on the biomass increase in M. Sativa and L. corniculatus, as well as the
elimination rate of the pollutant. Moreover, in the case of soil contamination with lower
(4 mg kg−1) diesel concentration, M. sativa biomass (aboveground and belowground) pro-
duction and growth rate and L. corniculatus belowground biomass were higher than those
in the control soil, implying hormetic response. The hormetic response of M. sativa biomass
production in diesel-contaminated soil was also shown by Eze et al. (2021) [98]. Surfactant
addition facilitated M. sativa growth in PAH-contaminated soil through enhanced nutrient
uptake [99]. However, BS addition did not ameliorate M. albus aboveground biomass pro-
duction in diesel-contaminated soil and exacerbated (by 16.58%) root growth at 6 mg kg−1,
resulting in a negligible effect on diesel removal efficiency (Figure 6). These controversial
results confirm that the effect of biosurfactants on phytoremediation is species-specific and
depends on the unique properties of species [100].

Generally, soil contamination negatively affects soil physical structure, lowers nutrient
content, leads to unfavourable conditions for plant growth, and negatively affects the
fitness of soil-dwelling animals. Therefore, contaminated soil restoration through contam-
inant removal and soil quality improvement is of high importance in the management
of contaminated areas. After decontamination, it should be possible to use the soil again
without violating the principles of circular economy and sustainable development. Ideally,
biological soil treatment should clean up the soil and restore its physical and chemical
properties [101,102]. Legumes have an advantage over non-nitrogen-fixing plants because
they can fix nitrogen. This means they do not have to compete with microorganisms and
other plants for the limited soil nitrogen reserves in oil-contaminated areas [50]. Moreover,
legumes stimulate petroleum-degrading microorganisms in the rhizosphere by providing
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the necessary nutrients and root exudates into the rhizosphere. This ability makes legumes
ideal for planting in areas contaminated by petroleum hydrocarbons [103]. It was observed
that the most significant reduction in the main soil nutrients during soil phytoremediation
was in the amount of nitrates. This is not surprising since nitrates are used both during
plant growth and during the decomposition of petroleum hydrocarbons by microorganisms.
This is visible when compared to the non-planted treatments, where the concentration of
nitrates decreased to a lesser extent. The most significant reduction was observed in the D6
treatment in all planted and unplanted treatments, ranging from 85.9% with M. sativa to
87.7% with L. corniculatus. The positive impact of BS increasing nitrate concentration was
evident in all instances of D4BS and D6BS application.

Soil NH4+ concentrations were similar to the initial levels in most treatments but
tended to be higher with increased diesel concentration and using a BS. The direct impact
of biosurfactants on nitrogen fixation is not explicitly shown in the literature; it is plausible
that they could potentially influence this process. For instance, biosurfactants could enhance
the mobility and bioavailability of nitrogen in the soil, thereby promoting the activity of
nitrogen-fixing bacteria. The use of biosurfactants can have an impact on the levels of
nitrate. They can enhance microbial processes responsible for nitrate loss and nitrous
oxide production. By employing biosurfactants, these processes can be executed more
effectively [104]. Moreover, some evidence suggests that certain nitrogen-fixing bacteria
also produce BS [105]. Regarding the ensurance of sustainability, the use of legumes
for phytoremediation contributes to soil health and fertility restoration. Following plant
senescence, legumes may help to restore nitrogen balance via the incorporation of plant
residues into the soil [106]. Restoration of soil health is crucial in implementing the EU Soil
Strategy for 2030.

The addition of BS was the primary factor responsible for increased soil inorganic P
concentration in planted and unplanted soil. A statistically significant increase in inorganic
P concentration was captured in all treatments containing BS, except in unplanted soil
under D6BS treatment [107]. Karamchandani et al. (2022) [108] also found that BS has
a positive effect on plant growth by solubilising inorganic phosphates in the soil and
making them bioavailable. The concentration of phosphorus and nitrogen compounds
in the soil after BS treatment may have increased due to the presence of biodegradable
surfactants, plant extracts, and organic acids in the HydroBreak PLUS product.

Plant roots can release soluble phenols. Phenols are essential compounds produced
by plant species as a peripheral stimulus or defensive mechanism to regulate different
environmental biotic stresses [109]. For instance, a wide range of microorganisms, including
plant growth-promoting microbes and petroleum hydrocarbons oxidising microorganisms
situated at the rhizosphere, can break down these phenolics, use them as a food source,
and enrich soil fertility [110]. In this case, legume plants significantly increased water-
soluble phenols in the soil compared to the initial concentration, contributing to better
diesel degradation and soil health restoration. M. sativa and L. corniculatus generated more
phenols in all treatments except the control, while M. albus showed the opposite trend.
In the unplanted treatments, a decrease in water-soluble phenols compared to baseline
was observed in treatments without plants (Figure 7D). However, adding BS resulted in
a significant increase in phenolics, possibly due to the composition of BS HydroBreak Plus,
which contains water-soluble phenols.

5. Conclusions

All three legume species, M. sativa, M. albus, and L. corniculatus, survived in diesel-
contaminated soil, but tolerance to diesel varied among species and was concentration-
dependent. The legumes effectively removed diesel from the soil, and a strong positive
correlation was observed between diesel removal efficiency and plant shoot biomass. How-
ever, only for M. sativa, the phytoremediation efficiency could be explained by the changes
in photosystem II performance. L. corniculatus showed the highest diesel removal rate,
while M. albus had the lowest. It was found that adding biosurfactants to the soil increased
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the legumes’ tolerance to diesel and also enhanced the contaminant removal efficiency.
The effectiveness of the biosurfactant in diesel removal was found to be dose-dependent,
which decreased when the diesel dosage was too high. This suggests that the best results
in practice using this amendment could be achieved at low levels of soil contamination.
The supplementary biosurfactant addition also improved soil nutrient recovery and signifi-
cantly increased soil inorganic P and water-soluble phenols concentration. According to
the study, the biosurfactant can potentially improve the phytoremediation process in soil
contaminated with petroleum hydrocarbons.
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Appendix A

Table A1. The abbreviations, formulas, and definitions of selected JIP-test parameters derived
from data extracted from the fast fluorescence transient O-J-I-P, where O represents the origin (Fo,
minimum fluorescence), J and I represent two intermediate levels at 2 ms and 30 ms (FJ and FI),
respectively, and P represent peak (FP or Fm) when the fluorescence is maximal. PSI stands for
photosystem I, PSII for photosystem II, RC for active PSII reaction centres, CS for the cross-section
of PSII (i.e., the surface of the excited photosynthetic sample, which includes the photosynthetic
response of both active and inactive RCs), QA for PSII’s first plastoquinone electron acceptor, PQ for
plastoquinone, and OEC for oxygen-evolving complex [36–48] *.

Parameters Definitions References *

Extracted and technical fluorescence parameters

Fo
Minimum fluorescence intensity at 50 µs, when all PSII RCs are

assumed to be open [40–42]

Fm = FP
Maximum fluorescence intensity recorded under saturating

illumination at the peak P of OJIP, when all PSII RCs are closed [40–43]

Fv = Fm − Fo Maximum variable fluorescence [40–44]

Fv/Fo = kp/kN = (Fm − Fo)/Fo

The maximum ratio of quantum yields of photochemical and
non-photochemical energy quenching in PSII RC that is related to
the maximal efficiency of OEC on the donor side of PSII (the most

sensitive link in the photosynthetic chain of electron transport)

[40,42,45]

Vk = (F300µs − Fo)/(Fm − Fo) Relative variable fluorescence at 300 µs (K-band) [46–49]

Vj = (F2ms − Fo)/(Fm − Fo) Relative variable fluorescence at 2 ms [46–49]

Vk/Vj
Efficiency of electron flow from OEC to PSII RCs, a relative measure

of inactivation of OEC [46–49]

dVG/dto Expression of excitation energy transfer between RCs [40,42]

(dV/dt)o = Mo ≈ 4(F0.3ms − F0.05ms)/Fv

Initial slope (in ms−1) of the O-J fluorescence rise, which
corresponds to the maximal rate of the accumulation of the fraction

of closed RCs (expresses the rate of the RCs’ closure)
[37,40,42,44,45]

tFm Time to reach Fm, in ms [37,38,40,41,43]
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Table A1. Cont.

Parameters Definitions References *

N
The turnover number that indicates how many times QA has been

reduced in the time span from 0 to tFm (number of QA redox
turnovers until Fm is reached)

[37,40,41]

Area The total complementary area above the OJIP curve between Fo
and Fm and the Fm [37,38,40–43,45]

Sm = Area/Fv

Normalised area expresses the energy needed to close all RCs
during the multiple turnover in the QA reduction (closure of RCs)
and is proportional to the pool size of the electron acceptors on the
reducing side of PSII and therefore related to the number of electron

carriers per electron transport chain

[37,38,40–44]

Quantum yields and efficiencies/probabilities

φPo = Fv/Fm = TRo/ABS = 1 − Fo/Fm
Maximum quantum yield of primary photochemistry reactions in

PSII RC [37,38,40–45]

ψEo = ETo/TRo = 1 − VJ
Efficiency/probability that PSII trapped electron moves future than

QA
− (i.e., is transferred from QA

− to PQ) [37,38,41–45]

φEo = ETo/ABS = φPo × ψEo Quantum yield of electron transport (ET) from QA
− to PQ [37,38,41–45]

δRo = REo/ETo = (1 − VI)/ψEo

Efficiency/probability with which an electron from the intersystem
electron carriers is transferred to reduce end electron acceptors at

the PSI acceptor side
[38,42–45]

φRo = REo/ABS = φPo × (1 − VI)
Quantum yield for reduction of end electron acceptors at the PSI

acceptor side [38,42–44]

Specific energy fluxes per active (QA reducing) PSII reaction centre (RC)

ABS/RC =(Mo/VJ)/φPo
Absorption flux of antenna Chls per active PSII RC (also a measure

of PSII apparent antenna size) [37,38,40–45]

TRo/RC =Mo/VJ
Maximum trapped energy flux leading to QA reduction per active

PSII RC [37,38,41–45]

DIo/RC =ABS/RC − TRo/RC Dissipated energy flux per active PSII RC in processes other than
trapping [37,40,42,44,45]

ETo/RC = (Mo/VJ) × ψEo
Electron transport flux further than QA

− (i.e., from QA
− to PQ) per

active PSII RC [37,38,40–45]

REo/RC = (Mo/VJ) × (1 − VI)
Electron flux leading to the reduction in the PSI end acceptor per

active PSII RC [38,42–44]

RC/ABS = φPo × (VJ/Mo) = (ABS/RC)−1 Density of active RCs on PSII antenna Chl a basis (reciprocal of
ABS/RC) [38,41]

Phenomenological energy fluxes per excited cross-section (CSm, subscript m refers to time Fm) of PSII

ABS/CSm ≈ Fm Absorbed photon flux of antenna Chls per excited CSm of PSII [37,41,44]

TRo/CSm = φPo × ABS/CSm Maximum trapped energy flux leading to QA reduction per excited
CSm of PSII [37,41,44]

DIo/CSm = ABS/CSm − TRo/CSm Dissipated energy flux per excited CSm of PSII in processes other
than trapping [37,41]

ETo/CSm = φEo × ABS/CSm Electron transport flux further than QA
− (i.e., from QA

− to PQ) per
excited CSm of PSII [37,41,44]

REo/CSm = φRo × ABS/CSm Electron transport flux leading to the reduction in the PSI end
acceptor per excited CSm of PSII [44]

RC/CSm = φPo × (VJ/Mo) × Fm Density of active RCs per excited CSm of PSII [37,41,45]

Performance indexes on absorption basis (combination of parameters expressing partial potentials at steps of energy bifurcations of PSII and of
specific electron transport reactions)

PIabs = (RC/ABS) × [φPo/(1 − φPo)] ×
[ψEo/(1 − ψEo)]

Performance index (potential) for energy conservation from
photons absorbed by PSII antenna to the reduction in intersystem

electron acceptors
[37,38,40–46]

PItotal = PIabs × [δRo/(1 − δRo)] Performance index for energy conservation from photons absorbed
by PSII antenna to the reduction in PSI end acceptors [38,40,42–44]

SFIabs = RC/ABS × φPo × ψEo
Structure–function index, which reflects changes that “favor”

photosynthesis [44]

Driving forces on an absorption basis

DFabs = log(PIabs) The driving force for the photochemical activity of the processes
evaluated by the PIabs [37,40,44]

DFtotal = log(PItotal) The total driving force for the photochemical activity of the
processes evaluated by the PItotal [37,44]
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