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Pollutants in soils are detrimental to ecosystems and agricultural production and may also be a
pressing threat to human health. In this context, biochar could be used as part of nature-based
solutions to remediate polluted areas. In this work, a series of innovative biochar-based strategies were
tested in a soil contaminated by hydrocarbons C>12 and copper (Cu) to investigate their effectiveness
in soil decontamination and revegetation potential. Specifically, biochar was applied to soil alone

(SB) or combined with bioaugmentation (SBB) and/or phytoremediation (SBP and SBBP) techniques.
Overall results showed that after nine months (T9) biochar added to soil increased hydrocarbon
degradation to 66.7% with respect to control soil (46%, natural attenuation). Moreover, the biochar in
combination with a microbial consortium and/or plants significantly increased hydrocarbon removal

by up to 90%. Concurrently, the fraction of Cu associated with organic matter, characterized by low
bioavailability, increased significantly (1.4—2-fold) when biochar was applied. Soil microbial abundance
increased over time in all conditions, reaching highest values in SBB and SBBP. This was associated
with the higher levels of available phosphorus in the soil. The consortium’s presence enhanced plant
growth compared to SB. On the contrary, plants grown on contaminated soil alone were not able to
survive until the end of the experiment. Overall, the results of this work make a significant contribution
to the understanding of the interaction of biochar with contaminants, plants and microorganisms,
providing a useful tool for future brownfield revegetation/remediation programs.
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Soil contamination is a major global issue, and both heavy metals and organic pollutants can cause significant
environmental problems. Pollutants in soils are detrimental to ecosystems and agricultural production
and may also be a pressing threat to human health. Therefore, it is crucial to find nature-based solutions
for remediating polluted areas. In this context, biochar, a vegetal black carbon produced by the pyrolysis of
biomass, has received much attention due to its physicochemical characteristics, the possibility of valorizing
this material as a by-product of biomass conversion and to its potential as a carbon sequestration material'.
Biochar has been proposed as soil amendment in agriculture, demonstrating its positive effects on soil fertility
and water retention potential’~*. Novel applications for water treatment and soil remediation are being explored,
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presented as interesting solutions in the context of a circular and carbon neutral economy>8. The high surface
area pore structure and high adsorption capacity of biochar enable toxic compounds such as heavy metals to
immobilize®!°. In addition, from an ecological perspective, the growth and reproduction of microorganisms can
be supported by the presence of biochar pores, which provide a habitat, and by the presence of available nutrients
and energy to sustain their growth!!. Soil microbial communities play important ecological roles in terrestrial
ecosystems such as organic matter decomposition, nutrient cycling, and organic pollutant degradation'?. They
are influenced by the physicochemical characteristics of soil such as pH, moisture, organic carbon, and nutrient
content, as well as by contaminant presence and soil amendments. Microbial decontamination of petroleum
hydrocarbon (PHC) contaminated soils has been extensively studied'® and has been described as a cheap and
effective strategy to recover contaminated soils!*. Several microorganisms and consortia have been identified to
degrade organic hydrocarbons in soils'® and they can be promisingly used in bioaugmentation applications'® for
remediation of contaminated soils'®.

In recent years, several studies and reviews have focused on the possibility of using the combined action of
bioaugmentation and biochar as an effective strategy for microbial remediation of contaminated soils'#7-2°. Tu
et al.?! observed that the application of biochar and Pseudomonas sp. decreased the lability and bioavailability of
both Cdand Cu, especially at the highest application rates. In other studies, the immobilization of microorganisms
on biochar has been shown to be advantageous for hydrocarbon remediation with higher removal values and
promotion of microbial populations?*?. Zhang et al.?* demonstrated that, after 60 days of treatment, the
concentration of C12-18 hydrocarbons in the soil decreased, highlighting a removal efficiency of 30-58%.
Biochar has also been recommended as a carrier for microorganisms. In fact, biochar has been demonstrated to
enhance the persistence, survival and colonization of microbial inocula in soil and plant roots?*?°. This aspect
has mostly been studied for agronomic applications. More recently, it has garnered attention for its potential in
soil remediation?-28.

Furthermore, plants can be used to reduce, eliminate, and transform organic toxic compounds and to
immobilize and/or accumulate heavy metals?***. Contaminant immobilization and degradation are particularly
enhanced by plant root and soil microbial interactions®!. Revegetating contaminated soils amended with organic
matter and/or biochar can result in significant reductions in contaminant mobility in the soil®’. However, a
recent review highlighted that biochar used in synergy with the presence of plants could play a dual role in
heavy metal contaminated soils, i.e. phytoextraction or phytostabilisation, depending on the type of biochar
and the rate of application®. Revegetation of contaminated soil presents other advantages: (i) improves soil
water-holding capacity, (ii) reduces the volume of overland runoff and soil erosion, (iii) facilitates soil aeration,
(iv) increases the content of available carbon through the decomposition of plant residue and the release of root
exudates, and (v) can help to restore proper ecological functions by improving and stimulating the diversity and
functionality of soil microorganisms*.

Several studies about soil remediation have focused on the effect of a single strategy e.g. biochar soil
amendment, bioremediation with microorganisms, phytoremediation or of a combination of two of them3°-%,
However, the combined use of biochar-microorganism-plant and a direct comparison among these remediation
techniques have received little attention so far. In this framework, Xiang et al.* have recently highlighted
the necessity of exploring all facets of biochar-microorganism-plant associations in remediating organic
contaminated soils and in particular those simultaneously polluted by organic and metal ones.

This work aims to study the effect of biochar amendment, alone and in combination with bioremediation
techniques, on soil pollution (hydrocarbons and Cu) and on its revegetation potential. Reports from countries
across Europe indicate that heavy metals and mineral oil are the most frequent soil contaminants at investigated
sites. Among them, polycyclic aromatic hydrocarbons (PAH), aromatic hydrocarbons (BTEX) and mineral oils
(aliphatic hydrocarbons) represent the 53% of the contaminants affecting soil and groundwater in Europe*!.

Cu contamination can be attributed primarily to the discharge of industrial waste and the extensive
utilization of copper sulphate (CuSO,)-based fungicides in agricultural practices. Even if Cu is one of the seven
micronutrients indispensable for plant growth, excess Cu has been identified as an important factor affecting both
crop yield and quality, potentially entering the food chain. In arable land, Adrees et al. proposed 5-30 mg kg™
as the optimal range of Cu soil concentration, as lower Cu concentrations result in plant deficiency, while higher
levels can lead to toxic effects*?-#4, Globally, soils are frequently subjected to multi-pollution with both inorganic
and organic pollutants, which can interact and complicate risk assessment and remediation interventions®.

Specifically, the present study focuses on testing if biochar can be effective in: (i) enhancing the biodegradation
of aliphatic hydrocarbons (C10-C40), (ii) reducing the bioavailability of Cu in soil and (iii) restoring the fertility
of a contaminated soil. Moreover, it aims to study if bioaugmentation and phytoremediation techniques can
improve biochar potential for soil decontamination and revegetation.

In the experimental trials, a specific commercial consortium of microorganisms has been applied to a
polluted soil using biochar as a carrier. Moreover, the Melilotus officinalis crop has been used due to its both
good tolerance to organic and inorganic pollutants and its low metal translocation from roots to shoots, i.e. the
phytostabilisation ability?®. Moreover, belonging to the Leguminosae family, M. officinalis has a good potential
in ameliorating soil conditions by association with nitrogen fixing rhizobacteria?”. For this purpose, a series
of microcosms containing soil contaminated with petroleum hydrocarbons (PHC) and Cu was set up and
maintained in greenhouse for nine months. Different treatments based on biochar amendment were tested.
Soil properties, microbial abundance and viability, and contaminant levels in the soil and in leaching solution
were monitored during the experiment. The growth of M. officinalis, its photosynthetic performance and the
mycorrhizal colonization of its roots were also evaluated.
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Material and methods

Soil sampling and analysis

The contaminated soil was sampled in an agricultural field (northern Italy) that had been affected by oil
spills from illegal pipeline tapping five years before the soil was collected. The soil was sieved at 2 mm and
air-dried before chemical analysis (Table 1). Preliminary analysis showed heavy hydrocarbons contamination
(C>12=10,000 mg kg™'), above the threshold concentration set by Italian legislation for agricultural areas (C10-
C40=50 mg kg™! as for Italian Ministry Decree DM 46 /2019). In addition, before preparing the microcosms, Cu
(in the form of CuSO,) was added to the soil to reach a concentration of 250 mg kg™ (above the limit of 200 mg
kg™! set by Italian Ministry Decree DM 46/2019).

Biochar characteristics

The biochar used in the experimental trial was produced by the Evergreen Resources s.r.l. company (Rieti,
Italy) from olive and hazelnut tree pruning wastes through pyro-gasification at 850 °C with a rate of 100 kg h™!
biomass. The biochar characteristics were reported in supplementary material (Table S1) based on a previous
work?. Prior to use, the two types of biochar were mixed in a 1:1 ratio.

Experimental set-up

Eighteen microcosms were prepared and maintained in the greenhouse. Six experimental conditions in triplicate
were set up using the contaminated soil as follows: (i) biochar (SB), (ii) biochar and bioactivators (SBB), (iii)
biochar and plant (SBP), (iv) biochar, bioactivators, and plants (SBBP). Comparative microcosms were set up as
controls using only contaminated soil without plants (S) and with plants (SP). Each microcosm consisted of an
8-L polypropylene container (Supplementary material, Fig. 2), filled with 3.57 kg of the contaminated soil (air-
dried and sieved at 2 cm). An inert gravel material was placed at the bottom of each microcosm and a valve was
installed to collect the leaching solution. In SB and SBP tests, biochar was thoroughly mixed with soil at a rate
of 1% (w/w). In the bioaugmentation test (SBB), soil was mixed with biochar (1% w/w) plus bioactivators (0.5%
w/w), e.g. a commercial consortium of microorganisms (Eurovix SpA, Italy), added according to the instructions
of the manufacturer. The microbial consortium was constituted by prokaryotic cells (3.01E+10+4.12E+07
N. cells g!) and fungi (1.36E+10+7.61E+08 N. fungi g™!) and the cell viability was 46%. Specifically, the
lyophilized bioactivators powder was evenly distributed in the required volume of biochar, previously hydrated
with deionized water in order to improve the adhesion of the powder to the biochar particles.

All microcosms received a nutritive solution (18 mL) containing N (2.8%), P (0.04%), K (4%) and organic C
(10%) in accordance with the microorganism provider.

Melilotus officinalis L. seeds, obtained from the Fratelli Ingegnoli seed company, Milano’, were sown in SP,
SBP and SBBP microcosms one month after the experimental set-up (36 seeds per microcosm). The experiment
was carried out under greenhouse conditions for 9 months (March-December 2022). The mean temperature
during the nine months is reported in supplementary material (Table S3). All microcosms were watered daily to
replace evapotranspiration losses.

Parameter Units Value
Sand gkg! 800
Silt gkg! 113
Clay gkeg! 87
USDA textural class SF
pH 6.4
TOC gkg™! 12.5
TN gkg! 0.25
C/N 48.2
CEC cm (+) kg™! | 3.89
P, mg kg™! 49

K mg kg! 1200
Ca mg kg™! 2500
Mg mg kg™! 4400
Na mg kg™! 140
Density gem™! 1.23
Total PAH mg kg™! 12
Hydrocarbons C< 12 mg kg™! <10
Hydrocarbons C10-C40 | mg kg™ 10.100*

Table 1. Main physico-chemical characteristics of the contaminated soil used in the experimental trial.
The concentrations are expressed on the soil dry weight. *Higher than the threshold established by Italian
legislation for agricultural soils (50.0 mg kg™! dw; Legislative Decree 152/2006, 2006). TOC total organic
carbon, TN total nitrogen, CEC cation exchange capacity, Pav available phosphorous.
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For chemical and microbiological analyses, a representative soil sample (approx. 50 g) was collected (after
mixing the soil at a depth of about 2-5 cm) from each microcosm at the beginning (T0, March) and at the end
of the experiment (T9, December). In the microcosms without the plant an additional intermediate sampling
(T3, June) for microbiological analysis was carried out. Non-destructive measurements on plants (estimation
of leaf nitrogen and pigment content, and measurement of chlorophyll a fluorescence, see 2.6) were conducted
four months after sowing (T4) and at the end of the experiment (T9). Plant biomass was determined at T9. At
the same time, the leaching solution from each microcosm was collected and stored at — 20 °C until analysis.

Physical and chemical analysis on the soil and on the leaching solution

Contaminants

Petroleum hydrocarbons (PHC) (C>12) were determined in soil and leaching solution samples. The
determination of hydrocarbons (C > 12) was performed according the 3550C EPA*® and 8270D EPA* methods,
using a GC-MS 5977B Inert Plus MSD Turbo EI Bundle—GC 8890 (Agilent, Santa Clara, CA, USA), with a
column 1909 15-431 15 m and liner splitless. Hydrocarbons were extracted from soil samples using a hexane/
acetone mix (1:1, viv).

Total Cu content was determined in soil samples following the EPA 3051A method®® and after digestion in
microwave with a H,0,/HNO, mix (v/v, 1:2.5). For Cu fractionation, the method of the Community Bureau of
Reference (BCR) (Mo¢ko and Wactawek, 2004) was applied. Both total Cu and fractionated Cu were determined
by 5900 ICP-OES (Agilent, Santa Clara, CA; USA). Copper fractions were named: FR1; Cu fraction associated
to carbonates, FR2; Cu fraction associated to Fe and Mn oxides, FR3; Cu fraction associated to organic matter,
RF; Residual fraction.

To ensure the accuracy and precision of the methods, a series of quality assurance/quality control (QA/QC)
procedures were performed to validate the data. Blank samples and standard reference materials (SRM) were
processed along with the samples for petroleum hydrocarbons, total heavy metal and heavy metal fractionation
procedures. An extraction blank was processed and analyzed with each sample set of 20. In addition, laboratory
spike blank (LSB) was analyzed with each sample set of 10. The limits of quantification (LOQ) and the quality
control parameters were the follows: PHC = 17.5 mg/L; Cu = 0.01 mg/L.

Soil physical and chemical analysis

Texture analysis was conducted in agreement with the procedures outlined in the Soil Survey Laboratory Methods
Manual®!. Soil pH was determined potentiometrically in a 1:2.5 (w/v) soil-water suspension®. Total Organic
Carbon (TOC) and Total Nitrogen (TN) contents were determined utilising an elemental analyser (Elementar
vario-MACRO cube). Available phosphorus was measured after acid extraction with 1 M NH,F>. Soil cation
exchange capacity (CEC) was determined following extraction at a pH of 8.1. Electrical conductivity (EC) was
measured by a WTW multi 340i conductivity meter (Weilheim, Germany) in a 1:2.5 soil:water suspensions
(wav).

Microbial abundance and cell viability in soil
Analyses of total microbial abundance, fungal abundance (N. cells g™! soil) and cell viability (% live cells/live
dead) in soil were conducted using epifluorescence microscopy techniques.

Soil samples in triplicate (1 g) were transferred to a tube with 9 mL of a formaldehyde-fixed solution (130 mM
NaCl; 7 mM Na,HPO,, 3 mM NaH,PO,; 2% formaldehyde (v/v); 0.5% Tween 20 (v/v) and 100 mM sodium
pyrophosphate) and processed as reported by Barra Caracciolo et al.>.

Total microbial abundance (N. cells g™! soil) was determined by incubating sample aliquots with 100 pL of a
DAPI dye (4',6-diamidino-2-phenylindole) (1 pg mL™!) for 20 min in dark condition at 4 °C.

Fungal abundance (N. cells g™! soil) was evaluated using the CalcoFluor White dye (Sigma-Aldrich,
Germany) for detecting fungal structures in each sample®. In particular, soil samples, fixed as described above,
were stained with 20 pL of CalcoFluor White for 15 min in the dark at room temperature.

The cell viability (% live cells/live + dead) was estimated by incubating soil sample aliquots with propidium
iodide and SYBR Green for detecting the live to dead cells ratio®®.

Subsequently, all soil samples stained as described above were collected on black polycarbonate filters
(pore size 0.2 pm, diameter 25 mm, Millipore, Eschborn, Germany) and were placed on slides for cell average
enumeration (analysing 20 fields random for each slide).

A Leica DM 4000B (Leica Microsystems, GmbH, Wetzlar, Germany) epifluorescence microscope was used
for microscopy investigations.

Plant growth, physiological parameters and mycorrhizal colonisation evaluation

Nine months after sowing (T9), the plants were collected, separated into stems, leaves and roots successively
weighed. To accurately remove soil particles, roots were rinsed in deionized water and air-dried before weighing.
Plant material was then dried in a ventilated oven at 60 °C until a stable weight was reached. Water content
and dry mass were then estimated by weighting the dry samples. At T4 and T9, the chlorophyll a fluorescence
transient (OJIP transients) was measured on fully expanded leaves of Melilotus officinalis plants through
a portable fluorometer (FluorPen FP 110-LM/D, Photon System Instruments, Drasov, Czech Republic). The
fluorescence measurements on leaves were performed around midday (between 10.00 a.m. and 12.00 p.m.)
following 60 min of dark adaptation. A saturating light pulse of 3000 pmol m=2 s™! was applied before each
measure. The measurements were taken on 3 plants (two leaves each) per treatment. FluorPen software was
used to extract data from the original measurement. The OJIP transient was analyzed through JIP test and
bioenergetics parameters such as the efficiency of the water-splitting complex on the donor side (F /F;) of
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photosystem II (PSII), quantum yield of primary photochemistry (F /F, ), quantum yield of electron transport
(@E,) and performance index (PI, ) of PSII were determined as described by Strasser et al.”’.

Leaf nitrogen and pigment contents were estimated at T4 and T9 utilising the Dualex Scientific*™ (Force-A,
France), a leaf clip fluorescence sensor. Measurements were made on the same leaves used for chlorophyll
fluorescence measurements. The following equations were used to calculate the chlorophyll index (Eq. 1),
flavonol index (Eq. 2), anthocyanin index (Eq. 3), and Nitrogen Balance Index (NBI, Eq. 4), as described by
Pietrini et al.*®

Chlorophyll index = (Tss0— T710) /T710 (1)

Flavonol index = log (FRFgr/FRFuv) (2)

Anthocyanin index = log (FRFr/FRFq) (3)

NBI index = Chlorophyll index/Flavonol index (4)

T850 and T710 are the leaf transmittance at 850 nm and 710 nm, respectively; FRF is the far-red fluorescence

emission (>710 nm) excited by red (R, 650 nm), UV (UV, 375 nm), or green (G, 505 nm) light. Two Dualex
readings were taken from each leaf lamina, avoiding the main veins, and then averaged to give the leaf value.

The percentage of frequency of arbuscular mycorrhizal colonization (% F) and intensity of arbuscular
mycorrhizal colonization (% I) in plant roots® at T9 was also estimated. Dried roots were stained following the
method modified from Phillipsand Hayman, 1970%. Briefly, roots were cleared with 10% KOH (w/v) for 15 min
at 90 °C, then acidified at room temperature with 0.1N HCI for 1 min, and stained with 0.05% Trypan blue at
90 °C in lactic acid for 15 min. Intraradical colonization was quantified by examination of 30 randomly 1 cm-
root segments, observed in groups of ten by using the Olympus BX51 microscope (200 x magnification). The %
F was calculated as the percentage of root segments containing hyphae, arbuscules, coils or vesicles. The % I was
estimated by sorting the root segments into different intensity classes (1-20%, 21-40%, 41-60%, 61-80% and
81-100%) of intraradical coverage of arbuscular mycorrhizal (AM) typical structures.

Statistical analysis

Analyses of variance (two-way ANOVA) were performed with SigmaPlot (Version 11), (Systat Software Inc.,
Richmond, CA, USA) using physico-chemical soil data (e.g. pH, Pav, EC, CEC, N and C) as dependent variables,
and time and remediation treatment as two independent factors. The Fisher post-hoc test was used to investigate
the significance of different groups of means, considered significant at a probability level of P <0.05. One-way
ANOVA was carried out to assess the statistical differences among treatments for microbiological (total microbial
abundance, fungal abundance and cell viability) and plant data (biomass, chlorophyll fluorescence, leaf nitrogen
and pigment contents), soil Cu and PHC using the SPSS (version 26.0, Chicago, IL, United States) software tool.
The statistical significance of the mean data was assessed by t-test and Tukey’s Test (p <0.05).

Analyses of the correlation between microbial abundance (Y variable) and available phosphorus content (X
variable) or Cu FR3 (X variable) were performed using linear regressions with SigmaPlot (Version 11), (Systat
Software Inc., Richmond, CA, USA).

For the graphical representation of the effect of the tested soil and plant variables at the initial (T0) and final
(T9) time point on the experimental microcosms, two non-metric multidimensional scaling (NMDS) analyses
were performed by the R package “vegan” with the dissimilarity matrix calculated by the Gower’s distance.
Before the NMDS analysis, the data were standardized by subtracting the mean and dividing by the standard
deviation. The NMDS analyses were performed using the R Core Team, 2020 statistical software.

Results
Petroleum hydrocarbon concentration
Overall, at T9, the biochar treatments resulted in an increase in PHC removal compared to the natural attenuation
process (Fig. 1a). Indeed, a reduction of 46% of the initial hydrocarbon concentration was found in S while
biochar increased PHC removal from 66.7% in SB to 90% in combination with the microbial consortium (SBB).
The addition of plants in the presence of the microbial consortium (SBBP) did not further increase PHC removal
(88%). However, when comparing SB and SBP, the plant stimulated the PHC reduction (from 66.7 to 88%).
Chemical results of the SP microcosms are not reported because the plants did not survive until T9.

Low concentrations of hydrocarbons (mg L") were found in the soil leachates, and they were not significantly
different between treatments (Fig. 1b).

Cu concentration and bioavailability

Copper content in the soil dropped only in the treatment without biochar (14% decrease), with a correspondingly
higher Cu concentration in the leaching solution although not significantly different from the other treatments
(Table 2). Major variations in the Cu bioavailability pattern at T9 were reported in the SBB, SBP, and SBBP
treatments with regard to S. When biochar was applied with bioaugmentation (SBB) and phytoremediation
(SBP) treatments or with both bioaugmentation and phytoremediation (SBBP), the most bioavailable and
toxic fraction, associated with carbonates (FR1) significantly decreased with respect to S, with a corresponding
increase in the more recalcitrant fractions associated with Fe and Mn oxides (FR2) and to organic matter (FR3)
(Fig. 2).
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Fig. 1. Hydrocarbons C> 12 in treated soils (mg kg™! dw) (a) and in leaching solutions (b) at the end of

the experiment (nine months). Treatments: contaminated soil (S), contaminated soil plus biochar (SB);
contaminated soil plus biochar and bioactivators (SBB), SB plus plants (SBP), SBB plus plants (SBBP). Data are
expressed as mean data+ SE (n=3). Different letters indicate significant differences among treatments (soil and
leaching solution) P <0.05. Microsoft Excel was used to create the graphic.

mg L?

Treatment | Soil Cu Leaching Cu
S 241(10.1)b | 1.22 (+0.65)a
SB 260(+13.2)ab | 0.93 (+0.20)a
SBB 280(+24.3)a | 0.92(+0.21)a
SBP 274(+0.79)a | 0.60 (+0.09)a
SBBP 287(+18.1)a | 0.88 (£0.40)a

Table 2. Total Cu in soil (mg Cu kg™! soil) and in leaching solution (mg CuL™!) at the end of the experimental
period (T9). Treatments: contaminated soil (S), contaminated soil plus biochar (SB); contaminated soil plus
biochar and bioactivators (SBB), SB plus plants (SBP), SBB plus plants (SBBP) (mean data + SE; n=3). Different
letters indicate significant differences among treatments and on each matrix (soil and leaching solution)
P<0.05.

Soil chemical and physical analysis

At TO the pH value and CEC content were significantly higher in all treated soils compared to the control (Table
3). Available phosphorus levels were also higher in the SBB treated soils than in the control soils. At T9 pH, TOC
and EC showed the highest mean values in all treated soils. Conversely, significant differences were not observed
in TN and CEC between treatments and control soil. In addition, the P, content showed the highest values in
the SBB and SBBP treated soils.

Microbial abundance and cell viability

At TO, similar total microbial abundances, with an average value of 2.26E + 08 +8.01E + 06 N. cells g soil™!, were
found (Fig. 3). In the control condition, with only contaminated soil (S), the microbial abundance remained
fairly constant at T3 (T0: 2.43E + 08 +6.63E + 06 N. cells g soil!; T3: 3.08E + 08 + 3.46E + 07 N. cells g soil™!) and
then slightly increased at T9 (4.75E + 08 +3.37E +07 N. cells g soil™). The bioaugmentation promoted an overall
increase in microbial abundance. Moreover, the combination of the biochar and bioactivator (SBB) showed the
highest (p<0.01) values both at T3 (4.81E +08+2.70E +07 N. cells g soil™!) and T9 (1.03E+09+4.21E+07 N.
cells g soil™! SBB and 8.83E + 08 +4.53E +07 SBBP). On the other hand, the SB and S conditions showed the
lowest microbial abundance (Fig. 3).
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Fig. 2. Cu fractionation, in percentage at TO (beginning) and T9 (nine months) in treated soils. Treatments:
contaminated soil (S), contaminated soil plus biochar (SB); contaminated soil plus biochar and bioactivators
(SBB), SB plus plants (SBP), SBB plus plants (SBBP) (mean data + SE; n=3). FR1: Cu fraction associated with
carbonates; FR2: Cu fraction associated with Fe and Mn oxides; FR3: Cu fraction associated with organic
matter; RF: Residual fraction. Different letters indicate significant differences among treatments at each time
P <0.05. Microsoft Excel was used to create the graphic.

S SB | sBB | sBP SBBP
Texture Sandy loam
TO
pH 55(+001)c | 7.4(x0.03)a | 6.8(+0.01)b 7.4 (x0.03)a | 6.8(+0.01)b
TOC % 514 (20.61)a | 554 (£1.0)a | 224 (£0.06)b | 554 (£1.0)a | 2.24 (£0.06)b
TN % 0.05(£0.01)b | 0.05(£0.0)b | 0.09 (+0.01)a | 0.05(+0.01)b | 0.09 (+0.01)a
EC (mS cm™) 450 (+0.07)a | 4.47(+0.09)a 4.73 (£0.09)a 447 (£0.09)a | 4.73 (£0.09)a
CEC (cmol, kg™!) [ 7.19 (+0.78)b | 1042 (£1.86)a | 1427 (+0.81)a | 10.42 (£1.86)ab | 14.27 (£0.55)a
P, (mgkg) 344 (+28)a | 364(£23)a | 52.1(x0.8)a 364 (£23)a | 52.1(x0.8)a
T9
pH 6.1 (0.01)b* | 7.5 (20.03)a 7.4 (20.03)a* | 7.5(x0.04)a | 7.5 (+0.03)a*
TOC % 0.77 (£0.04)b* | 1.31 (£0.07)a* | 1.36 (£0.12)a* | 1.46 (£0.14)a* | 1.58 (+0.13)a*
TN % 0.06 (£0.02)a | 0.04 (£0.00)a | 0.06 (£0.02)a | 0.05 (£0.00)a | 0.08 (+0.01)a
EC (mS cm™!) 0.55 (£0.00)b* | 0.74 (£0.04)a* | 0.79 (£0.01)a* | 0.67 (£0.04)a* | 0.80 (+0.04)a*
CEC (cmol,, kg™!) | 17.34 (£1.30)a* | 1422 (+0.95)a | 14.01 (+1.06)a | 16.51 (+0.85)a* | 14.01 (£1.10)a
P, (mgkg) 28.84 (£4.53)d | 45.29 (+6.48)cd | 218.8 (£36.46)a* | 47.98 (+3.53)c | 119.2 (£17.31)b*

Table 3. Chemical soil characteristics measured at the initial (T0) and final (T9) time points of the
experiment. Treatments: contaminated soil (S), contaminated soil plus biochar (SB); contaminated soil plus
biochar and bioactivators (SBB), SB plus plants (SBP), SBB plus plants (SBBP). Numbers in parentheses are the
standard errors (n=3). Different letters indicate significant differences among treatments and asterisks indicate
significant differences between times (T0 and T9) within each treatment (two-way ANOVA analysis, P <0.05).
TOC total organic carbon, TN total nitrogen, EC electrical conductivity, CEC cation exchange capacity, Pav
available phosphorous.

At TO, no significant differences among treatments in fungal abundances were observed, however an
overall increase at T3 was found (Fig. 4). The significantly highest fungal abundance was found in the SBB
(3.17E+07 £3.10E+06 N. cells g soil™!) and SB (2.98E+ 07 +8.75E+05 N. cells g soil™!) microcosms. However,
at T9 fungal abundance decreased in all the experimental conditions, with average values of 7.56E + 06 N. cells
g soil L.

The microbial viability (%) at TO indicates initial similar values (average values 33%) in all experimental
conditions (Fig. 5). However, at T3, significant increases in cell viability due to biochar (SB: 71.5+3.3%) and
bioaugmentation (SBB: 72.08 +0.7%) were observed. However, at T9, the microbial viability generally decreased
in the treated microcosms and increased in S treatment (values in the range from 28 to 50%).

Interestingly, a significant correlation was found at each time between microbial abundance and available
phosphorus content (P<0.001) and between microbial abundance and Cu FR3 (P <0.001) (supplementary
material, Fig. $4).
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Fig. 3. Total microbial abundance (N. cells g soil™!) detected by DAPI staining over the experimental time
(TO, T3, T9) for all the experimental microcosms: contaminated soil (S), contaminated soil plus biochar (SB);
contaminated soil plus biochar and bioactivators (SBB), SB plus plants (SBP), SBB plus plants (SBBP) (mean
data £ SE; n=3). Different low-case letters indicate significant differences among treatments at each time
(Tukey test, P <0.05). Different capital letters indicate significant differences among times for each treatment
(Tukey test, P <0.05). Microsoft Excel was used to create the graphic.
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Fig. 4. Fungal Microbial abundance (N. cells g soil™!) detected by CFW staining over the experimental time
(T0, T3, T9) for all the experimental microcosms: contaminated soil (S), contaminated soil plus biochar (SB);
contaminated soil plus biochar and bioactivators (SBB), SB plus plants (SBP), SBB plus plants (SBBP) (mean
data+ SE; n=3). Different low-case letters indicate significant differences among treatments at each time
(Tukey test, P <0.05). Different capital letters indicate significant differences among times for each treatment
(Tukey test, P <0.05). Microsoft Excel was used to create the graphic.

Plant growth, physiological parameters, and root mycorrhizal colonisation

Plant survival rate was very low due to the intrinsic toxicity of the soil. In fact, 20 days after sowing, the seed
germination rates in the SP, SBP, and SBBP microcosms were only 12%, 15%, and 15%, respectively, differing
from previously tested conditions without contamination (59%)*”. However, only the plants grown in biochar
presence survived until the end of the experiment (T9). Among the surviving plants, those grown with biochar
and bio-activators (SBBP) showed the highest shoot height and dry biomass production (Table 4).

In order to gain insight into the potential mechanisms by which different soil treatments have affected the
photosynthetic machinery in M. officinalis plants, the assessment of chlorophyll fluorescence parameters was
carried out. At T4, when M. officinalis plants grown without biochar (SP) were still alive, all analysed parameters
(E/E, F/F 9E, and PI, o) in this condition were lower than SBBP and SBP (Table 5). At T9, a different
response was observed. Although higher values of ¢E and PI, ., were found in SBBP treated plants compared
to those in SBP, no significant differences were found between treatments in the values of E/F and E /F, (Table
6). The physiological performance of M. officinalis plants was also evaluated by estimating the nitrogen balance
index and pigment contents®!. At T4, the chlorophyll and the nitrogen balance index were significantly higher
in SBBP (Table 5). Moreover, data reported in Table 7 show a significant increase in anthocyanin index in
plants grown without biochar (SP) compared to those treated with biochar (SBP) and biochar plus bioactivators
(SBBP). At T9, as stated above, M. officinalis plants grown on contaminated soil (SP) did not survive. However,
the chlorophyll and nitrogen balance index were significantly higher in SBBP treated plants compared to those
in SBP (Table 6). The results at T9 showed that the anthocyanin index was higher in plants grown with biochar
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Fig. 5. Microbial viability (%) over the experimental time (T0, T3, T9) for all the experimental microcosms:
contaminated soil (S), contaminated soil plus biochar (SB); contaminated soil plus biochar and bioactivators
(SBB), SB plus plants (SBP), SBB plus plants (SBBP) (mean data + SE; n=3). Different low-case letters indicate
significant differences among treatments at each time (Tukey test, P <0.05). Different capital letters indicate
significant differences among times for each treatment (Tukey test, P <0.05). Microsoft Excel was used to create
the graphic.

Treatment | Survival rate | Shoot height | Root bi Aereal bi

Sp 0 - - -

SBP 5% 20(+2.0)a 3.0(x1.5)a 0.96(+0.58)a
SBBP 6% 37(+3.0)b 8.4(+2.1)b 4.15(+1.67)b

Table 4. Survival rate (%), shoot height (cm), and root and aerial dry biomass (g) measured at the end of the
experimental period (T9) of plants Melilotus officinalis plants grown on different soil conditions: contaminated
soil (SP), contaminated soil plus biochar (SBP); contaminated soil plus biochar and bioactivators (SBBP)
(mean data + SE; n=3). In each column, mean values with different letters differ significantly (t-test, P <0.05).

Treatment ‘ E /E_ (rel. un.) ‘ F /E, (rel. un.) ‘ @E, (rel. un.) ‘ PI, ¢ (rel. un.)
T4

SP 0.669 (£0.018)b | 2.09 (+0.11)b | 0.265 (£0.016)b | 0.44 (+0.05)b
SBP 0.718 (£0.014)b | 2.56 (£0.17)b | 0.327 (£0.026)b | 0.81 (£0.16)b
SBBP 0.790 (£0.004)a | 3.77 (£0.10)a | 0.455 (+0.017)a | 2.47 (£0.28)a

Table 5. Chlorophyll fluorescence parameters, quantum yield of primary photochemistry (F /F ), efficiency
of the water-splitting complex on the donor side of PSII (F /F,), quantum yield of electron transport (¢E,)
and performance index (PI, ;) of photosystem IT (PSII) measured four months after sowing (T4) in leaves
of Melilotus officinalis plants grown on different soil conditions: contaminated soil (SP), contaminated soil
plus biochar (SBP); contaminated soil plus biochar and bioactivators (SBBP) (mean data + SE; n=6). In the
columns, different letters indicate significant differences among treatments on each parameter (Tukey test,
P<0.05).

(SBP) compared to those treated with biochar plus bioactivators (SBBP). No significant differences were found
in the flavonol index for each time period (Table 8).

Data about the percentage of frequency of arbuscular mycorrhizal colonization (% F) and intensity of
arbuscular mycorrhizal colonization (% I) in plant roots are shown in Table 9. The % F of root colonization by
AM fungi varied approximately from 39 to 50% under biochar treatments (Table 9).

Intraradical structures, such as vesicles and intraradical spores, as well as typical nodules by rhizobacteria
were observed in the roots of Melilotus plants (supplementary material, Fig. S5).

Summarizing, the results presented above are confirmed by the non-metric multidimensional scaling analysis
(NMDS). Figure 6 shows that the SBB treatment differs from the others at T0, mainly due to the values of Cu
Fr3, N and Pav content. At T9, S differed from the other treatments overall based on C12 values due to likely
biochar presence. Moreover, the addition of bioactivators together with biochar led to further differentiation
from S. The SBB and SBBP treatments were the most different from S due to available phosphorus, DAPI, and
Cu Fr3 parameters.
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Treatment ‘ E /E_ (rel. un.) ‘ E /E, (rel. un.) | @E; (rel. un.) PI, ;¢ (rel. un.)
T9

SP - - - -

SBP 0.834 (£0.003)a | 5.06 (£0.13)a | 0.523 (£0.003)b | 5.47 (£0.12)b
SBBP 0.840 (£0.005)a | 5.32 (£0.20)a | 0.547 (£0.007)a | 6.71 (£0.53)a

Table 6. Chlorophyll fluorescence parameters, quantum yield of primary photochemistry (F /F, ), efficiency
of the water-splitting complex on the donor side of PSII (F /F), quantum yield of electron transport (¢E0)
and performance index (PIABS) of photosystem II (PSII) measured at the end of the experiment (T9) in leaves
of Melilotus officinalis plants grown on different soil conditions: contaminated soil (SP), contaminated soil
plus biochar (SBP); contaminated soil plus biochar and bioactivators (SBBP) (mean data + SE; n=6). In the
columns, different letters indicate significant differences among treatments on each parameter (Tukey test,
P<0.05).

Treatment | Chll Antl Flavl NBI

T4

SP 22.28 (+0.57)b | 0.173 (+0.010)a | 0.846 (+0.038)a | 28.01 (+1.01)b
SBP 24.85 (+1.93)b | 0.111 (+£0.006)b | 0.857 (+0.018)a | 28.71 (+2.02)b
SBBP 34.50 (+0.78)a | 0.079 (+£0.010)b | 0.915 (+0.031)a | 37.36 (+0.65)a

Table 7. Chlorophyll index (Chll, ug cm™2), anthocyanin index (Antl, abs. unit), flavonol index (Flavl, abs.
unit), and nitrogen balance index (NBL rel. un.) measured four months after sowing (T4) in leaves of Melilotus
officinalis plants grown on different soil conditions: contaminated soil (SP), contaminated soil plus biochar
(SBP); contaminated soil plus biochar and bioactivators (SBBP) (mean data + SE; n=6). In the columns,
different letters indicate significant differences among treatments on each parameter (Tukey test, P <0.05).

Treatment | Chll [ Antl | Flavi NBI

T9

Sp - - - -

SBP 40.06 (+1.52)b | 0.078 (+0.004)a | 1.101 (+0.07)a | 36.75 (+2.17)b
SBBP 49.62 (+1.20)a | 0.040 (+0.008)b | 1.151 (+0.02)a | 43.41 (+2.06)a

Table 8. Chlorophyll index (Chll, pg cm2), anthocyanin index (Ant], abs. unit), flavonol index (Flavl, abs.
unit), and nitrogen balance index (NBL rel. un.) measured at the end of the experimental period (T9) in leaves
of Melilotus officinalis plants grown on different soil conditions: contaminated soil (SP), contaminated soil
plus biochar (SBP); contaminated soil plus biochar and bioactivators (SBBP) (mean data + SE; n=6). In the
columns, different letters indicate significant differences among treatments on each parameter (Tukey test,
P<0.05).

Treatment | % F % I
SBP 39.36 (+17.33) | 55.66 (+24.13)
SBBP 49.78 (+6.89) | 77.71 (£3.53)

Table 9. Frequency rate (%) and Intensity rate (%) of root colonization by arbuscular mycorrhizal fungi
measured at the end of the experiment (T9) of Melilotus officinalis plants grown on different soil conditions:
contaminated soil plus biochar (SBP); contaminated soil plus biochar and bioactivators (SBBP) (mean

data + SE; n=3). SP colonization not evaluated.

Discussion

Soil contaminants and microbiological parameters

The degradation of PHC due to the natural attenuation processes has been described in several studies'®. For
example, Qin and its collaborators®? observed a partial hydrocarbon removal due to natural attenuation from a
contaminated soil with comparable levels of PHC (16,000 mg kg™'). The same authors also reported an increase
(ranging from 16.6 to 23.6%) in PHC decrease after a rice straw biochar application. This result, despite the
different types of biochar used, seems to be in line with our study. Following a microcosm experiment on soil
samples from the same site used in the present study, Vocciante et al.%> observed a downward trend in C>12
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Fig. 6. The two-dimensional non-metric multidimensional scaling plots (NMDS) show the effects of the tested
soil and plant variables on the experimental mesocosms at the two sampling times (T0 and T9). Treatments:
contaminated soil (S), contaminated soil plus biochar (SB); contaminated soil plus biochar and bioactivators
(SBB), SB plus plants (SBP), SBB plus plants (SBBP). Circle lines in NMDS plots are 95% confidence ellipses.
Chemical and biochemical properties: total organic carbon, total nitrogen, total organic carbon/total nitrogen
ratio, total Cu concentration, cation exchange capacity, total microbial abundance, electrical conductivity,
available phosphorous, Cu fraction associated to carbonates, Cu fraction associated to Fe and Mn oxides, Cu
fraction associated to organic matter, C>12 in soils, C> 12 in leaching solutions, total Cu in leaching solutions.
R software environment was used to create the graphic.

hydrocarbons after 1 month of testing, which appeared to be further favored by the presence of plants. Moreover,
in accordance with our results (Fig. 1), other studies showed that, when a bioaugmentation strategy was applied in
combination with biochar, the biodegradation of PHC increased'®*. In this regard, Mukome et al.®%, in a study on
the degradation of light and heavy crude oils in soil added with pine wood biochar, highlighted the importance of
nutrient availability for soil microorganisms to increase the efficiency of the of heavy hydrocarbon degradation.
In the present study (Fig. 3a), the highest PHC degradation observed in SBB was presumably associated with the
highest microbial abundance and in particular the bioaugmented microorganisms specialized in hydrocarbon
removal®. In fact, an increase in fungi was observed in the microcosms with biochar (T3) suggesting possible
support for fungal strains in the degradation of hydrocarbons during the experimental timespan (Fig. 4), as
reported in other studies dealing with PHC degradation in s0il®*-%¢. Moreover, the lack of significant differences
among treatments in PHC content of the leaching solutions, confirms that their reduction in the microcosms
was due to soil degradation processes (Fig. 3b). Mukherjee et al.!! ascribed the biochar-induced hydrocarbon
degradation to the following mechanisms: (i) the electron transfer ability of biochar surfaces that can promote
redox-active reactions, (ii) the influence on the microbial habitat exerted by the presence of free radicals and
reactive oxygen species on biochar through the supply of surface adsorbed nutrients and energy.

In our study, the presence of biochar led to an increase in the most stable Cu fraction (Fig. 2). In addition,
the biochar amendment together with bioaugmentation and/or phytoremediation resulted in a further decrease
in the most bioavailable Cu fraction. In this context, Zafeiriou et al.*® reported a decrease in the acid soluble
fraction of Cu in soils amended with sewage sludge derived biochar compared to the control. Moreover, the
oxidizable Cu fraction was noticeably increased in biochar amended soils, compared with the controls. These
authors attributed this response to the liming effect of biochar when it is applied to an acid soil, rising its pH”’.
In our case, adding biochar increased soil pH from 6.1 to 7.5. A higher pH enhances Cu hydrolysis and favors the
formation of metal cations complexes by soil components® and on the biochar particles themselves”!, reducing
Cu availability. The immobilisation and stabilisation of Cu can be also achieved by its interaction with biochar
through metal exchange and complexation with various functional groups on biochar.

The treatment with biochar, plants, and bioactivators (SBBP) resulted in the lowest bioavailable and toxic
fraction of Cu associated with carbonates compared to the other treatments. This can be due to root exudates
which can induce changes in Cu fractionation through the pH alteration, provision of ligands for its complexation,
and facilitation of microbial activity’2. In our case, no pH changes have been observed in plant presence (Table
3), therefore root exudates might have acted as natural chelates, forming complexes in the rhizosphere’®. For
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example, low molecular weight organic acids, are reported to form stable extracellular complexes with Cu”*.
Moreover, rhizosphere bacteria can have different levels of tolerance to different heavy metals. Microorganisms
can use various mechanisms to remediate soil and water contaminated with heavy metals and can support plants
to tolerate stress and boost plant growth and productivity. These mechanisms include biosorption, secreting
extracellular barriers, bioaccumulation, actively transporting metal ions, producing metal chelators, and
detoxifying through enzymes’>’®. In particular, phosphate solubilising bacteria are commonly used for heavy
metal remediation’”. Phosphate-solubilising bacteria in soil have the capacity to convert insoluble phosphorus
forms into phosphate ions, which can then react with heavy metal ions to form metal phosphate precipitates
with very low solubility’®. The higher available phosphorus content found in treatments with bioactivators
(Table 3) could be associated with the presence of this kind of microorganisms. In this regard, a significant
correlation between available phosphorus values and microbial abundance has been found (supplementary
material, Fig. S4). Other authors have also shown that microorganisms together with biochar may reduce metal
bioavailability. Tu et al.2! found that application of biochar with Pseudomonas NT-2 reduced the proportion of
soil-exchangeable Cd and carbonate-bound Cu by 12.82% and 26.55% respectively, thereby decreasing plant
availability of heavy metals. In another work, Lai et al.”® showed that the combination of biochar and phosphate
solubilizing microorganisms remediated Pb and Cd mixed pollution from soil, mainly through formation of Pb
phosphate and Cd carbonate. In our case, it is noticeable the correlation found between microbial abundance
and Cu bound to Fe and Mn oxides at all time intervals (supplementary material, Fig. S4).

Microbiological results show how a microbial population able to tolerate and potentially remove the high PHC
and Cu contamination was already present in the studied soil (Figs. 3, 4, 5). In fact, with the natural attenuation
process of PHC in S microcosms (Fig. 1), a relative increase in microbial abundance was also observed. Indeed,
natural soil microbial populations can adapt to survive in a contaminated and nutrient-poor environment®*3! and
develop degradation capabilities®?. Petroleum hydrocarbons can stimulate microbial populations to decompose
or tolerate hydrocarbons®. In our study, in the time span between the oil spill event and our experiment (5 years),
a selection of PHC adapted microbial populations could be occurred, although their attenuation capabilities
were quite slow. The combination of biochar and bioactivators (SBB) enhanced microbial abundance. In fact,
the porous structure of biochar facilitates the formation of both aerobic and anaerobic microhabitats, providing
the nutrients and energy necessary for microbial colonization. Because PHC removal requires both aerobic
and anaerobic processes for their degradation!®, biochar, among other advantages, can promote their removal.
Additionally, the high surface area and adsorption capacity of biochar enable it to immobilize toxic compounds,
such as heavy metals, while promoting the growth and reproduction of microorganisms!»!4238485° At T9 the
microbial viability generally decreased in the treated microcosms and increased in S treatment, presumably due
to a selection of different bacterial populations depending on the conditions.

Germination, plant growth and root mycorrhizal colonization

The addition of the biochar amendment (SB) and biochar amendment plus bioactivators (SBB) to the
contaminated soil had a beneficial effect on the growth and physiological performance of Melilotus officinalis
plants. The positive impact of these treatments was appreciable from the seed germination phase. Seeds sown in
SB and SBB had a higher germination rate (15%) compared to those in SP microcosms (12%) after 20 days from
sowing. Oh et al.® found similar results, indicating that aqueous extracts of different biochar samples increased
the rate of germination and seedling growth of lettuce seeds compared to the control group. Consistently, at
T9, the root and aerial biomass of Melilotus officinalis plants in both SBP and SBBP microcosms were healthy,
differently from SP where the plants did not survive (Table 4) owing to higher hydrocarbon persistence, Cu
bioavailability and their associated toxicity'®. Indeed, hydrocarbons can hamper the transfer of water and oxygen
through sediment and soil pores, preventing vegetation development'>.

These results can be ascribed to organic carbon and nutrients added to the soil through the biochar which
were absorbed by plants, enhancing their development®”#8. Furthermore, biochar inducing changes in nutrient
availability, provide also additional sources of N, P and C to root-associated microorganisms”. Several studies
have in fact reported an improvement in plant-associated microbial activity in soil amended with biochar for
different crops®®°!.

The outcomes of the present study show that plants grown in SBBP microcosms had the best growth
performance, highlighting the effectiveness of the combination of biochar and bioactivators in enhancing the
growth and development of the Melilotus officinalis plants (Table 4). This finding is in agreement with the results
reported by Ma et al.?2, who evaluated the growth of lettuce plants after applying three types of biochar to soil,
both individually and in combination with plant-beneficial microbes.

Moreover, the higher biomass of SBBP plants with regards to SBP plants may be related with the higher
soil available phosphorus content (Table 3). The available phosphorus can be absorbed and utilised by plants
through their own metabolism. Phosphate solubilising microorganisms have also been demonstrated to enhance
plant uptake of elements such as nitrogen, potassium and calcium, and as a consequence also plant growth and
development®. Furthermore, they have the capacity to deliver the auxin indole-3-acetic acid, gibberellic acid
and cytokinin to enhance plant root growth. In general terms, biochar has been demonstrated to enhance soil
nutrients, thereby stimulating root growth. A recent meta-analysis of scientific literature has indicated a positive
correlation between the increase in root biomass in the presence of biochar and TOC, TN and Pav94.

Finally, the slightly higher percentage of frequency of arbuscular mycorrhizal colonization (% F) and intensity
of arbuscular mycorrhizal colonization (% I) in SBBP roots compared to SBP ones could be attributed to the
microbial component present in the SBBP treatment (Table 9). Mycorrhizal symbiosis is generally altered by the
presence of soil microorganisms, in particular, bacteria in the rhizosphere, and soil P availability®>°°. The available
phosphorus content in SBB and SBBP treatments (higher in SBBP) may suggest the presence of certain bacterial
species capable of solubilizing phosphate into an accessible form, facilitating the absorption and translocation to
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the plant, and consequently, may stimulate AM fungal root colonization and promote plant growth. Regarding
the typical intraradical structures of Glomeraceae family observed in roots of Melilotus plants, it is widely
documented that autochthonous AM fungal species from this family are found in hydrocarbon polluted soils,
showing a notable adaptability and tolerance performance against these stressful abiotic conditions®’.

Evaluation of plant physiological parameters

To investigate the physiological response of Melilotus officinalis plants to the different treatments, the chlorophyll
fluorescence analyses including JIP-test were conducted. Chlorophyll fluorescence parameters serve as pivotal
indicators of photosynthetic and physiological processes, offering valuable insights into the relationship between
plants and their environment?>*%, As detailed in the results section, four months after sowing (T4), all chlorophyll
fluorescence parameters were significantly higher in Melilotus officinalis plants grown in SBBP microcosms in
comparison to those grown in SP and SBP (Table 5). In particular, plants grown in SP microcosms exhibited
F /E_ values that were lower than the range of 0.7-0.8, which is commonly reported for healthy leaves® 1.
The lower values of F /E,, observed in SP microcosms indicate that a proportion of the PSII reaction centre is
damaged or inactivated, a phenomenon generally associated to plants under stress conditions!®!. Furthermore,
the efficiency of the water-splitting complex on the donor side of PSII (F /F) exhibited a similar pattern to that
observed for F /F_ (Table 5). The F /F, ratio it is also supposed to indicate with more sensitivity and higher
amplitude the effects of potential photoinhibition than F /F_'%2. In our study, the decreased F /F, ratio observed
in SP plants indicates a reduced efficiency of the water- sphttmg complex on the donor side of PSIT'%. This
suggests the involvement of a donor side photoinhibition mechanism, possibly due to malfunction of the water-
splitting complex, which may result in the formation of harmful oxidations in PSII!**105, These results were
confirmed by the similar trend observed for the quantum yield of electron transport (¢E,) and the performance
index (PI, ;). In particular, the decrease in the performance index (PI, ), which is considered more sensitive
to environmental effects than the generally used parameter F /F_ and presents a good correlation with
photosynthetic capacity, as determined by CO, assimilation!*® 107" indicated a low photosynthetic efficiency in
plants grown in SP microcosms. Progressive damage to the photosynthetic apparatus probably due to the soil
contamination caused the death of plants grown in SP microcosm 5 months after sowing (T5). Four months after
sowing (T4), the plants grown in SBP microcosms also exhibited values of chlorophyll fluorescence parameters
that were lower than those observed in Melilotus officinalis plants grown in SBBP microcosms (Table 5). However,
the values of F /F_ in SBP plants remained within the range of 0.7-0.8, indicating that the energy levels were
sufficient to drive photosynthetlc reactions®. The capacity of plants grown in SPB microcosms to maintain a
relatively high efficiency of the photosynthetic apparatus enabled them to partially recover the gap with plants
grown in SBBP at T9. The findings obtained align with those previously reported by Fedeli et al.!%, in which
the incorporation of biochar into contaminated soils demonstrated a favourable impact on the growth of Avena
sativa L. plants, reducing the detrimental impacts provoked by gasoline on all the eco-physiological parameters
under consideration. Regarding the plants grown in SBBP microcosms, the results showed that they exhibited
the best physiological performance at both four (T4) and nine (T9) months after sowing. In detail, the quantum
yield of primary photochemistry (F /F ), the efficiency of the water-splitting complex on the donor side of PSII
(E,/F,) and the electron transport to beyond Q, (9E) were increased by the application of the combination of
biochar and bioactivators. This indicated that the transport of electrons from the reaction centre (RC) to the
plastoquinone (PQ) pool was promoted. Similarly, the performance index (PI, ;) was also enhanced in biochar
plus bioactivators treatments (Tables 5 and 6). These data indicated that the normal energy fluxes, the quantum
yields and efficiencies beyond Q, (F /F  and @E) of Melilotus officinalis leaves could be effectively maintained
by an addition of biochar and bioactivators to the contaminated soil. The results obtained in this experiment are
in accordance with those previously reported by Rajput et al.!%°, in which the addition of a biochar amendment
with bacteria to polluted soils was found to enhance the photosynthetic activity of Hordeum vulgare L. plants
when compared to the individual application of bacteria and biochar.

The physiological performance of M. officinalis plants was also evaluated through the estimation of the
pigment contents and the nitrogen balance index. These parameters offer insights into the physiological status of
plants, as well as their photosynthetic potential and primary production®. As reported in the results section, four
months after sowing (T4), chlorophyll and nitrogen balance index were significantly higher in Melilotus officinalis
plants grown in SBBP microcosms in comparison to those grown in SP and SBP. In contrast, anthocyanin index
was higher in plants grown in SP microcosms with respect to the other treatments (Table 7). Furthermore, no
statistically significant differences in the flavonol index among treatments were observed (Table 7). The results of
chlorophyll and nitrogen balance index are in conformity with those observed in chlorophyll fluorescence data,
in which the lowest values were found in plants grown in SP microcosms. The observed decline in chlorophyll
content in SP plants is corroborated by numerous studies that have documented analogous reductions resulting
from soil contamination with petroleum and its derivatives'!®-!!2. Furthermore, the similar decreasing trend
observed in the nitrogen balance index may be attributable to the well-documented correlation between
chlorophyll and leaf nitrogen content!!*!!, Anthocyanins and flavonols are two classes of flavonoids that occur
naturally in plants. They have a role in the defense of plants from a diverse array of environmental stresses!!>116).
In the context of this study, an increase in the anthocyanin index could be attributed to the stress condition
experienced by plants grown in SP microcosms due to the persistence of hydrocarbon contamination. Similar
findings were reported by Heidari et al.!'7, who observed that plants of Echinacea purpurea exposed to different
concentrations of crude oil exhibited a significant increase in anthocyanin content and a notable reduction in
chlorophyll content. As previously reported, the progressive damage to the photosynthetic apparatus, likely due
to soil contamination, resulted in the death of plants grown in the SP microcosm nine months after sowing
(T9). Four months after sowing (T4), the plants grown in SBP microcosms also exhibited values of chlorophyll
and nitrogen balance index that were lower than those observed in Melilotus officinalis plants grown in SBBP
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microcosms (Table 7), where hydrocarbons were almost removed, and their toxicity reduced significantly.
Nevertheless, as previously stated, the ability of plants grown in SPB microcosms to sustain a relatively high
photosynthetic efficiency, coupled with a quite good chlorophyll content, enabled them to partially recover the
deficit with plants grown in SBBP microcosms at the end of the experiment (T9, Table 8). Indeed, as reported in
the literature, the biochar-treated soil provides a favorable environment for plant growth of willow and maize,
significantly reducing the toxicity and bioavailability of contaminants*”!!8, In fact, adding biochar to soils
contaminated with heavy metals can reduce their toxicity to plants, promoting plant growth and limiting the
entry of heavy metals into the food chain®. In our study, the reduction of the toxicity of the contaminants in
plants grown in SBP microcosms was also confirmed by the low values of the anthocyanin index (Tables 7 and 8).
This condition was more pronounced in plants grown in SBBP microcosms, which exhibited the highest values
of chlorophyll and nitrogen balance index and the lowest values of anthocyanin index at both four (T4) and
nine (T9) months after sowing (Tables 7 and 8). The results of our study are in agreement with those reported by
Zhang et al.”3, which indicated that integrated applications of biochar and bioaugmented microbes may enhance
soil organic carbon contents and other physicochemical characteristics, thereby promoting plant growth and
productivity in contaminated soil.

Conclusions

The natural attenuation of PHC observed in the contaminated soil shows the presence of autochthonous
microbial populations able to degrade partially petroleum hydrocarbons over the experimental time (range
2.43E+08-4.75E+08 N. cells g soil™!). However, the biochar amendment improved significantly hydrocarbon
removal (from 46% of S to 66.7% of SB) and promoted a partial immobilization of copper, allowing plants to
survive in the contaminated soil and increase their tolerance to stress. The combined action of the biochar with
bioaugmentation (SBB) and/or phytoremediation (SBP; SBBP) promoted a further decrease of PHC from soil
(arriving at 88-90%). This effect can be ascribed to the highest microbial abundances due to the combined
action of biochar, bioactivators and/or plant roots which promoted directly and indirectly degradative microbial
activity (in the range from 6.25 E+08 to 1.03E+09 N. cells g soil™! at T9). The combination of bioactivators
and biochar (SBBP) was the most effective in promoting M. officinalis growth, as evidenced by plant biomass
(three-fold higher in SBBP than SBP) and by physiological parameters. To ensure successful revegetation of
hydrocarbon-contaminated soil, applying this plant species with biochar and bioactivators is recommended.
Results of this work can be useful in future brownfield revegetation/remediation programs. Finally, it is worth
mentioning that, in the long term, plants can further enhance ecological interactions among soil microbial
populations and provide further hydrocarbon removal, as well as other valuable ecosystem services.
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