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Abstract: The filamentous fungus Penicillium canescens, isolated from oil-polluted soil, was evaluated
for its ability to dissipate high-molecular-weight polycyclic aromatic hydrocarbons (PAH). The study
was conducted in a microcosm containing 180 g of historical PAH-contaminated soil under non-sterile
conditions with two incubation temperatures (14 ◦C and 18 ◦C) on a 12-h cycle. The experiment was
conducted over 8 months, with four experimental conditions created by varying the volumes of the
bulking agent and vegetable oil (olive oil) and the time of addition of these compounds. The PAH
dissipation performance of the fungal augmentation treatment was compared with that achieved
with a biostimulated soil (bulking agent and vegetable oil) and with the untreated soil as control. The
greatest PAH dissipation was obtained with P. canescens bioaugmentation (35.71% ± 1.73), with 13 of
the 16 US EPA PAH significantly dissipated, at rates above 18%, and particularly high-molecular-
weight PAH, composed of more than three fused aromatic rings. Nematode toxicity tests indicated a
significant decrease in the toxicity of soil bioaugmented by this fungus. Fulvic and humic contents
were significantly increased by this treatment. All these results suggest that bioaugmentation with P.
canescens can be used to restore soils with long-term PAH contamination.

Keywords: high molecular weight polycyclic aromatic hydrocarbons; PAH bioavailability; aged-
polluted soil; mycoremediation; fungal bioaugmentation

1. Introduction

Polycyclic aromatic hydrocarbons (PAH), produced mainly by anthropogenic activities
that use fossil energy sources, such as coal and oil, are widespread pollutants in the
environment. They represent a real danger to human health and biotic communities in
terrestrial and aquatic ecosystems. Indeed, some PAH are known to be toxic, mutagenic,
carcinogenic, and teratogenic [1]. Historical industrial activities have resulted in numerous
PAH-polluted soils [2] requiring the development of clean-up techniques. PAHs can be
divided into two categories: low molecular weight PAH (LMW PAH) composed of less
than four aromatic rings and high molecular weight PAH (HMW PAH) composed of four
or more rings. In historical contaminated soils, HMW PAH can be strongly bound to
soil organic matter (SOM) and form nonextractable residues (NER) [3]. NER strongly
sequestered by SOM cannot be degraded by natural soil attenuation and is hazardous
when mobilised.

Different techniques are available to clean up PAH-polluted soils, i.e., physical (thermal
treatment) chemical (oxidation or solvent extraction). These techniques are often very
expensive leading to a soil structure deterioration. However, in recent years, soft chemical
oxidation methods, i.e., Fenton-like oxidation, which are more respectful of the soil integrity,
have also been developed [4]. Among biological ones, bioremediation by fungi is one of
the most cost-effective and soil-friendly [5]. Fungi, representing the dominant living
biomass in soils, have an important advantage over bacteria with their mycelial network
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able to prospect a larger surface of soil. Moreover, the colonization of soil by fungal
mycelium results in enmeshment and aggregation of soil particles and improvement of
soil structure, sometimes facilitating contaminant bioavailability [6]. Compared with
bacteria, filamentous fungi show some other advantages in the transport or translocation of
essential substances, including nutrients and water, and the pollutant itself, over significant
distances [6,7]. Fungal mycelia can also act as “highways” in facilitating the transport of
pollutant-degrading bacteria over distance in soil which can enhance bioremediation [8].

Concerning organic pollutants biodegradation, Basidiomycota and Ascomycota have
been extensively investigated for their ability to degrade PAH. White rot fungi belonging
to Basidiomycota produce extracellular enzymes, such as lignin peroxidases, manganese
peroxidases, and laccases capable of degrading PAH [9]. However, the conditions (lignin
and/or moisture) necessary for the secretion of enzymes are rarely present in PAH-polluted
soils. Moreover, these fungi are weak competitors against resident microflora [10], in
contrast to some Ascomycota fungi. Ascomycota fungi include a high diversity of fungal
species, common inhabitants of extremely polluted areas [6,10,11]. Their occurrence and
their contribution to pollutant degradation has been highlighted in numerous recent stud-
ies [12–14]. These Ascomycota fungi possess some advantages in comparison to white-rot
fungi, i.e., their fast growth at neutral pH and their intracellular metabolism of xenobiotics,
mostly mediated by Phase I and Phase II detoxification metabolism, mainly by cytochrome
P450s, as described in eukaryotic organisms [9].

In soils, the hydrophobic nature of PAH often limits the efficiency of its dissipation
using biological agents, because of their low bioavailability, especially for HMW PAH.
Indeed, because of the interaction of HMW PAH with soil organic matter, the sorption and
desorption of PAH greatly affect the mycoremediation efficiency achieved with polluted
soils, especially in aged historical soils. The use of vegetable oils of various botanical
origins (peanut, sunflower, olive, rapeseed, and soybean, among others) in the treatment of
PAH-contaminated soils has been documented in recent bibliographic reviews [15,16]. To
enhance the desorption of PAH strongly bound to soil organic matter, especially in an aged
contaminated soil, an original and cheap emulsifying solution was designed for use as a
biodegradable surfactant in the present study.

The objective of this work was to study the ability of a telluric saprotrophic Ascomy-
cota fungus, Penicillium canescens to dissipate the 16 PAH identified as priority pollutants by
the US Environmental Protection Agency (EPA) in industrial aged PAH-contaminated soil
microcosms on a laboratory scale. This fungus was previously isolated from a brownfield
aged PAH-contaminated soil sampled in the North of France [17]. This fungus was selected
as it showed a high capacity to degrade benzo(a)pyrene (BaP) in mineral medium. Thus,
the aim of this study was not to explore the metabolism of the selected Ascomycota fungus
in details but to compare it effectiveness in presence of an original cheap emulsifying
solution designed for purpose as a biodegradable surfactant. Three comparative treatments
for microcosms were followed: P. canescens bioaugmentation, biostimulation of endoge-
nous microflora, and natural attenuation. To consider the potential risk of generating
PAH metabolites more toxic than the initial compound [18], the remaining toxicity was
assessed after 8 months of incubation using an ecotoxicological test with Caenorhabditis
elegans (Nematoda, Rhabditidae, Secernentea). Finally, a gravimetric analysis of humic
and fulvic acids (HFA) was undertaken to evaluate possible SOM changes after treatment
with P. canescens.

2. Materials and Methods
2.1. Chemicals and Materials

All chemical products were reagent grade of the highest purity available and were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). PAH-polluted soil (125.63 ±
5.6 mg PAH kg−1 soil) was kindly provided by EACM (France) from an old petrochem-
ical factory in the north of France. No additional data were provided to us for confi-
dentiality reasons. The standard mineral salt medium (MM) included (g L−1) KCl (0.5),
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NaH2PO4 · 2H2O (1.2), MgSO4 (0.7), NO3NH4 (2), and CuSO4 · 5H2O (0.01). For fungus
preparation inoculum, the mineral salt medium (FMM) consisted of KCl (0.5),
NaH2PO4 · 2H2O (0.6), Na2PO4 · 2H2O (1.04), MgSO4 (0.5), NO3NH4 (7.8), and
CuSO4 · 5H2O (0.05). The emulsifying solution (ES) was prepared by mixing olive oil
(either 2.34 or 4.68 g) and L-α-Lecithin (either 0.36 or 0.72 g) in MM with an Ultra-Turrax
apparatus (15,000 rpm) for 5 min. A malt yeast extract agar (MYEA) medium was used for
routine growth.

2.2. Microorganism and Inoculum Preparation

Penicillium canescens, previously isolated in our laboratory with high capacity for
dissipating benzo(a)pyrene (BaP) in mineral liquid medium [17], was selected for the
microcosm study. A mixture composed of 50% wood chips and 50% cardboard chips
was used as the fungal carrier and bulking agent. The bulking agent mixture (200 g) was
carefully mixed with malt (66 g) in 2-L Erlenmeyer flasks. Bulking agent hydration was
achieved by FMM to obtain 70% water holding capacity (WHC). 2-Liter Erlenmeyer flasks
with hydrated carriers were sterilised twice (at 136 ◦C for 10 min) at 3-day intervals. Ten
mycelium agar plugs (7 mm in diameter) from a 7-day-old P. canescens pre-culture on MYEA
were added to the flasks. The cultures were incubated at room temperature (18 ± 1 ◦C) for
15 days.

2.3. Microcosm Setup

All treatments are summarised in Table 1. The microcosm experiments were conducted
in quadruplicate in 520-mL transparent microboxes containing either 160 or 180 g of
dry-mass equivalent 2-mm-sieved PAH-contaminated non-sterile soil. Four treatment
strategies were evaluated: (NA) natural attenuation, (BS) biostimulation with only the
endogenous microflora, (BA) bioaugmentation inoculated with P. canescens, and a control
(C) corresponding to air-dried untreated soil for evaluating abiotic PAH losses. For NA,
only distilled water was added to the soil to maintain WHC at 95%. For the BA and BS
treatments, two experimental parameters concerning fungal inoculum quantity and the
time of ES addition were tested. For the BS1 treatment, 180 g of soil were mixed with 20 g
of uninoculated bulking agent, and the whole was simultaneously hydrated with ES. For
the BS3 treatment, 180 g of soil were mixed with ES four days before the addition of the
bulking agent. BS2 and BS4 only differ from BS1 and BS3, respectively, in the bulking agent
quantity and the ES volume necessary to obtain 95% of WHC. The same strategy was used
for the BA treatments, with the only difference being the prior inoculation of the bulking
agent by P. canescens. Microcosms were incubated for 8 months at temperature cycles
(14 ◦C/18 ◦C) of 12 h under static conditions in the dark. Filters in the microboxes lids
allowed air renewal in each microcosm. WHC was adjusted to 95% each month with
distilled water by gravimetric control.

Table 1. Experimental design and treatments.

Treatment Soil (g) Inoculum Bulking Agent
(g)

Olive Oil
(g)

L-α-Lecithin
(g)

ES * Addition
Days before Inoculation

NA Natural Attenuation 200
BS1 Biostimulation 180 20 2.34 0.36 0
BS2 Biostimulation 160 40 4.68 0.72 0
BS3 Biostimulation 180 20 2.34 0.36 4
BS4 Biostimulation 160 40 4.68 0.72 4
BA1 Bioaugmentation 180 P. canescens 20 2.34 0.36 0
BA2 Bioaugmentation 160 P. canescens 40 4.68 0.72 0
BA3 Bioaugmentation 180 P. canescens 20 2.34 0.36 4
BA4 Bioaugmentation 160 P. canescens 40 4.68 0.72 4

* ES: Emulsifying solution.
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2.4. PAH Extraction and Analysis

After 8 months incubation, soils were air dried (20 ± 1 ◦C) for one week, homogenised,
and passed through a 2-mm sieve to remove bulking agent. For each quadruplicate, the
residual levels of PAH were analysed in soil samples. PAH levels were determined via gas
chromatography and a mass spectrometry detector (GC/MS) by the AGROLAB laboratory
(Dijon, France) according to French standard method (NF ISO 18287 August 2006/X31-170).

2.5. PAH Bioavailability

1-Butanol (BuOH) was selected as the extraction solvent for measuring PAH bioavail-
ability in soil (adapted from Umeh et al. [19,20]). After 8 months of incubation, 3 mL of
BuOH was added to 1 g of PAH-polluted soil in a 22-mL glass centrifuge tube for each
quadruplicate. The soil–BuOH mixture was vortexed for 1 min and centrifuged (4500× g
for 15 min). The PAH concentration of the BuOH supernatant was determined by the same
method described in Section 2.4.

2.6. Ecotoxicological Tests

Soil ecotoxicity was evaluated with bioassays conducted with Caenorhabditis elegans
(Nematoda, Rhabditidae, and Secernentea). Different ecotoxicity variables (growth inhibi-
tion, fertility, and reproduction) were assessed for the best PAH dissipation treatment in
comparison to the control C (by ELISOL environment, Congénies, France) according to NF
ISO 10872, July 2010.

2.7. Fulvic and Humic Acids Extraction

A classical extraction of humic and fulvic acids (HFA) was undertaken, as recom-
mended by the International Humic Substances Society. As a first step, 5 g of PAH-polluted
dried soil (in quadruplicate) were mixed with 20 mL of chloroform in a 50-mL centrifuge
tube. The chloroform–soil mixture was vortexed for 1 min and centrifuged (4500× g for
15 min). The supernatant containing PAH was removed. The soil washing operation con-
ducted with chloroform was repeated until no ultraviolet (UV) fluorescence was detected
in the chloroformic phase at 360 nm. After 2 days of drying at 60 ◦C, PAH-free soil was
mixed with 20 mL of 0.1 M NaOH solvent. The NaOH-soil mixture was vortexed for 5 min,
left to stand for 1 h, and centrifuged (4500× g for 20 min). Brown–yellow supernatant was
collected and stored at 4 ◦C. This experimental step was repeated until the colour extract
was negligible. All supernatant fractions were pooled, dialysed, lyophilised, and weighed.
The elementary composition of the humic substances was determined using an elemental
analyser (ThermoFisher Scientific, Illkirch, France).

2.8. Statistical Tests

The PAH dissipation results achieved are expressed by the mean value ± standard
error of the quadruplicate for each treatment. After verification of the data normality using
the Shapiro–Wilk test (p ≥ 0.05), the Mann–Whitney U test was used to compare the results
of the treatments with those of the control (p ≤ 0.05). The differences between the treatments
and C were determined to be significant (s) or non-significant (ns). Principal component
analysis (PCA) was performed on the following four PAH variables: dissipation, water
solubility, the log of the octanol/water coefficient (Log Kow) and the initial concentration.
Observations were made for the 16 EPA PAH. PCA was performed using the Addinsoft
XLSTAT statistical and data analysis tool (Paris, France; https://www.xlstat.com, accessed
on 31 January 2022).

3. Results and Discussion
3.1. PAH Dissipation in Soil Microcosms: Bioaugmentation versus Biostimulation

PAH dissipation was assessed after 8 months of incubation in an historical polluted
soil with a total PAH contamination of approximately 123.63 mg kg−1 of soil. After testing
the normality (Shapiro–Wilk test), the Mann–Whitney U test was used to compare all BA

https://www.xlstat.com
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(bioaugmentation with P. canescens) and BS (biostimulation) treatments with the control C.
The results confirmed that PAH dissipation for the 16 EPA PAH were statistically significant
(p = 0.05) in all cases. As shown in Figure 1, the treatments can be classified according to
the percentage of total PAH dissipated in the following order: BA4, BS4, BS3, BA2, BS2,
BA3, BA1, BS1, and NA. The best PAH decrease was achieved by BA4 (35.71% ± 1.73),
which is the only treatment whose results were significantly different from those of all
other treatments.

Figure 1. Average PAH dissipation rates of treatments after 8 months of incubation. Error bars
represent standard deviations. Letters designate groups with no statistically significant differences.
Treatments are identified in Table 1.

Table 2 details the 16 EPA PAH dissipation rates for NA, BS4, and BA4. The BA4
treatment dissipated 13 of the 16 PAH at rates greater than 18%, while NA and BS4
dissipated only 7 and 9 of the PAH, respectively (>10%). Moreover, for BA4, the final
concentration of each PAH dissipated was significantly different from the initial PAH
concentration in the soil, except for NAPH, ACE and DBahA. These 3 PAH were present at
very low concentrations in the soil. This result underlines that this fungus P. canescens is
able to dissipate not only LMW PAH but also HMW ones. This a very interesting result for
industrial scale-up.

BA4 is a fungal-bioaugmented microcosm assay (BA) inoculated with a twofold ES
added 4 days before the addition of a twofold bulking agent inoculated with P. canescens.
These three parameters, i.e., fungal inoculation with the selected fungus, the quantity and
nature of the bulking agent, and the timing of the ES addition were very important to
the dissipation rates achieved. In fact, the variation of any one of these parameters led
to a decrease in the PAH dissipation rate, as observed for other treatments. Indeed, for
the same experimental conditions, the substitution of P. canescens (BA4) by endogenous
microflora (BS4) led to a significant reduction of 11.8% in PAH dissipation. The experiments
were conducted in non-sterile soils, so it is not possible to conclude whether this result
is directly linked to P. canescens or to it interactions with endogenous fungi and bacteria.
However, the significant reduction in PAH dissipation between BA4 and BS4 is consistent
with the positive involvement of P. canescens. This hypothesis is reinforced by the following
results. First, as shown in Table 1, a single-dose input of bulking agent inoculated with P.
canescens (BA3) resulted in a significant 20.5% reduction in PAH dissipation, compared to
BA4. Moreover, BbF, BkF, BaP, BghiP, and IcdP are very stable chemical PAH, with five or
six aromatic rings, which are insoluble in water and classified as persistent hydrophobic
contaminants. Their dissipation at a rate higher than 18% in BA4 most likely indicates
that P. canescens has a high capacity to degrade hydrophobic aromatic molecules. Such a
significantly lower reduction of five- and six-ringed PAH is very rarely obtained in similar
studies conducted in aged soils [5].
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Table 2. Concentration of PAH in initial soil and PAH dissipation in soil microcosms after 8 months
of incubation (mean value of quadruplicates). Treatments are identified in Table 1.

PAH Initial PAH Concentration
(mg PAH kg−1)

PAH Dissipation (%)

Treatment NA Treatment BS4 Treatment BA4

Naphtalene NAPH 0.95 19.4 ns 10.55 ns 15.22 ns
Acenaphtylene ACY 0.32 33.5 s 28.54 s 46.15 s
Acenaphtene ACE 0.10 0.0 ns 0.00 ns 12.61 ns

Fluorene FLUO 0.44 13.0 ns 49.53 s 50.28 s
Phenanthrene PHE 10.54 16.3 s 48.28 s 53.18 s

Anthracene ANT 2.36 13.0 s 48.01 s 53.32 s
Fluoranthene FLT 23.23 11.2 s 35.20 s 47.04 s

Pyrene PYR 20.23 7.5 ns 31.15 s 40.67 s
Benzo(a)anthracene BaA 11.08 10.2 s 15.85 s 28.41 s

Chrysene CHRY 8.50 11.6 s 11.18 s 27.45 s
Benzo(b)fluoranthene BbF 11.29 10.1 ns 7.69 ns 24.74 s
Benzo(k)fluoranthene BkF 5.58 8.2 ns 6.28 ns 18.68 s

Benzo(a)pyrene BaP 10.94 6.7 ns 19.31 s 30.82 s
Dibenzo(a,h)anthracene DBahA 1.07 0.0 ns 4.09 ns 7.99 ns

Benzo(g,h,i)perylene BghiP 8.14 6.3 ns 4.53 ns 18.96 s
Indeno(1,2,3-cd)pyrene IcdP 10.87 12.1 s 5.69 ns 20.57 s

Sum 16 EPA PAH 125.63 10.2 s 22.49 s 34.30 s

Number of PAH degraded 7 9 13

s, significantly different; ns, not significantly different (Mann–Whitney U test).

The selected P. canescens strain was isolated in a previous study from a former bus
depot in northern France and was selected as the most efficient strain in BaP degradation
(44.2%) in a mineral medium [17]. The literature review underlines the capabilities of P.
canescens to degrade other pollutants such as biphenyls [21], fluorene [22], dibenzofuran [23]
and hexadecane [24] in mineral medium. It was described by Say et al. [25] as biosorbent
for heavy metals (lead, cadmium, mercury, and arsenic ions) from aqueous solutions and
was therefore suggested as a potential strain for the clean-up of the environment, especially
the aqueous systems. Additionally, in recent reviews, Leitao [26] and Zehra et al. [27]
emphasised that other Penicillium species have greater economic pollutant transformation
potential than other imperfect fungal strains because Penicillium species can degrade various
types of xenobiotics with low cosubstrate requirements. Therefore, this species could be
of interest for developing economically feasible processes for pollutant transformation.
However, few studies on this subject have been conducted in natural complex environments,
such as soil and industrial effluents, with a real scale-up in in situ and ex situ bioreactor
landfills applications. The present study, conducted in historical polluted soil, underlines
the potential of P. canescens for both 16 EPA PAH dissipation and establishment in non-
sterile soil with endogenous microflora, a real novelty result.

Finally, we deliberately chose to alternate the temperature between 14 ◦C to 18 ◦C
ever 12 h to mimic the nychthemeral cycle in field conditions, unlike microcosm studies
commonly performed at constant temperatures (approximately 25 ◦C). Temperature is
an important environmental parameter, which influences, among other things, fungal
enzymatic activities, including those involved in PAH dissipation. A decrease in nocturnal
temperatures might favour the growth of endogenous psychrophilic organisms’ growth,
which are not necessarily competent in PAH dissipation. This nychthemeral cycle is very
rarely considered in pollutant degradation studies conducted at laboratory scales. The
next step would be upscaling from this laboratory research to a pilot study and then to a
full-scale test of remediation of industrial historical polluted soils using Penicillium strains.
This would be achieved in further research conducted with design offices in bioremediation.

A second group of four treatments, statistically non-significant with respect to NA,
can be distinguished, with total PAH dissipation percentages inferior to 20%: BS2, with
18.31% ± 4.18; BA3, with 13.73% ± 10.35; BA1, with 11.46% ± 2.73; and BS1, with
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10.04% ± 2.52. These treatments did not present all of the conditions necessary for sig-
nificant dissipation. Either the endogenous microflora development in biostimulation
treatments could be competitive to P. canescens but not very efficient in PAH dissipation. Or
the quantity of the emulsifying solution was insufficient, as explained below.

3.2. PAH Dissipation in Soil Microcosms: Importance of the Emulsifying Solution

Three combined parameters, i.e., the inoculated strain, the emulsifying solution com-
position and quantity added seemed to be very important in PAH dissipation, as shown
in Figure 1 and Table 2. Indeed, after BA4 treatment with 35.71% ± 1.73 total PAH dissi-
pation, a third group of statistically significant treatments with NA can be distinguished,
with a total PAH dissipation of approximately 20–23%: BS4 with 22.49% ± 2.56, BS3 with
20.55% ± 4 and BA2 with 20.55% ± 5.95. The first two treatments, BS4 and BS3, are bios-
timulation experiments, differing only in the quantities of ES and bulking agent added: a
single dose for BS3 and a double dose for BS4. In both cases, ES was added 4 days before
the addition of the non-inoculated bulking agent. The BA2 treatment is a bioaugmentation
one, with a double dose of ES and bulking agent concomitantly added with P. canescens.

We deliberately formulated ES with olive oil and lecithin for the following reasons. ES
could act as an extra carbon and energy source available in soil, thus favouring microflora
proliferation. The strategy including nutrient supplementation, especially with carbon
one to enhance the growth and activity of microorganisms, is frequently described as
a bioremediation approach in both biostimulation and bioaugmentation experiments,
especially in soils in which carbon starvation frequently occur. However, in environments
in which nutrients can be limiting factors, the application of carbon-rich nutrients to soil
enhances also the growth of other soil microbiota. This could result in the exponential
growth of unwanted microorganisms, thereby creating competition for the bioaugmented
fungi. This might be counterproductive if the most competitive microbial populations
are not the best pollutant-degrading ones [28] leading to bioremediation failures. The
average PAH dissipation rate (approximately 20–23%) observed in BS4, BS3, and BA2 could
thus be explained in comparison with the BA4 treatment, with 35.71% ± 1.73 total PAH
dissipation. Moreover, the ES application in the biostimulation treatments led to more
contrasting results with no significant effects on PAH with five or more rings. Indeed,
the BS4 treatment dissipated only 9 of the 16 PAH and preferentially dissipated two-,
three-, and four-rings PAH, in comparison with the very wide distribution of the 13 of 16
dissipated PAH for BA4 (Table 2). On the other hand, ES, composed of olive oil and lecithin,
was formulated with the hope of enhancing biodegradation. The hydrophobic nature of
vegetable oil, which is largely composed of triglycerides (93–99%), with smaller amounts
of phospholipids, fatty acids, and neutral lipids, could influence the desorption, solubility,
and extraction of PAH present in soils, i.e., through pure physical chemical processes that
encourage the partitioning of PAH in oils [15,29]. These PAH resist to biodegradation in
particular due to the adsorption of aged compounds to organic matter and clay, which
restrains the pollutant bioavailability for microorganisms. So, the role of vegetable oil and
lecithin could act as enhancing PAH mass transfer and therefore biodegradability. Oils have
previously been used as surfactants and carbon sources in PAH dissipation experiments.
On average, 86% of 16 PAH was dissipated in contaminated soil using white rot fungi
(Pleurotus ostreatus) in the presence of fish oil [30].

The aim of the present study conducted in non-sterile soil, a complex environment,
was not to determine which of the mechanisms described previously was involved but to
find the optimal conditions permitting the best dissipation rate of PAH even those which
are the most recalcitrant. What is important to note is that BA4 is a fungal–bioaugmented
microcosm inoculated with twofold ES added four days before the addition of a twofold
bulking agent inoculated with P. canescens. These three parameters, i.e., fungal inoculation
with the selected fungus P. canescens, the quantity and nature of bulking agent, and the
timing of the addition (four days before) were, in this case, necessary to obtain such a high
dissipation rate.
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3.3. Multivariable Analysis Based on Four PAH Parameters: Dissipation, Initial Concentration in
Soil, Water Solubility, and Log Kow

A multivariate study was conducted to understand the factors influencing the dissi-
pation of the 16 PAH for the BA4 and NA treatments (Figure 2). Four PAH parameters—
dissipation %, PAH initial concentration, water solubility, and Log Kow—were studied
using principal component analysis (PCA). For better understanding, the Table 3 detailed
the physical and chemical properties of PAH.

Figure 2. Principal component analysis (PCA) showing the two first axes (axes F1 and F2 of total
variance) for the PAH distribution. (a): BA4 treatment; (b): NA treatment. The PCA was performed
on four PAH parameters: % dissipation, PAH initial concentration, water solubility, and Log Kow.
For PAH abbreviations, see Table 3. Only PAH types with significant dissipation are shown.

Table 3. Selected physical and chemical properties of the 16 US EPA PAH.

PAH Number of Aromatic Rings Chemical Structure Water Solubility at 25 ◦C
mg L−1 Log Kow

Naphtalene
NAPH 2 32 3.3

Acenaphtylene
ACY 3 3.93 4.07

Acenaphtene
ACE 3 3.42 3.98

Fluorene
FLUO 3 1.9 6.58

Phenanthrene
PHE 3 1 4.45

Anthracene
ANT 3 0.07 4.45

Fluoranthene
FLT 4 0.27 4.9
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Table 3. Cont.

PAH Number of Aromatic Rings Chemical Structure Water Solubility at 25 ◦C
mg L−1 Log Kow

Pyrene
PYR 4 0.16 4.88

Benzo(a)anthracene
BaA 4 0.0057 5.61

Chrysene
CHRY 4 0.06 5.16

Benzo(b)fluoranthene
BbF 5 0.001 6.04

Benzo(k)fluoranthene
BkF 5 0.008 6.06

Benzo(a)pyrene
BaP 5 0.0038 6.06

Dibenzo(a,h)anthracene
DBahA 5 0.0005 6.84

Benzo(g,h,i)perylene
BghiP 6 0.0008 6.58

Indeno(1,2,3-cd)pyrene
IcdP 6 Insoluble 6.5

The inertia percentages recorded for the first two axes were 65% and 27% for BA4
(Figure 2a) and 71% and 16% for NA (Figure 2b). The Euclidian distance computed from
the variables led to the classification of four PAH groups, labelled I to IV. Groups Ia (BA4)
and Ib (NA) contained PAH with a high Log Kow. Group II included FLT and PYR for
BA4 and only FLT for NA. These two PAH are present in high initial concentrations in the
studied soil. PHE and ANT, i.e., HAP with three aromatic rings, form group III in both
cases. Finally, group IV contained relatively water-soluble PAH. IVa was composed of
ACY and FLUO, while IVb was made up solely of ACY.

As expected, a correlation between % dissipation and water solubility was clearly
observed for BA4 and NA, as ACY, PHE, and ANT (with a water solubility from 0.07 to
3.9 mg L−1) were highly dissipated. However, let us recall that ACY and ANT are present
at very low initial concentrations.

BA4 led to a FLUO dissipation not observed in NA, which was most likely due to the
presence of P. canescens. Other differences can also be noted. In group Ib, only three PAH
with high Log Kow were significantly dissipated: BaA, CHRY, and IcdP. In BA4, group Ia
exhibited dissipation for four additional high-Log Kow PAH: BbF, BkF, BaP, and Bghip.
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This result would suggest that the presence of P. canescens in BA4 provides better high-Log
Kow i.e., better HMW PAH dissipation than with endogenous microflora alone. Such a
dissipation of high-Log Kow PAH in microcosms by filamentous fungi has been reported
with other fungi [5,17,31]. However, PAH dissipation was approximately 3.6 greater for
BA4 in comparison with NA. This difference underlined again the increased PAH mass
transfer from soil to the formulated ES enhancing PAH bioavailability in BA4 (as explained
above). Figure 2a clearly shows that the dissipation rate of PAH depends not only on their
intrinsic physicochemical properties but also on their initial concentrations, as observed
for Group IIa. Indeed, PYR, with its Log Kow of 4.88, was dissipated 1.4-fold more than
CHRY, which has a Log Kow of the same rank i.e., 5.16.

3.4. Nematode Toxicity Tests

In this study, untreated soil (control C) and the best treatment (BA4) were tested
with a standardised toxicity test, using the nematode, Caenorhabditis elegans, as the test
organism. This organism was chosen as a well-known experimental model with high
sensitivity to different contaminants and representing important functional levels in soil
and aquatic ecosystems. It has been shown in several studies to have high potential to
be extensively integrated within Environmental Risk Assessment (ERA) routines [32,33].
The growth, fertility, and reproduction of C. elegans in the soils were compared with the
exposure in standard soil LUFA (Table 4). A significant difference was observed for the
growth of C. elegans, (29% and 16% inhibition for C and BA4, respectively). C. elegans
showed 100% fertility in the reference LUFA soil, as well as in both treatments. Based
on the nematode fertility (the presence of eggs in the adults), only 37% of the nematodes
exposed to C contained eggs (63% nematode reproduction inhibition), whereas 100% of the
nematodes were gravid in BA4 soil. All these results clearly indicate a toxicity decrease
in BA4. In such a practical study comparing soil biotreatments, the use of a terrestrial
ecotoxicology test seems to be very relevant. Indeed, the purpose of this study was not to
characterize the PAH degradation metabolites produced during the best treatment but to
find the optimal conditions of PAH dissipation and also to prove its effectiveness not only
in terms of pollution abatement but also in reducing the soil toxicity. This is why terrestrial
ecotoxicity tests are complementary realized to relevant treatments (based in this study on
three parameters, i.e., fungal inoculation with the selected fungus, the quantity and nature
of the bulking agent, and the timing of the ES addition).

Table 4. Inhibition of growth, fertility, and reproduction in untreated (C) and BA4-treated soil in
comparison to the standard soil LUFA (mean value of triplicates).

C BA4

Growth inhibition (%) 29 s 16 s
Fertility inhibition (%) 1 ns 0 ns

Descendant number reduction (%) 63 s −9 ns
s, significantly different; ns, not significantly different (Mann–Whitney U test).

The use of free-living nematodes (principally C. elegans) for evaluating soil toxicity
is just the beginning especially for organic pollutants. The advantages of C. elegans are
a short lifespan, simple and inexpensive cultivation (300–350 eggs per nematode), and
a rapid response to environmental change [34]. C. elegans can be used to rapidly assess
chemical toxicity, with soil pollutants inhibiting C. elegans growth and reproduction [35].
The use of soil nematodes for soil health assessment may be more widely adopted com-
plementary to chemical measurements of the concentration of pollutants. Our important
results suggest a fungal bioremediation process to recover soil health features. From a
global environmental perspective, soil health protects against erosion, desertification, and
pollution, which threaten not only landscape sustainability but human health as well.
These aspects should be more often considered into a global approach to the remediation
of historically contaminated soils.
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3.5. PAH Bioavailability

In order to investigate the toxicity decrease in BA4 compared to C, bioavailable
PAH were assessed. We selected BuOH as a solvent for extracting bioavailable PAH,
as recommended by Semple’s research team [19,20] for risk-based PAH-polluted soils
management. As Figure 3 shows, the bioavailable PAH level in BA4 was dramatically
reduced, by 41% compared to C. After 8 months of incubation with P. canescens, the
bioavailable PAH in BA4 only represented 29.8% of the initial total PAH, compared to 45%
in C. This interesting result could partly explain the toxicity decrease versus the nematode,
C. elegans, as the test organism, observed for BA4. The toxicity abatement could also be due
to the biodegradation in BA4 of other toxic chemical molecules initially present in the soil,
as the studied soil comes from a former petrochemical plant (not taken into consideration).

Figure 3. Comparison of the rate of bioavailable PAH between the fungal biotreated (BA4) soil after 8
months of incubation and untreated soil (C).

Another important result was that not all of the bioavailable PAH were degraded in
BA4. Similar research on biostimulation or fungal bioaugmentation has resulted in the
maximum PAH dissipation after an incubation period of only 2 months [5,36]. In our
study, we measured PAH dissipation after 8 months of incubation (final measurement), so
it is likely that PAH biodegradation reached a steady state in BA4. This PAH dissipation
plateau may be due to either energetic substrate depletion being necessary for fungal
biodegradation or, over time, endogenous microflora development being more competitive
but perhaps less efficient for PAH dissipation.

3.6. Organic Matter Change

During the laboratory experiments carried out for the present study, a difference in
colour was observed with the naked eye for BA4. The soil was a darker brown colour than
the C soil. A basic SOM study was undertaken. Table 5 shows a significant increase in the
HFA content, by a factor of 2.4 between C and BA4, with an HFA carbon content for BA4
five times higher than for C. These findings suggest that biotreatment with P. canescens
significantly increases the SOM content. SOM production is an extremely complex process
involving primarily the biodegradation and chemomodification of organic matter of plant
and animal origin by soil microorganisms and pedofauna [37]. Several hypotheses could
explain the SOM increase in BA4. First, saprotrophic fungi possess numerous enzymatic
systems (e.g., lignin peroxidases, peroxidases, laccases, and P450, among others) capable of
biodegrading and modifying OM. The molecules obtained from these enzymatic mecha-
nisms serve as precursors for SOM formation [38]. In BA4, P. canescens and endogenous
microorganisms most likely used either the bulking agent cellulose and lignin (15% loss
of carrier mass, data not shown) or olive oil (from ES) to produce SOM molecular precur-
sors [39]. The second hypothesis is based on the fact that some fungi can produce humic
acids [40,41] or humic-like substances [42]. More work is required to investigate the SOM
increase in BA4. Nevertheless, this result is very encouraging for fungal remediation of
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polluted soils, as the neo-formed SOM could be used not only as a substrate to feed soil
fauna but also as a carbon sink.

Table 5. Comparison of humic and fulvic acids and carbon masses between untreated (C) and bioaug-
mented (BA4) soils after 8 months of incubation (mean value of quadruplicates ± standard error).

Treatment
Humic and Fulvic Acids

mg g−1 Soil

Mass Carbon Content

C 2.57 (±0.46) 0.38 (±0.05)
BA4 6.26 (±0.16) 1.9 (±0.36)

3.7. Limits and Future Research Perspectives

In order to develop a low-cost mycoremediation technique that respects soil integrity,
we tested the PAH dissipation efficiency of Penicillium canescens in a non-sterile soil mi-
crocosm. Our study originality was based on olive oil use both as a PAH desorbing agent
and also as a non-conventional carbon and energy source for P. canescens. The main result
obtained is the ability of P. canescens bioaugmentation treatment (BA4) to dissipate PAH
compared to the biostimulation treatment (BS4). The studied P. canescens strain, previously
selected as the most efficient strain in BaP degradation in a mineral medium [17], was
also efficient for dissipating the 16 EPA PAH in non-sterile historical polluted soil, a real
novelty result. One of the factors that probably contributed to this result is the competitive
nature of this fungus, well known to be a producer of antibiotics such as canescin [43] and
antifungal extrolites [44]. However, its ability to compete against endogenous microflora
could be the cause of the plateau reached for PAH dissipation. Indeed, a too high competi-
tiveness can be counterproductive by limiting the installation of microorganisms’ consortia
able to biodegrade PAH metabolites produced by the inoculated fungus. So, the complex
interactions between the fungus population inoculated and endogenous communities
(bacteria, pedofauna) should be further investigated in order to optimize the structure
and the degradative functions of the consortium for obtaining best degradation rates. Soil
metagenomic methods during PAH bioremediation treatment could provide insight on the
structure of complex microbial population [5,45].

The aim of the present study was not to determine which mechanisms involved
in remediation obtained. However, concerning the original ES formulated with olive
oil and lecithin, three mechanisms described in the literature guided our experiment
design: (1) the ES could act as a nutrient supplementation, (2) it could also influence
the desorption, solubility, and extraction of PAH present in soils, especially for HMW
PAH, with very low water solubility and high Log Kow, (3) finally, it could also induce an
increase of the intracellular H2O2 concentration, due to the normal lipid metabolic pathway,
permitting fortuitously PAH oxidation by fungal cells, a new metabolic engineering strategy
we proposed with Fusarium solani in in vitro cultures [46]. The mechanisms involved in
xenobiotic biotransformation among these potential mechanisms required further research
focus for improving mycoremediation in soils.

Finally, we are also conscious of the extrapolation limits of these results obtained in
200 g soil microcosm to field level. The next step would be upscaling from this laboratory
research to a pilot study (with soil masses of the order of a ton) and then to a full-scale test
(in bioreactor landfills with industrial historical polluted soils using Penicillium strains) via
research conducted with environmental consulting firms in soil remediation.

4. Conclusions

For more than two decades, fungal remediation techniques (biostimulation and/or
bioaugmentation) have demonstrated their effectiveness in reducing PAH soil pollution
while preserving soil integrity. Many European countries have legal requirements for
reducing PAH concentrations in soils to below specified thresholds to prevent soils from
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being considered as waste. For example, in France, the threshold is 50 mg PAH kg−1

of soil. In this study, the best PAH abatement rate obtained in BA4 was approximately
81 mg PAH kg−1 of soil. According to the French legal standard, this soil would be consid-
ered waste and could therefore be treated by a thermal process requiring heating to over
800 ◦C and producing sterile ash. Our study clearly shows that low-cost (half the cost
thermal desorption) fungal technology offers an alternative to use natural components
and fungal biodiversity to obtain a soil with low ecotoxicity. It is desirable and even
recommendable to encourage researchers promoting a change in the law concerning risk
assessment in the field of contaminated soils. It would be desirable to couple more often
ecotoxicological approaches based on sentinel and relevant organisms with clean-up thresh-
olds. Moreover, this fungal technology remediation contributes to enrich with sequestered
organic-matter carbon with a minimum of energy consumption (a low-energy technology).
In the context of climate change and environment sustainability, the preservation of soil
health must become imperative. Only this change of paradigm will enable us to promote
bioremediation methods in the future to protect the soil health for One health.
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