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A B S T R A C T

Biochar (BC) and hydrochar (HC) are carbonaceous products obtained through, respectively, pyrolysis and hy-
drothermal carbonization processes of biomass. Both materials are multi-functional soil amendments. Ligninolytic
fungi are primary decomposers of recalcitrant lignocellulosic material in nature through their extensive hyphal
network and enzymes. In this work, two BC samples from red spruce pellets (BCSP) and grapevine pruning res-
idues (BCGV) and two HC samples from urban pruning residues (HCUP) and the organic fraction of solid urban
wastes (HCSU) were tested at concentrations of 0.4% and 2% (w/v) on the growth and enzyme activity of Trametes
versicolor, Pleurotus ostreatus and Pleurotus eryngii. In all treatments with the lower concentration, BC and HC
significantly stimulated fungal growth (up to about 90% increase for HCSU on T. versicolor), whereas at the higher
dose some inhibition was observed on T. versicolor by BCSP and P. ostreatus by BCSP, BCGV and HCUP. The two
materials, especially HC, at both doses noticeably increased the activity of laccase from T. versicolor and P. eryngii,
up to 21 and 13 times, respectively, for HCUP compared to controls. The activity of manganese peroxidase from
P. ostreatus was also greatly stimulated by BC and HC, especially when added at the higher concentration. The
overall results obtained in this study suggest potential benefits for ligninolytic fungi from the presence of these
materials in soil at adequate dose of application.
1. Introduction

Biochar (BC) and hydrochar (HC) are solid materials obtained
through pyrolysis and hydrothermal carbonization of biomass, respec-
tively. The two processes are currently being investigated as novel
recycling techniques that allow the carbon neutral/negative trans-
formation and recycling of waste materials of diverse nature, such as tree
pruning residues, corn stalks, chicken manure and the organic fraction of
solid urban waste. While BC is widely recognized for carbon sequestra-
tion in soil, HC is a more recently introduced organic amendment. Both
BC and HC can be considered as multi-functional soil amendments that
can influence both physical and chemical properties of soil. Although BC
is widely considered resistant to biodegradation, its use as carbon source
by fungi is still an open question. Recent studies have demonstrated the
presence in BC of bioavailable organic components like hydrophilic
compounds and thermally labile fractions (Rombol�a et al., 2016). BC
from different feedstock and production techniques was found to contain
adsorbed volatile organic compounds (Spokas et al., 2011), polycyclic
aromatic hydrocarbons (Buss et al., 2015) and numerous potentially toxic
offredo).
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vier Ltd. This is an open access ar
elements (Singh et al., 2010). The production conditions of HC, i.e., at
temperatures lower than those requested for pyrolysis and wet feedstock,
can better mimic the natural humification process and lead to materials
that might resemble peat in terms of properties and applications (�Alvarez
et al., 2017). HC is generally considered more easily decomposable,
owing to fewer aromatic structures and higher percentage of labile car-
bon content, compared to BC (Cao et al., 2011; Gasc�o et al., 2018).
Further, also HC has shown the presence of components like adsorbed
volatile organic compounds (Becker et al., 2013) and organic and inor-
ganic contaminants (Jandl et al., 2013; Chakrabarti et al., 2015). In
addition, for both materials, differences in feedstock and production
parameters can greatly affect the properties of the final product and its
impact on soil (Lehmann and Joseph, 2009; Hitzl et al., 2015).

Fungi of the Phylum Basidiomycota are critical in the cycling of nu-
trients in soil as they play the role of plant debris decomposers (Magan,
2008). In particular, white rot fungi are decomposers of recalcitrant
lignocellulosic material for their ability to initiate the depolymerization
of lignin and maintain the carbon cycle in soil (Barron, 2003; Lundell
et al., 2010). This specific feature is the result of the combination of their
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extensive hyphal network and their enzymatic activity. White rot fungi
mainly secrete two types of extracellular ligninolytic enzymes to depo-
lymerize lignin, which are phenol oxidases (mainly laccases) and per-
oxidases (lignin peroxidase, Mn peroxidase, versatile peroxidase)
(Schmidt-Dannert, 2016). Besides their role in soil fertility, and because
of the low substrate specificity of their ligninolytic enzymes, some white
rot basidiomycetes have been also used for decontamination purposes,
e.g. decontamination of wastewater from phenolic endocrine disruptors
(Loffredo et al., 2012, 2013; 2016; Traversa et al., 2012), dyes (Anastasi
et al., 2010; Kalpana et al., 2011; Malachova et al., 2013), mycotoxins
(Bran�a et al., 2017) and numerous other environmental pollutants,
including polycyclic aromatic hydrocarbons and pesticides (Kim and
Song, 2003; Davila-Vazquez et al., 2005; Rodríguez-Rodríguez et al.,
2010; Cerrone et al., 2011; Loffredo et al., 2012, 2013, 2016).

Interaction of BC and HCwith soil microorganisms, including fungi, is
inevitable once these materials are incorporated into the soil as amend-
ments. Lehmann et al. (2011) reviewed the impact of BC on soil biota,
whereas other authors investigated the effects of BC on specific fungal
groups or species, such as arbuscular mycorrhizal fungi (Warnock et al.,
2007) and phytopathogenic fungi (Graber et al., 2014). Although white
rot fungi are critical for processes occurring in soil environment, only a
limited number of studies can be found in the literature about the impact
of BC or HC on these fungi. Some investigations concern BC impact on
colonization (Ascough et al., 2010), abundance (Jin, 2010), respiration
(Gibson et al., 2016) and bio-depolymerization activity (Placido et al.,
2016) of white rot species. Furthermore, more recently, some studies
have described the combined use of BC and white rot fungi for remedi-
ation purposes (García-Delgado et al., 2015; Loffredo et al., 2012, 2013,
2016). In particular, the work of García-Delgado et al. (2015) focused on
the involvement of enzymatic activity of the BC-associated fungi in
bioremediation.

The number of published works on the impact of HC on soil-resident
fungi is very limited and undoubtedly lower than that of BC on the same
topic. Microbial community shift, including fungal species (Rex et al.,
2015) and performance of arbuscular mycorrhizal fungi (Salem et al.,
2013) in the presence of HC were the only two aspects addressed by
scientists to date. Recent findings indicate that changes in the function-
ality of microbial community may occur as a consequence of BC and HC
application to soil, and such changes would eventually have also a rele-
vant impact on soil fertility, especially when ligninolytic fungi are
involved. Given the importance of this matter, there is a clear need for
further investigation that consider different feedstock in BC and HC
production, different white rot fungal species, but also the possibility to
combine the two amendments at adequate rates.

Therefore, the objective of this study was to investigate compara-
tively the impact of two BC samples, from spruce pellets and grapevine
pruning residues, and two HC samples, from urban pruning residues and
the organic fraction of solid urban wastes, on the growth and enzyme
activity of Trametes versicolor, Pleurotus ostreatus and Pleurotus eryngii.
These species of white-rot fungi were chosen because of their well-
documented and high efficient ligninolytic activity and their cosmopol-
itan distribution.

2. Materials and methods

2.1. Biochar, hydrochar and fungal strains

BC samples were produced starting from red spruce pellets (BCSP) and
grapevine pruning residues (BCGV) and supplied by Blucomb s. r.l.,
Udine, Italy. BC production was obtained by pyrolytic micro-gasification
method with a residence time of 3 h and a peak temperature of 550 �C
followed by dry cooling. HC samples, whose feedstocks were urban
pruning residues (HCUP) and the organic fraction of solid urban wastes
(HCSU), were produced and provided by Ingelia Italia s. r.l., Lucca, Italy.
HC was produced using a hydrothermal carbonization chamber oper-
ating in the range of 180–210 �C with pressure between 10 and 20 bars.
2

Before starting the experiments, BC and HC samples were air-dried,
ground with mortar and pestle and 0.5-mm sieved. A multianalytical
characterization of the materials used in this work was performed by
Taskin et al. (2019).

Isolates of Trametes versicolor (L.:Fr.) Pil�at (CBS 114372) and Pleurotus
ostreatus (Jacq.) P. Kumm. (CBS 145.22) were purchased from the Cen-
traal Bureau voor Schimmelcultures (CBS-KNAW), Utrecht, The
Netherlands. The isolate of Pleurotus eryngii (DC.) Qu�el. (ITEM 13681)
was obtained from the culture collection of the Institute of Sciences of
Food Production (ITEM Collection, http://www.ispa.cnr.it/Collection/),
Bari, Italy. Fungal cultures were grown on potato dextrose agar (PDA,
Oxoid, 4% w/v) in Petri dishes in the dark at 20 � 1 �C for T. versicolor
and P. ostreatus, and 25 �C � 1 �C for P. eryngii. Fungal inoculum used for
the experiments was a 4-mm radius mycelial disk excised from the
growing margin of young colonies on PDA.

2.2. Assays on fungi

The impact of BC and HC samples on the three fungi was evaluated in
two consecutive sets of experiments using the same experimental plates
for fungal growth assessment and for enzyme activity assays. Briefly,
aqueous suspensions of PDA (Oxoid, 4% w/v) were prepared and sup-
plemented or not (control) with each BC and HC, separately, at con-
centrations of 0.4% (BCSPL, BCGVL, HCUPL, HCSUL) and 2% (BCSPH,
BCGVH, HCUPH, HCSUH). The two doses were selected on the basis of
recommended field application rates for BC (8–50 t ha�1) reported in
literature (Major, 2010). Suspensions were then sterilized in autoclave at
121 �C for 15 min. Aliquots of 20 mL were taken with a pipette from each
medium kept under continuous stirring, transferred into 9-cm diameter
Petri dishes and allowed to cool at room temperature under sterile
conditions.

2.2.1. Growth assays
The fungi were inoculated in the centre of the plate under axenic

conditions and the dishes were randomly placed in an incubator in the
dark at a constant temperature of 21 � 1 �C for T. versicolor and
P. ostreatus, and at a temperature of 25 � 1 �C for P. eryngii. Starting from
24 h after incubation, at sampling times depending on the growth rate of
the fungus, radial growth of the mycelium (in mm) was measured until
the fungus reached approximately the border of the plate at least in one
Petri dish. All experiments were replicated five times.

2.2.2. Enzyme activity assays
After the end of growth experiments, the Petri dishes from treatments

and controls were left for one week in an incubation chamber in the same
conditions adopted for growth assays. After this period, each Petri dish
was completely covered with mycelium, and three replicates were
selected randomly and used for the enzyme activity assay.

Oxidative enzymes were extracted from solid growth medium using a
procedure adapted from Berry et al. (2014). Briefly, ten PDA plugs of
8-mm diameter and a total weight of 3 g were removed from each plate
along the colony radius, from the center (inoculum point) to the edge of
the colony in every direction, using a sterile cork borer. The plugs were
placed into 50 mL centrifuge tubes and 6 mL of phosphate buffer at a
concentration of 100 mM at pH 7.3 was added. Successively, the samples
were homogenized using an Ultra-Turrax® T 25 disperser (IKA-Werke
GmbH & Co. KG, Staufen, Germany) equipped with 10 mm poly-
carbonate disperser blade, at 25000 rpm and filtered throughWhatman®
(Maidstone, UK) Grade 4 filter paper. Filtrates obtained were immedi-
ately placed in a refrigerator at 4 �C and analyzed on the same day. In
addition, plugs from not inoculated plates were also analyzed to check
any interference of BC and HC components in the enzyme assays. Laccase
(EC 1.10.3.2) and manganese-dependent peroxidase (MnP) (EC
1.11.1.13) activities in the filtrates were determined spectrophotomet-
rically by using 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonate)
(ABTS) and MnSO4 as substrate, respectively. Activity of laccase was
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determined by following the oxidation of ABTS at a concentration of 0.2
mM in sodium acetate buffer (pH 4.5) at concentration of 100 mM at a
wavelength of 420 nm (ε ¼ 36000M�1 cm�1). MnP activity was assayed
through the oxidation of MnSO4 at a concentration 1 mM in sodium
malonate buffer (pH 4.5) at a concentration of 50 mM and H2O2 at
concentration of 0.1 mM at a wavelength of 270 nm (ε ¼ 11590 M�1

cm�1). Enzyme activity was expressed as enzyme international units (IU).
One IU is defined as the amount of enzyme producing 1 μmol of product
per minute under the assay conditions used (García-Delgado et al., 2015).

2.3. Statistical analysis

All results obtained were statistically analysed by one-way analysis of
variance (ANOVA) at 95%, 99% and 99.9% confidence levels. The means
of treatments were statistically compared by the least significant differ-
ences (LSD) test using CoStat Statistical Software (Version 6400, CoHort
Software Monterey, CA, USA).

3. Results

3.1. Growth assays

3.1.1. Biochar
The effects of BC samples on radial mycelial growth of T. versicolor, P.
Fig. 1. Effects of BC samples at a concentration of 0.4% (w/v, L) and 2% (w/v, H)
Pleurotus ostreatus (c and d) and Pleurotus eryngii (e and f), with respect to control (only
to LSD test. Standard error of the mean (n ¼ 5) is also indicated.

3

ostreatus and P. eryngii at the two concentrations adopted are presented in
Fig. 1. In general, during the entire experimental period, the presence of
each BC at the lower dose caused a relevant stimulation (P � 0.001) of
the growth of the fungi examined, with increases generally between 50%
and 70% compared to control. The only exception was BCGVL which did
not alter the growth of P. ostreatus compared to the control (Fig. 1d). On
the other hand, the presence of BC at the higher dose produced differ-
entiated effects on the fungi depending on BC type and fungal species. A
significant growth inhibition appeared during the experimental period in
treatments with BCSPH on T. versicolor and, to a lesser extent, on
P. ostreatus, even if this effect was absent at the end of experiments
(Figs. 1a and 1c). BCGVH seemed do not affect the growth of T. versicolor
initially, whereas a significant stimulation was evident in successive
samplings, with increases of mycelial radius of 28% and 44% at 120 h
and 144 h, respectively, compared to the control (Fig. 1b). Moreover,
BCGVH showed a slight inhibition of P. ostreatus growth that was reduced
by a maximum of 24%, compared to the control, after 48 h from inocu-
lation (Fig. 1d). Differently from the other two fungi, along the whole
experiment, P. eryngii growth was always promoted by both BCSPH and,
especially, BCGVH, with a maximum increase of about 70%, with respect
to the control (Figs. 1e and 1f).

3.1.2. Hydrochar
Effects of HC samples on the radial mycelial growth of the three fungi
on variations (%) of the radial mycelial growth of Trametes versicolor (a and b),
error bar), as a function of time. *P � 0.05; **P � 0.01; ***P � 0.001, according



Fig. 2. Effects of HC samples at a concentration of 0.4% (w/v, L) and 2% (w/v, H) on variations (%) of the radial mycelial growth of Trametes versicolor (a and b),
Pleurotus ostreatus (c an d) and Pleurotus eryngii (e and f) with respect to control (only error bar), as a function of time. *P � 0.05; **P � 0.01; ***P � 0.001, according
to LSD test. Standard error of the mean (n ¼ 5) is also indicated.
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are presented in Fig. 2. In comparison to BC, this amendment had a
general better influence on all fungi. The presence of each HC at any dose
produced a relevant stimulation on the growth of these fungi, with the
only exception of HCUPL and HCUPH which caused, respectively, no ef-
fects or a weak inhibition on P. ostreatus (Fig. 2c). T. versicolor showed the
highest increases of radial mycelial growth, which were in the ranges of
62%–78% and 39%–71%, respectively, in treatments with HCUPL and
HCUPH (Fig. 2a). The same fungus was even more favourably influenced
by HCSU, with increases of mycelial growth in the range of 55%–88% for
both doses (Fig. 2b).

The presence of HCUPL stimulated the growth of P. ostreatus of about
4%, compared to control, only after 72h from inoculation (Fig. 2c). In
contrast with the general trend, the presence of HCUPH increasingly
inhibited the growth of P. ostreatus from 17% at 24 h up to 26% at 96 h
sampling times (Fig. 2c). Furthermore, P. ostreatus growth was signifi-
cantly stimulated by HCSU treatments at both concentrations, even if
beneficial effects progressively decreased along the experimental period
(Fig. 2d).

Similarly to what was observed for T. versicolor, P. eryngii was greatly
stimulated by each dose of both HC samples with growth variations al-
ways significant (P � 0.001) compared to control (Figs. 2e and 2f). In
particular, both doses of each HC produced the same results, with HCUP
and HCSU variations ranging, respectively, from about 80% and 70% at
the beginning of experiments to about 15% and 35% at the end of ex-
periments (Figs. 2e and 2f).
4

3.2. Enzyme activity assays

Initial screening carried out on enzyme activity showed that the fungi
examined in this study differed in enzyme machinery activated. In our
experimental conditions, T. versicolor and P. eryngii produced laccase in
both BC and HC treatments and control but did not produce MnP,
whereas P. ostreatus produced measurable amounts of MnP only in
treatment plates but no laccase.

3.2.1. Biochar
The effects of BC on the activity of selected enzymes released by

T. versicolor, P. ostreatus and P. eryngii are presented in Table 1. The
presence of each BC at the two doses always significantly induced a
marked increase of enzyme activity of all fungal species.

In the case of T. versicolor, the highest laccase activity measured in all
treatments was induced by BCSPL treatment (75.8 IU L�1) being 6.4 times
higher than that measured in the control (Table 1). Even the higher dose
of the same treatment (BCSPH) significantly (P� 0.01) stimulated laccase
activity. When BCGV was added, both doses considerably increased
laccase activity of T. versicolor compared to the control (P � 0.01), but
the effects of the lower dose were less than those of the higher dose
(Table 1).

Both BC types at both doses induced a relevant Mn-dependent
peroxidase activity in P. ostreatus, whereas this activity was not
measurable in the corresponding control. The highest MnP activity of this



Table 1
Effects of BC treatments at concentrations of 0.4% (w/v, L) and 2% (w/v, H) on
enzyme activity of the three fungi. **P � 0.01 and ***P � 0.001, according to
LSD test. Standard error of the mean (n ¼ 3) is also indicated.

Species –
Enzyme

Enzyme Activity (IU L�1)

Control BCSPL BCSPH BCGVL BCGVH

T. versicolor -
Laccase

11.9 �
0.1

75.8 �
5.0***

61.9 �
6.7**

28.3 �
2.6**

72.7 �
15.1***

P. ostreatus -
MnP

0.0 �
0.0

30.4 �
1.6***

64.8 �
0.5***

23.8 �
1.9***

52.8 �
6.6***

P. eryngii -
Laccase

42.6 �
1.9

69.9 �
4.3**

173.1 �
20.8***

287.5 �
36.7***

222.8 �
17.5***
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fungus was measured in BCSPH treatment (64.8 IU L�1). MnP activity was
23.8 IU L�1 in BCGVL treatment and more than twice higher in BCGVH
treatment (Table 1).

Similarly to what was already observed for the previous fungi, laccase
activity of P. eryngii was always stimulated by the presence of BC in the
fungal substrate (Table 1). The highest activity was measured in BCGVL
treatment (287.5 IU L�1). Laccase activity of P. eryngii in BCSPH, BCGVL
and BCGVH treatments was much higher than that measured in the same
treatments with T. versicolor, being about 3, 10 and 3 times higher,
respectively (Table 1).

3.2.2. Hydrochar
The effects of HC on enzyme activity of the three fungi is presented in

Table 2. The presence of each HC at both doses significantly increased
enzyme activity of all fungi, with respect to control, with the only
exception of HCSUL on P. ostreatus that did not differ from control.
Similarly to what was observed in BC treatments, the highest increases of
enzyme activity were measured for P. eryngii (Table 2).

In the case of T. versicolor, the highest laccase activity was found in
HCUPH treatment (246.8 IU L�1). Laccase activity was significantly
stimulated also by the lower dose of this HC, being more than 4 times
higher than that measured in the control (11.9 IU L�1). Furthermore,
enzyme activity of this fungus was much stimulated by both HCSU
treatments (Table 2).

Also for P. ostreatus, the highest enzyme activity was measured in
HCUPH treatment (83.7 IU L�1). At the lower dose of the same BC
(HCUPL), MnP activity of P. ostreatus was only one-fourth of the activity
measured in HCUPH treatment (Table 2). Only the higher dose of HCSU
significantly stimulated MnP activity of the fungus when compared to
control (Table 2).

The presence of each HC at both doses in the growth medium of
P. eryngii significantly (P � 0.001) stimulated laccase activity compared
to control. Once again, among all treatments, the highest activity
was measured for HCUPH (544.9 IU L�1). The lower dose of the same
sample (HCUPL) increased laccase activity of the fungus only slightly less
than the higher dose. Further, significant enhancements of laccase ac-
tivity were recorded in both HCSU treatments compared to control
(Table 2).
Table 2
Effects of HC treatments at concentrations of 0.4% (w/v, L) and 2% (w/v, H) on
enzyme activity of the three fungi. **P � 0.01 and ***P � 0.001, according to
LSD test. Standard error of the mean (n ¼ 3) is also indicated.

Species -
Enzyme

Enzymatic Activity (IU L�1)

Control HCUPL HCUPH HCSUL HCSUH

T. versicolor -
Laccase

11.9 �
0.1

50.9 �
3.3***

246.8 �
23.0***

208.9 �
20.4***

116.0 �
21.0**

P. ostreatus -
MnP

0.0 �
0.0

21.2 �
1.5***

83.7 �
3.5***

2.4 � 2.4 67.6 �
3.6***

P.eryngii -
Laccase

42.6 �
1.9

451.5 �
27.9***

544.9 �
17.8***

340.9 �
23.0***

379.8 �
13.9***
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4. Discussion

4.1. Growth assays

The overall results achieved in the present study indicated that BC can
exert beneficial effects on the growth of the fungal species tested. How-
ever, inhibitory effects on these fungi were also observed in some BC
treatments at the higher concentration to an extent depending on BC
origin, dose applied and fungal species. Compositional differences be-
tween the two BCs might have been responsible of the differentiated
effects exerted on the same fungus. In this respect, the interpretation of
the results of the present study may relies, at least partly, on the chemical
properties of our BCs (and HCs), which are reported in a recent related
article (Taskin et al., 2019). The elemental composition of the two BCs
studied showed quite low H/C ratios suggesting the occurrence in these
samples of highly condensed aromatic structure (Taskin et al., 2019).
Moreover, gas chromatography/mass spectrometry analysis of these BCs
evidenced the presence of aromatic hydrocarbons, including naphtha-
lene, benzene, styrene, xylene and ethylbenzene (Taskin et al., 2019). In
the treatments at the higher BC dose, these compounds might have
exerted suppressing effects on fungi. Recently, Zhang et al. (2018) re-
ported that the presence of recalcitrant aromatic compounds in BC is
unfavorable for the fungal growth and the activity of ligninolytic en-
zymes. In some cases, inhibition induced by BC on mycelial growth
appeared progressively diminish or disappear in the end of experiments,
conceivably due to the activation of biochemical mechanisms of detox-
ification. In particular, BC treatments at the lower dose (0.4%, w/v)
caused mostly growth stimulation on T. versicolor and P. ostreatus, while
the higher dose of BC showed some inhibition. Differently, Ascough et al.
(2010) found depressive effects of BC at a concentration at 0.5% (w/v) on
the growth of P. pulmonarius and Coriolus versicolor (syn. T. versicolor).
Zhang et al. (2018) reported that the growth of microorganisms,
including fungi, had significant positive correlations with the aliphatic C
but negative correlations with the aromatic C of different BCs. On the
other hand, all BC treatments adopted showed a tremendous stimulation
of P. eryngii growth. That suggests a species-dependent response of lig-
ninolytic fungi to BC. That is consistent with the findings of Ascough et al.
(2010) who, in a study carried out using BC produced at 300 �C and 400
�C from Scots pine, found dose- and species-dependent impact on fungi
P. pulmonarius and C. versicolor. In the same study, the researchers
observed that only P. pulmonarius responded differently to BC produced
at different temperatures (Ascough et al., 2010). It is reasonable to as-
sume that some components of BC released in the medium and absorbed
by the fungus exerted regulatory effects on mycelial growth, some acting
as stimulants, some as inhibitors and others in one way or another
depending on the dose (Giller et al., 1998). For instance, heavy metals at
high concentrations are generally toxic to ligninolytic fungi but some of
them at low concentrations are also essential for growth and biological
functions (Baldrian, 2003; Asif et al., 2017). Tolerance to high levels of
heavy metals can vary significantly among fungal species and within the
same species (Giller et al., 1998). In our study, the presence in BC of
essential microelements such as Cu, Fe and Mn, might have promoted
fungal growth. As a matter of facts, BCSP had much higher contents of Fe
(about 4.3 mM) and, especially, Mn (2.5 mM) compared to BCGV (Taskin
et al., 2019) and that might explain the absence of stimulation of
P. ostreatus by the latter material. On the other hand, the presence in BCs
of As, Pb and Cl, at levels conceivably higher than those tolerated by the
fungus, might have caused inhibition. Asif et al. (2017) reported that
even very low levels of Pb and Cl can cause inhibition of ligninolytic
fungi. The growth inhibition caused by the higher BC dose (2%, w/v)
observed in our study is in agreement with results of Gibson et al. (2016).
These authors found that a BC produced at 450 �C from Pinus ponderosa at
a dose of 5% (w/v) decreased respiratory rate of T. versicolor (Gibson
et al., 2016). However, in some cases, BC inhibition at the higher dose
measured in our study seemed successfully overcome by adaptation of
the fungus to the growth conditions, possibly due to some changes in type
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and quantity of enzymes produced or activation of biochemical mecha-
nisms of detoxification. Other authors focused their studies on the impact
of BC on mycorrhizal fungi. Testing a BC obtained at a temperature
of 550 �C from spruce and pine wood pellets on the growth of Rhizo-
phagus irregularis, Hammer et al. (2014) demonstrated that the fungus
was capable to grow well on and into BC and to acquire phosphorus
from it.

Due to the very recent production and use of HC, only little infor-
mation can be found in the literature on the effects of this material on
microorganisms, and almost none concerning its impact on soil-borne
fungi. �Alvarez et al. (2017) found that microbial biomass carbon and
the activity of some enzymes could be influenced by the presence of HC,
even if the final effects depended strongly on HC type. Due to the
different production technology, HC can be quite different from BC as far
as chemical and physical properties, including quantity and quality of
aromatic components and mineral elements, are concerned. The lower
temperatures adopted in HC production mitigate degradation reactions
like decarboxylation, dehydration and aromatization that result in a C
content significantly lower in this material than in BC. The two types of
HC used in this work showed similar properties, except for pH and ash
content which were lower for HCUP (6.6 and 12%, respectively) than
HCSU (7.7 and 16%, respectively) (Taskin et al., 2019). It is reasonable to
hypothesize that the lower alkaline nature and the lower degree of
aromaticity of HC, compared to BC, make HC more acceptable by the
tested fungi than BC. Both HCs studied here, especially HCSU, showed
levels of Cu, Fe and Zn higher than those found in BC samples (Taskin
et al., 2019), and that might have promoted fungal growth. Anyway, HC
also contains some toxic aromatic components that might explain the
slight inhibition caused by HCUP on P. ostreatus. Soil amendment with HC
from different feedstocks was found to promote overall fungal biomass in
soil (Steinbeiss et al., 2009) and, particularly, that of arbuscular mycor-
rhizal fungi (Rillig et al., 2010; George et al., 2012).

4.2. Enzyme activity assays

In addition to the important effects on the growth of the fungi
examined, this study demonstrated that the presence of BC and HC in the
substrate can also significantly stimulate enzyme activity of ligninolytic
fungi. Between the two materials tested, HC demonstrated a general
greater capacity to increase enzyme activity. That might be ascribed to
the different composition of the two types of materials as it regards both
the organic and the mineral fraction. Compared to the BC samples, the
two HCs studied showed higher contents of easily degradable organic
compounds and, with few exceptions, higher contents of all measured
mineral elements, especially Cu, Fe and Zn (Taskin et al., 2019) which are
essential elements for fungal growth and enzymes production and ac-
tivity (Asif et al., 2017). In a recent work, Zhang et al. (2018) found
positive correlations between ligninolytic enzyme activities and the
aliphatic fraction of different chars, but also negative correlations with
their aromatic fraction. These authors concluded that the increase in
recalcitrant aromatic C in BCs could be unfavorable for the microbial
growth and enzyme activity (Zhang et al., 2018). Anyway, there is scarce
information in the literature on this matter, and only one study con-
cerned the impact of BC on enzyme activity of P. ostreatus (García--
Delgado et al., 2015). Therefore, the novelty of this work is to show that
BC and HC greatly enhance the constitutive production of laccase by
T. versicolor and P. eryngii and also activate the inducible production of
MnP by P. ostreatus.

In our experimental conditions, we found that P. ostreatus released
MnP system but not laccase, at least not enough laccase to be detectable.
The marked increase of MnP activity observed in plates inoculated with
P. ostreatus and the equally relevant increase of laccase activity in plates
inoculated with the other two fungi is in accordance with what was
observed by García-Delgado et al. (2015). In their study, the authors
found that a BC obtained from pine wood chips at the temperature of 450
�C added at a concentration of 2.5% (w/v) stimulated the laccase activity
6

of P. ostreatus. Furthermore, a study of Placido et al. (2016) demonstrated
that white-rot species, such as Phanerochaete chrysosporium, Ceriporiopsis
subvermispora, Postia placenta and Bjerkandera adusta, were able to
depolymerize BC using their laccase and MnP systems. The
species-dependent response of fungi to BC, in terms of enzyme activity
stimulation, is in agreement with the findings of Placido et al. (2016)
who found that different white-rot fungi reacted differently to BC
application in terms of enzyme activity levels and depolymerization
rates. Soil amendment with carbon rich material (carbon nanotubes) was
found to promote laccase activity of T. versicolor (Berry et al., 2014).

Unfortunately, no studies are present in the literature about the ef-
fects of HC on enzyme activity of ligninolytic fungi and a comparison
between our results and those of other researchers is not possible.
However, it is known that HC has fewer aromatic structures and a higher
percentage of labile C fractions than BC (Cao et al., 2011; Gasc�o et al.,
2018). HC samples used in this study were either from lignocellulosic
material only (urban pruning residues) or from feedstock containing
lignocellulosic material (solid urban wastes). In contrast to pyrolysis,
hydrothermal carbonization process occurs at lower temperature and
materials are not completely carbonized. Spectroscopic analyses of
various HC samples (Liu et al., 2013), including the two HCs examined in
this work (Taskin et al., 2019), showed the presence of aromatic groups
of lignin, indicating that lignin from original feedstock was still present in
HC after hydrothermal carbonization process. We can hypothesize that
the lignin fraction present in HC, along with the cellulose and hemicel-
lulose fractions, might have contributed to the generally higher stimu-
lation of enzyme activity observed in HC, with respect to BC.
Furthermore, the relevant increase of enzyme activity caused by HC
addition in fungal substrate, compared to the control, is in agreement
with the general stimulation of microbial activity observed by Kammann
et al. (2012) in a soil incubated with HC from beet root chips and bark
chips. Furthermore, mineral elements of HC and BC might have under-
standably affected at the same time both the growth of fungi and the
production and activity of their enzymes, even if not at the same extent. A
large number of studies addressing the influence of the quantity and type
of metals on fungal enzymatic activity have been recently summarized by
Asif et al. (2017). Baldrian (2003) reported an increase in the production
and/or activity of fungal laccase in the presence of essential metals such
as Cu, Fe, Mn and Zn. It is known that low concentrations of essential
metals are necessary for the development of the ligninolytic enzyme
system (Baldrian, 2003). In particular, Mn is directly involved in the
catalytic cycle of Mn-dependent peroxidase (MnP) and Cu is the cofactor
of the enzyme laccase. The positive effect of Cu addition on the pro-
duction of laccase was observed in a large number of ligninolytic fungi
(Baldrian, 2003). Stajic et al. (2013) reported that the enrichment of
fungal growth medium with Zn caused an increase of laccase activity by
P. ostreatus. Therefore, the higher activity of laccase by P. eryngii observed
in treatments with HCs, compared to those with BCs, might be due, at
least partly, to the overall higher contents of Zn, Cu and Fe of HC
compared to BC (Taskin et al., 2019). The contents of Cu, Fe and Zn were,
averagely for the two samples, 6, 16 and 5 times higher, respectively, in
HCs than in BCs.

Finally, comparing the two HCs of this study, it appeared that HCSU
stimulated the enzyme activity slightly less, especially at the higher dose,
than HCUP. As the quantity and type of the organic fraction of HCUP and
HCSU were similar (Taskin et al., 2019), we can assume that a significant
role was played by the mineral components of HCs. The elemental
composition of HCs showed Cu, Fe, Mn and Zn concentrations in HCSU
that were, respectively, 11, 3, 3 and 9 times higher than in HCUP. It is
reasonable to hypothesize that these metals, although essential, may
have limited enzyme stimulation beyond certain levels. Moreover, HCSU

had contents of Pb and Ni, which are considered toxic nonessential heavy
metals, about 6 and 3 times higher than HCUP and that might have had a
role in the results observed. Previous work reported that biochemical
properties, including enzymatic activities, of HC were strongly depen-
dent on HC type (�Alvarez et al., 2017).
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5. Conclusions

This study provided additional information about a subject not yet
explored enough, that is the interaction between soil amendments, such
as BC and HC, and soil-resident ligninolytic fungi. The overall results
obtained demonstrated that the addition of these materials to the fungal
medium generally favoured the growth and enzymatic activity of some
ligninolytic fungi. However, aspects concerning feedstock, production
conditions, dose applied, and the fungal species interacting with the
material are very important for final results.

In the conditions of our study, the fungi examined appeared to accept
HC better than BC demonstrating a better growth and a more relevant
increase of enzyme activity. Finally, our results not only contribute to the
comprehension of the biological processes occurring in soil following
applications of BC and HC but also suggest a joint use of BC or HC and
ligninolytic fungi in remediation processes, in order to combine the
adsorptive capacities of the materials with the degradative actions of
fungi.

Declarations

Author contribution statement

Elisabetta Loffredo, Eren Taskin: Conceived and designed the exper-
iments; Performed the experiments; Analyzed and interpreted the data;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Maria Teresa Brana: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data.

Claudio Altomare: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data.

Funding statement

This work was supported by University of Bari Aldo Moro, Italy.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

Authors thank Ingelia Italia S.p.A. for providing hydrochar samples
used in this study.

References

�Alvarez, M.L., Gasc�o, G., Plaza, C., Paz-Ferreiro, J., M�endez, A., 2017. Hydrochars from
biosolids and urban wastes as substitute materials for peat. Land Degrad. Dev. 28,
2268–2276.

Anastasi, A., Spina, F., Prigione, V., Tigini, V., Giansanti, P., Varese, G.C., 2010. Scale-up
of a bioprocess for textile wastewater treatment using Bjerkandera adusta. Bioresour.
Technol. 101, 3067–3075.

Ascough, P.L., Sturrock, C.J., Bird, M.I., 2010. Investigation of growth responses in
saprophytic fungi to charred biomass Isot. Environ. Healt S 46, 64–77.

Asif, M.B., Hai, F.I., Hou, J., Price, W.E., Nghiem, L.D., 2017. Impact of wastewater
derived dissolved interfering compounds on growth, enzymatic activity and trace
organic contaminant removal of white rot fungi – a critical review. J. Environ.
Manag. 201, 89–109.

Baldrian, P., 2003. Interactions of heavy metals with white-rot fungi. Enzym. Microb.
Technol. 32, 78–91.

Barron, G.L., 2003. Predatory fungi, wood decay, and the carbon cycle. Biodiversity 4,
3–9.

Becker, R., Dorgerloh, U., Helmis, M., Mumme, J., Diakit�e, M., Nehls, I., 2013.
Hydrothermally carbonized plant materials: patterns of volatile organic compounds
detected by gas chromatography. Bioresour. Technol. 130, 621–628.
7

Berry, T.D., Filley, T.R., Blanchette, R.A., 2014. Oxidative enzymatic response of white-
rot fungi to single-walled carbon nanotubes. Environ. Pollut. 193, 197–204.

Bran�a, M.T., Cimmarusti, M.T., Haidukowski, M., Logrieco, A.F., Altomare, C., 2017.
Bioremediation of aflatoxin B1-contaminated maize by king oyster mushroom
(Pleurotus eryngii). PLoS One 12, e0182574.

Buss, W., Ma�sek, O., Graham, M., Wüst, D., 2015. Inherent organic compounds in
biochar–Their content, composition and potential toxic effects. J. Environ. Manag.
156, 150–157.

Cao, X., Ro, K.S., Chappell, M., Li, Y., Mao, J., 2011. Chemical structures of swine-manure
chars produced under different carbonization conditions investigated by advanced
solid-state 13C Nuclear Magnetic Resonance (NMR) Spectroscopy. Energ Fuel 25,
388–397.

Cerrone, F., Barghini, P., Pesciaroli, C., Fenice, M., 2011. Efficient removal of pollutants
from olive washing wastewater in bubble-column bioreactor by Trametes versicolor.
Chemosphere 84, 254–259.

Chakrabarti, S., Dicke, C., Kalderis, D., Kern, J., 2015. Rice husks and their hydrochars
cause unexpected stress response in the nematode Caenorhabditis elegans: reduced
transcription of stress-related genes. Environ. Sci. Pollut. Res. 22, 12092–12103.

Davila-Vazquez, G., Tinoco, R., Pickard, M.A., Vazquez-Duhalt, R., 2005. Transformation
of halogenated pesticides by versatile peroxidase from Bjerkandera adusta. Enzym.
Microb. Technol. 36, 223–231.

Gasc�o, G., Paz-Ferreiro, J., �Alvarez, M.L., Saa, A., M�endez, A., 2018. Biochars and
hydrochars prepared by pyrolysis and hydrothermal carbonisation of pig manure.
Waste Manag. 79, 395–403.

García-Delgado, C., Alfaro-Barta, I., Eymar, E., 2015. Combination of biochar amendment
and mycoremediation for polycyclic aromatic hydrocarbons immobilization and
biodegradation in creosote-contaminated soil. J. Hazard Mater. 285, 259–266.

George, C., Wagner, M., Kücke, M., Rillig, M.C., 2012. Divergent consequences of
hydrochar in the plant–soil system: arbuscular mycorrhiza, nodulation, plant growth
and soil aggregation effects. Appl. Soil Ecol. 59, 68–72.

Gibson, C., Berry, T.D., Wang, R., Spencer, J.A., Johnston, C.T., Jiang, Y., Bird, J.A.,
Filley, T.R., 2016. Weathering of pyrogenic organic matter induces fungal oxidative
enzyme response in single culture inoculation experiments. Org. Geochem. 92,
32–41.

Giller, K.E., Witter, E., McGrath, S.P., 1998. Toxicity of heavy metals to microorganisms
and microbial processes in agricultural soils: a review. Soil Biol. Biochem. 30,
1389–1414.

Graber, E.R., Frenkel, O., Jaiswal, A.K., Elad, Y., 2014. How may biochar influence
severity of diseases caused by soilborne pathogens? Carbon Manag. 5, 169–183.

Hammer, E.C., Balogh-Brunstad, Z., Jakobsen, I., Olsson, P.A., Stipp, S.L.S., Rillig, M.C.,
2014. A mycorrhizal fungus grows on biochar and captures phosphorus from its
surfaces. Soil Biol. Biochem. 77, 252–260.

Hitzl, M., Corma, A., Pomares, F., Renz, M., 2015. The hydrothermal carbonization (HTC)
plant as a decentral biorefinery for wet biomass. Catal. Today 257, 154–159.

Jandl, G., Eckhardt, K.-U., Bargmann, I., Kücke, M., Greef, J.-M., Knicker, H.,
Leinweber, P., 2013. Hydrothermal carbonization of biomass residues: mass
spectrometric characterization for ecological effects in the soil–plant system.
J. Environ. Qual. 42, 199–207.

Jin, H., 2010. Characterization of Microbial Life Colonizing Biochar and Biocharamended
Soils. Dissertation. Cornell University.

Kalpana, D., Shim, J.H., Oh, B.-T., Senthil, K., Lee, Y.S., 2011. Bioremediation of the
heavy metal complex dye Isolan Dark Blue 2SGL-01 by white rot fungus Irpex lacteus.
J Hazard Mater198, 198–205.

Kammann, C., Ratering, S., Eckhard, C., Müller, C., 2012. Biochar and hydrochar effects
on greenhouse gas (carbon dioxide, nitrous oxide, and methane) fluxes from soils.
J. Environ. Qual. 41, 1052–1066.

Kim, H.Y., Song, H.G., 2003. Transformation and mineralization of 2,4,6-trinitrotoluene
by the white rot fungus Irpex lacteus. Appl. Microbiol. Biotechnol. 61, 150–156.

Lehmann, J., Joseph, S., 2009. Biochar for Environmental Management: Science and
Technology, Earthscan.

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011.
Biochar effects on soil biota – a review. Soil Biol. Biochem. 43, 1812–1836 do.

Liu, Z., Quek, A., Kent Hoekman, S., Balasubramanian, R., 2013. Production of
solid biochar fuel from waste biomass by hydrothermal carbonization. Fuel 103,
943–949.

Loffredo, E., Castellana, G., Taskin, E., 2016. A two-step approach to eliminate pesticides
and estrogens from a wastewater and reduce its phytotoxicity: adsorption onto plant-
derived materials and fungal degradation water air. Soil Pollut. 227, 1–12.

Loffredo, E., Castellana, G., Traversa, A., Senesi, N., 2013. Comparative assessment of
three ligninolytic fungi for removal of phenolic endocrine disruptors from
freshwaters and sediments. Environ. Technol. 34, 1601–1608.

Loffredo, E., Traversa, A., Senesi, N., 2012. Biodecontamination of water from bisphenol
A using ligninolytic fungi and the modulation role of humic acids Ecotox. Environ.
Safe 79, 288–293.

Lundell, T.K., M€akel€a, M.R., Hild�en, K., 2010. Lignin-modifying enzymes in filamentous
basidiomycetes - ecological, functional and phylogenetic review. J. Basic Microbiol.
50, 5–20.

Magan, N., 2008. Chapter 4 ecophysiology: impact of environment on growth,
synthesis of compatible solutes and enzyme production. Br. Mycol. Soc. Symp. Ser.
28, 63–78.

Major, J., 2010. Guidelines on Practical Aspects of Biochar Application to Field Soil in
Various Soil Management Systems, first ed. Inernational Biochar Initiative,
Westerville, OH, USA.

Malachova, K., Rybkova, Z., Sezimova, H., Cerven, J., Novotny, C., 2013. Biodegradation
and detoxification potential of rotating biological contactor (RBC) with Irpex lacteus
for remediation of dye-containing wastewater. Water Res. 47, 7143–7148.

http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref1
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref2
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref2
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref2
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref2
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref3
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref3
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref3
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref4
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref5
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref5
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref5
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref6
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref6
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref6
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref7
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref7
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref7
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref7
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref7
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref8
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref8
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref8
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref9
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref9
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref9
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref9
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref10
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref11
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref11
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref11
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref11
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref11
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref12
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref12
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref12
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref12
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref13
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref13
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref13
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref13
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref14
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref14
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref14
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref14
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref15
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref16
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref16
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref16
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref16
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref17
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref17
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref17
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref17
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref17
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref18
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref18
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref18
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref18
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref18
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref19
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref19
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref19
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref19
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref20
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref20
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref20
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref21
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref21
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref21
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref21
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref22
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref22
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref22
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref23
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref24
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref24
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref25
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref25
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref25
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref25
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref26
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref26
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref26
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref26
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref27
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref27
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref27
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref28
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref28
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref29
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref29
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref29
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref29
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref30
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref30
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref30
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref30
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref31
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref31
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref31
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref31
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref32
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref32
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref32
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref32
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref33
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref33
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref33
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref33
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref34
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref35
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref35
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref35
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref35
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref36
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref36
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref36
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref37
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref37
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref37
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref37


E. Taskin et al. Heliyon 5 (2019) e02051
Placido, J., Capareda, S., Karthikeyan, R., 2016. Production of humic substances from
cotton stalks biochar by fungal treatment with Ceriporiopsis subvermispora. Sustain.
Energy Technol. Ass. 13, 31–37.

Rex, D., Schimmelpfennig, S., Jansen-Willems, A., Moser, G., Kammann, C., Müller, C.,
2015. Microbial community shifts 2.6 years after top dressing of Miscanthus biochar,
hydrochar and feedstock on a temperate grassland site. Plant Soil 397, 261–271.

Rillig, M.C., et al., 2010. Material derived from hydrothermal carbonization: effects on
plant growth and arbuscular mycorrhiza. Appl. Soil Ecol. 45, 238–242.

Rodríguez-Rodríguez, C.E., Marco-Urrea, E., Caminal, G., 2010. Naproxen degradation
test to monitor Trametes versicolor activity in solid-state bioremediation processes.
J. Hazard Mater. 179, 1152–1155.

Rombol�a, A.G., Fabbri, D., Meredith, W., Snape, C.E., Dieguez-Alonso, A., 2016.
Molecular characterization of the thermally labile fraction of biochar by
hydropyrolysis and pyrolysis-GC/MS. J. Anal. Appl. Pyrolysis 121, 230–239.

Salem, M., Kohler, J., Wurst, S., Rillig, M.C., 2013. Earthworms can modify effects of
hydrochar on growth of Plantago lanceolata and performance of arbuscular
mycorrhizal fungi. Pedobiologia 56, 219–224.

Schmidt-Dannert, C., 2016. Biocatalytic portfolio of Basidiomycota. Curr. Opin. Chem.
Biol. 31, 40–49.

Singh, B., Singh, B.P., Cowie, A.L., 2010. Characterisation and evaluation of biochars for
their application as a soil amendment. Soil Res. 48, 516–525.
8

Spokas, K.A., Novak, J.M., Stewart, C.E., Cantrell, K.B., Uchimiya, M., DuSaire, M.G.,
Ro, K.S., 2011. Qualitative analysis of volatile organic compounds on biochar.
Chemosphere 85, 869–882.

Stajic, M., Vukojevic, J., Knezevic, A., Milovanovic, I., 2013. Influence of trace elements
on ligninolytic enzyme activity of Pleurotus ostreatus and P. pulmonarius.
Bioresources 8, 3027–3037.

Steinbeiss, S., Gleixner, G., Antonietti, M., 2009. Effect of biochar amendment on soil
carbon balance and soil microbial activity. Soil Biol. Biochem. 41, 1301–1310.

Taskin, E., de Castro Bueno, C., Allegretta, I., Terzano, R., Rosa, A.H., Loffredo, E., 2019.
Multianalytical characterization of biochar and hydrochar produced from
waste biomasses for environmental and agricultural applications. Chemosphere 233,
422–430.

Traversa, A., Loffredo, E., Gattullo, C.E., Senesi, N., 2012. Biodecontamination of aqueous
substrates from bisphenol A by ligninolytic fungi. J. Environ. Sci. Heal A 47,
1407–1412.

Warnock, D., Lehmann, J., Kuyper, T., Rillig, M., 2007. Mycorrhizal responses to biochar
in soil – concepts and mechanisms. Plant Soil 300, 9–20.

Zhang, G., Guo, X., Zhu, Y., Liu, X., Han, Z., Sun, K., Ji, L., He, Q., Han, L., 2018. The
effects of different biochars on microbial quantity, microbial community shift,
enzyme activity, and biodegradation of polycyclic aromatic hydrocarbons in soil.
Geoderma 328, 100–108.

http://refhub.elsevier.com/S2405-8440(19)35711-1/sref38
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref38
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref38
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref38
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref39
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref39
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref39
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref39
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref40
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref40
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref40
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref41
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref41
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref41
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref41
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref42
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref42
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref42
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref42
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref42
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref43
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref43
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref43
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref43
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref44
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref44
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref44
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref45
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref45
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref45
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref46
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref46
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref46
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref46
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref47
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref47
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref47
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref47
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref48
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref48
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref48
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref49
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref49
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref49
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref49
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref49
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref50
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref50
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref50
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref50
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref51
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref51
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref51
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref51
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref52
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref52
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref52
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref52
http://refhub.elsevier.com/S2405-8440(19)35711-1/sref52

	Biochar and hydrochar from waste biomass promote the growth and enzyme activity of soil-resident ligninolytic fungi
	1. Introduction
	2. Materials and methods
	2.1. Biochar, hydrochar and fungal strains
	2.2. Assays on fungi
	2.2.1. Growth assays
	2.2.2. Enzyme activity assays

	2.3. Statistical analysis

	3. Results
	3.1. Growth assays
	3.1.1. Biochar
	3.1.2. Hydrochar

	3.2. Enzyme activity assays
	3.2.1. Biochar
	3.2.2. Hydrochar


	4. Discussion
	4.1. Growth assays
	4.2. Enzyme activity assays

	5. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


