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Summary

Considering its worldwide abundance, cellulose can
be a suitable candidate to replace the fossil oil-
based materials, even if its potential is still
untapped, due to some scientific and technical gaps.
This work offers new possibilities demonstrating for
the first time the ability of a cerato-platanin, a small
fungal protein, to valorize lignocellulosic Agri-food
Wastes. Indeed, cerato-platanins can loosen cellu-
lose rendering it more accessible to hydrolytic
attack. The cerato-platanin ThCP from a marine
strain of Trichoderma harzianum, characterized as
an efficient biosurfactant protein, has proven able to
efficiently pre-treat apple pomace, obtaining a sugar
conversion yield of 65%. Moreover, when used in
combination with a laccase enzyme, a notable
increase in the sugar conversion yield was mea-
sured. Similar results were also obtained when other
wastes, coffee silverskin and potato peel, were pre-
treated. With respect to the widespread laccase pre-
treatments, this new pre-treatment approach mini-
mizes process time, increasing energy efficiency.

Introduction

The continuous increase in energy consumption needs
for effective alternatives to gradually replace the fossil
fuels, as encouraged by the EU Bioeconomy Strategy.

The valorization of inexpensive, abundant, and renew-
able biomass wastes could provide benefits reducing
both fossil fuel demands and environmental concerns.
In this regard, the possibility to recover fermentable

sugars from lignocellulosic biomass has long been
deemed as a sustainable alternative to obtain biofuels
and other biomaterials from different microorganisms
(Chohan et al., 2020; Hyväkkö et al., 2020). Moreover,
lignocellulosic raw materials, including forest residues,
agricultural wastes and agri-food wastes (AFW), are the
most abundant source of organic material in the world
(Giacobbe et al., 2020).
In this direction, some hurdles still exist, such as

physico-chemical, structural and compositional factors
hindering the hydrolysis of cellulose present in bio-
masses, beyond other economic aspects (Kahn et al.,
2020). A necessary step is the removal or reduction of
any obstacle to hydrolysis, in order to maximize the
yields of fermentable sugars from cellulose or hemicellu-
lose (Mosier et al., 2005). This step is still a matter of
investigation, since an effective pre-treatment able to
combine environmental sustainability, sugar recovery
and cost-effectiveness is still missing (Fillat et al., 2017).
A number of physical and chemical pre-treatment meth-
ods have been tested; however, they are often expen-
sive, high-energy demanding and cause loss of
carbohydrates and/or formation of unfavourable by-
products. Laccases do the lion’s share of the biological
pre-treatment approaches, since they have been used in
the valorization of many lignocellulosic biomasses alone,
or in mixture with other ligninolytic enzymes and in com-
bination with physical and chemical treatment methods
(Giacobbe et al., 2020).
In the last years, cerato-platanin family proteins have

proven able to weaken filter paper, acting similarly to
another class of fungal proteins, the expansins (Luti
et al., 2019). Cerato-platanin is small, cysteine-rich, non-
catalytic fungal proteins (Gaderer and Bonazza, 2014).
Their structure shows a double-ψ β-barrel structurally
related to the expansin domain D1 (De Oliveira et al.,
2011). Their physiological role is still a matter of debate,
indeed they are reported to act both as virulence factor
and as elicitors, even if other study suggests that their
main biological functions are also related to other, more
general aspects of fungal growth (Djonovic et al., 2007).
Biochemical analysis of the properties of cerato-

platanins showed that they have both carbohydrate-
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binding/carbohydrate-loosening properties (Baccelli
et al., 2014), and the ability to self-assemble and
change the polarity of surfaces (Frischmann et al.,
2013).
The ability to weaken cellulose derived substrates in

the absence of hydrolytic activity has been reported till
now for several cerato-platanins, such as CP from Cera-
tocystis platani, Pop1 from Ceratocystis populicola (Bac-
celli et al., 2014), MpCP2 from Moniliophthora perniciosa
(Barsottini et al., 2013), FgCPPs from Fusarium gramin-
earum (Quarantin et al., 2019) and recently for ThCP
from Trichoderma harzianum (Pitocchi et al., 2020). Luti
and coworkers carried out an analysis of site-directed
mutants of CP from C. platani and figured out that it
weakly binds cellulose while performing its non-lytic loos-
ening, like other single domain expansin-like proteins,
and its expansin-like activity depends on its net charge
(Luti et al., 2020). This ability is potentially very interest-
ing for biotechnological applications, since cerato-
platanin may contribute to the valorization of lignocellu-
losic waste materials, but we did not find out any ongo-
ing efforts in this respect yet.

The cerato-platanin ThCP was recently isolated from
T. harzianum grown on oil as sole carbon source and
characterized as an efficient biosurfactant protein (Pitoc-
chi et al., 2020). This work explores for the first time the
potential of a cerato-platanin in the valorization of ligno-
cellulosic biomasses promoting enzymatic attack of cel-
lulose. Three AFWs, apple pomace (AP), coffee
silverskin (CS) and potato peels (PP) endowed with dif-
ferent lignin and carbohydrate contents and already used
in biorefinery approaches, were successfully pre-treated
with ThCP confirming that cerato-platanins could play an
important role in the future of waste valorization circle.

Results and discussion

Valorization of Apple Pomace (AP)

ThCP was produced in the presence of lampante oil as
sole carbon source and was purified by simple ultrafiltra-
tion to remove high molecular weight proteins
(> 30 kDa), and then concentrated and dialyzed. As a
matter of fact, only one band was observed when this
sample was loaded on SDS-PAGE (Fig. 1A).

Fig. 1. (A) SDS-PAGE of the cerato-platanin ThCP purified from T. harzianum used for the pre-treatment. (B) Glucose and xylose concentration
obtained after 72 h enzymatic hydrolysis by commercial enzymes of pre-treated Apple Pomace biomass. ThCP (4 × 10−6 M) pre-treatment was
performed for 4 h at pH 5 and 7 and for 24 h at pH5. BSA (4 × 10−6 M) was used as control (4 h at pH 5). (C) Glucose and xylose concentra-
tion obtained after enzymatic hydrolysis of pre-treated Apple Pomace biomass by cellulolytic commercial enzymes. ThCP pre-treatment (4 h),
laccase pre-treatment (24 h) and laccase+ ThCP pre-treatment (24 h) were followed by 6 h inactivation at 50°C. Results of two technical repli-
cates of at least three biological replicates were analysed. The mean values were compared to the control and considered significant when
P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001) according to Student’s t-test.
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The purified ThCP was firstly tested on AP, consider-
ing that it shows a high sugar content (52%) with a high
percentage (16%) of soluble carbohydrates, along with a
low lignin content (18%) (Giacobbe et al., 2018a). With
the aim to set up the process conditions avoiding inter-
mediate steps between pre-treatment and hydrolysis, the
effect of time, temperature and pH were considered, tak-
ing into account that cellulolytic enzymes are reported to
efficiently work at 50°C and pH 5 (Procentese et al.,
2017). The solubility of ThCP was evaluated by measur-
ing the protein concentration at different temperatures:
ThCP was soluble at 30°C for at least 4 h, while its con-
centration was quickly reduced about one fourth at 40°C
and 50°C, therefore, the temperature of 30°C was
selected for the pre-treatment. As for the pH, two differ-
ent pHs were tested: 7.0, the pH of the solution contain-
ing ThCP, and 5.0, the pH needed for the enzymatic
hydrolysis. After a 4h ThCP pre-treatment, the saccharifi-
cation experiments were carried out for 72 h, obtaining
the release of about 40 gl−1 of total sugars (correspond-
ing to 65% sugar yield) at both pH 5.0 and 7.0, indicat-
ing that this pH variation did not affect the pre-treatment
step (Fig. 1B). Increasing the duration of the ThCP pre-
treatment did not increase the efficiency of the process.
Considering these results, the selected pre-treatment
conditions were 4 h at 30°C, at pH 5.0, thus avoiding
the need of buffer exchange.
These results demonstrate for the first time that the

action of ThCP in loosening cellulose increases its avail-
ability for the hydrolysis by a tailored mix of hydrolytic
enzymes in AFW. Giacobbe et al. (2018b) reported a
very efficient AP pre-treatment with laccase after a 24 h
process at 28°C followed by a 6 h inactivation step at
50°C. Indeed, when the laccase pre-treatment was 4 h
long (the same duration of cerato-platanin pre-treatment,
a negligible amount of sugars was released (Fig. 1C).
Moreover, the laccase thermal inactivation is necessary
to maintain cellulase activity, while the thermal inactiva-
tion is not necessary when the cerato-platanin was used
to pre-treat AP.
A mix of ThCP and laccase in a pre-treatment process

was used (Fig. 1C), in order to evaluate their synergistic
action, setting conditions suitable to highlight the contri-
bution of both proteins (5 U of laccase, 24 h pre-
treatment followed by 6 h inactivation at 50°C). A very
relevant sugars conversion yield (95%) was achieved
(Table 1), thanks to the action of laccase in lignin
removal and of cerato-platanin in loosening cellulose,
making cellulose biomass fully accessible to cellulases.
To further analyse the process, Klason-lignin (KL) con-

tent was evaluated after pre-treatment with cerato-
platanin or laccase enzyme. As expected, the reduction
of lignin content (5% decrease) was negligible when the
cerato-platanin was used, while a higher decrease of

lignin content (15%) was observed after laccase pre-
treatment (Table 1).

Process optimization

With the aim to optimize the conditions of cerato-platanin
pre-treatment and to improve the sugar yield from the bio-
masses, different experiments were performed. Table 2
reports results obtained after ThCP pre-treatment and
enzymatic hydrolysis at higher biomass loading, com-
pared with those obtained using laccase alone and in
combination with the cerato-platanin. Albeit an increased
amount of released sugars was obtained at higher bio-
mass loading (15% w/v), the sugar conversion yield was
lower. Moreover, a further decrease was observed at 20%
(w/v) biomass loading, leading to an amount of released
sugars comparable to that obtained at 10% (w/v) biomass
loading (Table 2). Since high-water absorption at such
high biomass loading was observed, the lower availability
of free water can affect the protein efficiency. At all the
tested biomass loadings, the combined action of cerato-
platanin and laccase is very effective.
In addition, in order to assess the reusability of the

proteins in the pre-treatment process, several successive
cycles of pre-treatment were performed recovering the
soluble part and adding it to fresh biomass. After each
pre-treatment step, the insoluble recovered biomass
underwent the enzymatic hydrolysis (Fig. 2A). After four

Table 1. Lignin removal of pre-treated biomass waste as percent-
age respect to control samples. Results of two technical replicates
of at least three biological replicates were analysed.

AFW Pre-treatment
Lignin
removal (%)

Sugar conversion
yield (%)

AP ThCP 5 65 � 2
Laccase 15 56 � 7
Laccase + ThCP n. a. 95 � 1

CS ThCP 11 54 � 2
Laccase 25 42 � 2
Laccase + ThCP n. a. 99 � 1

PP ThCP 15 59 � 4
Laccase 28 45 � 6
Laccase + ThCP n. a. 94 � 2

n. a., not analysed.

Table 2. Sugar conversion yield obtained after enzymatic hydrolysis
by commercial enzymes of AP biomass pre-treated at different bio-
mass loading. Results of two technical replicates of at least three
biological replicates were analysed.

Sugar conversion yield (%)

10% AP 15% AP 20% AP

ThCP 65 � 2 50 � 1 33 � 1
Laccase 56 � 7 40 � 1 27 � 1
Laccase + ThCP 95 � 1 69 � 1 46 � 1
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cycles with cerato-platanin, a sugar conversion yield of
45% was still obtained (Fig. 2B), while laccase ability
dropped already at the second cycle (Fig. 2C).
The amount of cerato-platanin recovered up to the third

cycle is 75% compared to the initial concentration, while it
decreased up to 50% after four cycles. On the other hand,
laccase activity decreased to 40% in the second cycle.

Protein production optimization

Different culture conditions were tested to increase pro-
tein yield production growing the fungus T. harzianum in
rich media. In the condition reported above (§ 2.2 Pro-
duction of cerato-platanin), an increase of about five-fold
mycelium biomass, and about two-fold total protein pro-
duction was obtained in half time, moreover, several pro-
tein bands were evident in the sample loaded on SDS-
PAGE (Fig. 3A).

Nonetheless, different amounts of these secreted pro-
teins were used for AP pre-treatment. A yield compara-
ble to that obtained with the purified ThCP was
achievable when the protein amounts of the secreted
proteins were doubled (Fig. 3B), and a slight increase of
the sugar yield conversion was obtained after further
doubling the protein amount.
These results indicate that the use of this rich medium

to produce the protein does not confer a real advantage
to the process, therefore, other strategies to increase the
sustainability of the process must be explored, for exam-
ple, ThCP recombinant expression.

Valorization of other agri-food wastes

To test the versatility of the process, cerato-platanin was
also tested using two other biomasses, CS and PP,
endowed with a lower sugar and a higher lignin content

Fig. 2. (A) Scheme of the recycling protocol. Glucose and xylose concentration obtained after enzymatic hydrolysis of Apple Pomace biomass
pre-treated by cerato-platanin (B) or laccase (C). Results of two technical replicates of at least three biological replicates were analysed.
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with respect to AP. In particular, PP showed the highest
lignin content (33%) also characterized by the presence
of suberin, a very complex polymer (Liang and McDon-
ald, 2014).
As already observed for AP, the cerato-platanin pre-

treatment of CS and PP allowed a good sugar release
(Fig. 4), even if lower compared to that obtained with
AP, as a consequence of their higher lignin content.
Analysis of Klason-lignin (KL) content and sugar yield
(Table 1) suggests that the presence of lignin barrier is

not the only obstacle to the accessibility of cellulose by
cellulolytic enzymes, and other side effects must be
taken into account.
It is worth noting that 99% and 94% sugar conversion

yield was achieved when the combined action of laccase
enzyme and cerato-platanin was tested on CS and PP
respectively (Table 1).
The sugar conversion yield obtained after cerato-

platanin pre-treatment is comparable or higher to that
reported on the same biomasses by Giacobbe et al.

Fig. 3. (A) SDS-PAGE of T. harzianum protein mixtures used for the pre-treatment. (B) Sugar conversion yields (%) obtained after enzymatic
hydrolysis by commercial enzymes of Apple Pomace biomass pre-treated with purified ThCP and ThCP in mixture at different total protein
amount. Results of two technical replicates of at least three biological replicates were analysed.

Fig. 4. Glucose and xylose concentration obtained after enzymatic hydrolysis by commercial enzymes of pre-treated Coffee Silverskin (A) and
Potato Peels (B) biomass. ThCP (4 × 10−6 M) pre-treatment was performed for 4 h at pH 5. BSA (4 × 10−6 M) was used as control. Laccase
and laccase+ ThCP pre-treatment was performed for 24 h followed by 6 h inactivation at 50°C. Results of two technical replicates of at least
three biological replicates were analysed. The mean values were compared to the control and considered significant when P < 0.05
(*P < 0.05, **P < 0.01, ***P < 0.001) according to Student’s t-test.
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(2018b) and by Hijosa-Valsero et al. (2018a) (Hijosa-
Valsero, 2017; Hijosa-Valsero et al., 2018a,b,) after
enzymatic and physico-chemical pre-treatments respec-
tively. Moreover, the combination of cerato-platanin and
laccase allowed a significant improvement of these
results, demonstrating that the action of cerato-platanin
is very efficient and versatile.

Conclusion

Recent findings suggest that surfactants supplementation
during saccharification is an effective strategy to achieve
higher saccharification yields, since they can reduce non-
specific binding of enzymes on lignin (Singhania et al.,
2017), promoting physico-chemical and biological deligni-
fication and enzyme recovery (Agrawal et al., 2017). How-
ever, the mechanism of action of surfactants for improved
saccharification is far to be well understood.
The biosurfactant properties recently demonstrated for

ThCP (Pitocchi et al., 2020) can explain its ability to
loosen cellulose rendering it more accessible to hydroly-
tic attack. This work offers new possibilities to improve
the biological pre-treatment of lignocellulolytic bio-
masses. the herein developed process ensures high
chemical efficiency and minimizes operative time,
increasing energy efficiency.

Experimental procedures

Materials

Reagents were purchased from Sigma-Aldrich Corp. (St.
Louis, MO) unless otherwise specified. The commercial
enzymes used in this study were cellulolytic enzyme
cocktail Cellic®CTec2 (kindly supplied by Novozyme);
endo-1,4-β-Xylanase M1 from Trichoderma viride (Mega-
zyme, Bray, Ireland); α-amylase from Bacillus licheni-
formis (Megazyme). Dry apple pomace (AP) was
provided by Muns Agroindustrial S.L. (Lleida, Spain).
Coffee silverskin (CS) was kindly provided by Illy S.p.A
(Trieste, Italy). Fresh potato peel (PP) containing 76.94%
moisture was kindly provided by Aperitivos Gus S.L.
(Riego de la Vega, León, Spain). The supplied bio-
masses were oven-dried, milled and stored as specified
by Giacobbe et al. (2018b).

Production of cerato-platanin

Trichoderma harzianum MUT 290 was maintained
through periodic transfer on agar plate at 28°C, using
XNST30 agar medium (3 g l−1 malt extract; 3 g l−1 yeast
extract; 30 g l−1 NaCl; 10 g l−1 glucose; 5 g l−1 peptone;
15 g l−1 agar).
Protein production and isolation was performed as

described elsewhere (Pitocchi et al., 2020). Mycelium

plugs (10 mm diameter) cut from the actively growing
colonies were pre-inoculated in 100 ml flasks containing
50 ml of ONR7 mineral medium (30 g of NaCl, 3.98 g of
Na2SO4, 1.3 g of HEPES {4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid}, 0.72 g of KCl, 0.27 g of
NH4Cl, 47 mg of Na2HPO4, 83 mg of NaBr, 2.6 mg
of NaF, 31 mg of NaHCO3, 27 mg of H3B03, 24 mg of
SrCI2�6H20, 11.18 g of MgCl2�6H2O, 1.46 g of
CaCl2�2H2O and 2.0 mg of FeCl2�4H20 per litre of distillate
water) supplemented with 10 g l−1 glucose, 2 g l−1 pep-
tone, and incubated at 28°C for 3 days. Then, 50 ml of
these pre-inoculum were inoculated in 1 l flasks contain-
ing ONR7 mineral medium (500 ml) supplemented with
1% v/v lampante oil and 0.1% v/v Tween 80. Lampante oil
is used to avoid corrosion of industrial and laboratory
machines. Flasks were incubated in the dark at 28°C for
14 days, then mycelia were separated from the culture
broth using a Whatman 3MM paper filters (Termo Fischer
Scientific, Rodano (MI), Italy). Culture broth was filtered
using Stericup GP vacuum filtration system (0.22 µm pore
size, Merck KGaA, Darmstadt, Germany), and ThCP was
concentrated by air bubbling, using a Waring blender. The
formed foam was separated, collected and loaded in an
Amicon Ultrafiltration cell equipped with a 30 kDa cut-off
PES Millipore Ultrafiltration Disc (Merck KGaA, Darmstadt,
Germany). The ultrafiltrate, containing low molecular
weight proteins (<30 kDa), was concentrated using a
3 kDa cut-off disc and dialyzed against 10 mM sodium
phosphate buffer pH 7.0.
Another culture condition was tested with the aim to

increase protein yield, using a rich medium (1 g l−1 yeast
extract, 1 g l−1 of peptone, 1 g l−1 gelatine, 5 g l−1 glu-
cose, 30 g l NaCl). Flasks were incubated in the dark at
28°C for 7 days and mycelia were separated from the
culture broth using a Whatman 3MM paper filters (Termo
Fischer Scientific). Then proteins were overnight precipi-
tated by the addition of (NH4)2SO4 up to 50% saturation
at 4°C and centrifuged at 10 000 rpm for 20 min. The
ammonium sulphate precipitate was resuspended in
10 mM sodium phosphate buffer (pH 7.0) and exten-
sively dialysed against the same buffer, using regener-
ated Cellulose dialysis tube with 3.5 kDa cut-off
(Spectrum Spectra/Por, Thermo Fischer Scientific).

Production of laccase

The Pleurotus ostreatus laccases adopted in this study
was the recombinant POXA1b expressed in Pichia pas-
toris and secreted in the cultural broth as reported in
Pezzella et al. (2017). The broth was ultrafiltered and
dialyzed towards 50 mM Tris HCl pH8, using Centricon
(Merck KGaA, Darmstadt, Germany), cut-off 10 kDa.
Laccase activity against ABTS was assayed as reported
by (Macellaro et al., 2014).

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 14, 1699–1706

1704 A. Pennacchio et al.



Determination of protein concentration

Protein concentration was determined with the Pierce
Protein Assay (Thermo Fischer Scientific, Rodano (MI),
Italy) using Bovine Serum Albumin (BSA) as standard.

Pre-treatment experiments

ThCP pre-treatments were carried out at 10% (w/v) of
AP and CS, at 30°C for 4 and 24 h in a total volume of
2.5 ml at two different pHs, pH 5.0 in 50 mM sodium
citrate and 7.0 in 50 mM sodium phosphate. In the case
of PP, due to its high-water absorption, the pre-
treatments were carried at 5% (w/v).
Laccase pre-treatments were carried out at 10% (w/v)

of AP and CS at 28°C for 4 and 24 h in a total volume
of 2.5 ml followed by an inactivation step of 6 h at 50°C.
Trials at 15 and 20%w/v AP were also performed. The

reuse of cerato-platanin and laccase enzyme was tested:
after biomass pre-treatment, the solution was cen-
trifuged, and the supernatant transferred to another 10%
biomass waste.
About 0.06 mg ml−1 (4 × 10−6 M) of ThCP and 5 U of

POXA1b were used for each-pre-treatment experiment.
Control assays were performed under the same condi-
tions using BSA (0.24 mg ml−1, 4 × 10−6 M). Results
represent the mean � the SD of at least three indepen-
dent samples.

Klason lignin evaluation

The Klason lignin content of treated and untreated bio-
mass waste was determined according to NREL LAPs
(Sluiter et al., 2012). Percentage of lignin reduction with
respect to untreated samples was reported.

Enzymatic hydrolysis and sugar concentration

Enzymatic hydrolysis of pre-treated biomasses was car-
ried out in the presence of 0.5 mM sodium azide to pre-
vent microbial and fungal growth. According to Giacobbe
et al. (2018b), the hydrolytic enzymatic cocktail was
composed by 90% of Cellic® CTec2 and 10% of xyla-
nase for AP and CS, while in the case of PP, the
enzyme mixture contained 80% of amylase, 10% of Cel-
lic® CTec2 and 10% of xylanase.
Samples were collected after 72 h, cooled on ice, cen-

trifuged at 16 500 × g for 30 min at 4°C and the amount
of sugars released was determined and quantified in the
recovered supernatant, by high-performance liquid chro-
matography (HPLC) using a system 7Q (Dionex, Califor-
nia, USA), equipped with an anionic exchange column
(Carbopac PA-100) and a pulsed electrochemical detec-
tor. Glucose and xylose were separated with 16 mM

sodium hydroxide at a flow rate of 0.25 ml min−1 and
identified by the respective standards. Fucose was used
as internal standard. The total amount of reducing sug-
ars was determined using a Dionex CarboPac MA1 col-
umn with pulsed amperometric detection. Standard
sugar solutions were prepared separately by dissolving
different concentration of glucose, xylose, fructose, arabi-
nose, mannose and sucrose.
The saccharification yields, that are means of three

replicates, were expressed as percentages with respect
to the sugar content of the pre-treated material before
the hydrolysis using the formula (Santhi et al., 2014):

Sugar conversion yield¼
Amount of reducing sugar∗0:9

Carbohydrate content of the biomass

� �
∗100

Statistics

The data reported were statistically validated using the
Student’s t-test comparing the sugar concentration
obtained after pre-treatment with control BSA and that
obtained after pre-treatment with cerato-platanin and/or
laccase. The significance of the differences between the
values was calculated using a two-tailed Student’s t-test.
A P-value of < 0.05 was considered significant.
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