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Abstract

ater, energy, and food are the vital resources that sustain life as

well as global, regional, and national economies and the world's

demand for these resources is set to grow. The agricultural
sector is undoubtedly one of the sectors that has the greatest impact on the use
of water and energy to produce food. The circular economy allows to reduce
waste, obtaining maximum value from products and materials, through the
extraction of all possible by-products from resources. Consequently, circular
economy, reduce energy consumption and carbon dioxide emissions,
minimizing water-energy-food nexus. Circular economy principles for
agriculture include recycling, processing, and reusing agricultural waste in
order to produce bioenergy, nutrients, and biofertilizers.
Approximately 1.3 billion tonnes of agro-industrial food waste are produced
yearly. These wastes are usually destined to landfills or uncontrolled disposal,
resulting in damage to the environment and financial loss. Agricultural and
industrial waste materials can be used to produce high-value products such as
biogas, biofuels, fine chemicals, and enzymes. Moreover, since agro-industrial
wastes are principally composed of lignin, cellulose, and hemicellulose they can
represent a suitable substrate for mushroom growth and cultivation.
Mushrooms play the fundamental ecological role of decomposers of organic
matter, particularly lignin, and are also considered healthy foods with several

medicinal properties. Nowadays more than 50 species of saprotrophic fungi are
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cultivated in the world and their cultivation is usually carried out on different
agro-wastes.

The thesis is structured in seven chapters. In the first chapter an introduction on
the water, energy, food nexus, on agro-industrial wastes and on how they can
be used for mushrooms cultivation is given. Chapter 2 details the aims of this
dissertation thesis: The role of fungi in the recovery or degradation of agro-
industrial wastes and the evaluation of their production and/or degradation
capacity through the application of vibrational spectroscopy was studied.
Emphasis is given to 3 different types of agro-industrial waste: the solid fraction
of corn digestate resulting from the anaerobic digestion of agricultural biomass
for biogas production; hazelnut shells produced during the cracking process
and finally the polyethylene mulching films used in agriculture.

In chapters three and four, corn digestate and hazelnut shells were tested for
mushrooms cultivation and their lignocellulosic degradation capacity were
assessed by using ATR-FTIR spectroscopy. The results obtained shown that it is
possible to use the solid fraction of the corn digestate and the hazelnut shells as
substrates for the cultivation of different species of edible and medicinal
mushrooms. Through Attenuated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) spectroscopy, the degradation of the lignocellulosic component
present in the cultivation substrate was assessed. Moreover, the ATR-FTIR
spectroscopy carried out to study the chemical composition of fruit bodies
obtained during the cultivation trials showed differences between mushrooms
grown on the different substrates studied. In particular, in chapter three,
Pleurotus ostreatus showed the highest biological efficiency and fruiting body
production in the presence of corn digestate; moreover, P. ostreatus and
Pleurotus cornucopiae were able to degrade the lignin. Likewise, in chapter four

Ganoderma lucidum, L. edodes, and P. cornucopiae were able to grow and decay
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the lignocellulosic fraction of hazelnut shells. Cultivation trials showed a
similar biological efficiency but a different fruiting body production in the
presence of hazelnut shells with respect to the control. ATR-FTIR analysis
provided a chemical insight for the examined fruiting bodies, and differences
were found among the substrates studied.

In chapter five, through the use of the Surface-enhanced Raman Scattering
(SERS) spectroscopy was possible to set-up a new method for study
mushrooms composition and for identify different mushroom species based on
their spectrum. Six edible and/or medicinal mushrooms: L. edodes, G. lucidum,
P.cornucopiae, P. ostreatus, Tuber aestivum and Tuber magnatum were studied.
Results obtained showed characteristic spectra for each species. One group of
mushrooms (L. edodes, G. lucidum, T. aestivum and T. magnatum) was dominated
by the bands of nucleic acids; and the other one (P. cornucopiae and P. ostreatus),
by the bands of pigments such as melanins; carotenoids; azafilones;
polyketides; and flavonoids located in the cell wall.

In chapter six, the isolation of different strains of fungi from plastic residues
collected in the fields and the ability of these strains to growth and colonizing
the Low-density Polyethylene (LDPE) were explored. The structural
modifications of the LDPE, as consequence of their growth were monitored by
using the Scanning Electron Microscope (SEM) and ATR-FTIR spectroscopy.
Results showed that Cladosporium cladosporioides Clc/1 strain was able to grow
and degrade the LDPE substrate after 90 days trial and further studies will be
necessary in order to investigate the enzymes involved in the degradation.
Finally, chapter seven outlines the conclusions and some hints for future works

and applications are provided.
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CHAPTER 1

INTRODUCTION

ater, energy, and food are the vital resources that sustain life as

well as global, regional, and national economies. The world's

demand for water, energy and food due to increasing world
population, urbanization, sustainable development, international trade,
changing lifestyles, cultural and technological, and climate change is set to
grow between 30 and 50% by 2050 (Ferroukhi et al., 2015; Gupta, 2017). The
growing demand for these resources combined with environmental and climate
change concerns presents a set of scientific, policy, and management issues that
are critical for achieving the 2030 agenda of the United Nations: "Sustainable
Development Goals" (SDGs) (United Nations, 2015). However, it is possible to
slow down this growing demand by reducing the waste and losses of water,
food, and energy, saving resources during production, and reducing
environmental impact. Water, energy, and food are interconnected resources,
and actions in a sector adversely or positively affect one or both other resources.
The water, energy, food nexus concept was conceived to study the global
management of resources (Rasul, 2016; Smajgl et al., 2016; Yillia, 2016), gaining
increasing attention in the scientific and political community (Garcia and You,

2016; Weitz et al., 2017). The term "nexus" means "to connect”" (De Laurentiis et



al., 2016) and this word underlies the interaction between two or more
dependent or interdependent elements.

The water, energy, food nexus is the study of the connections that exist between
these resources and their management strategies for example, water to produce
food, water to produce energy, food for energy, and energy to produce food.
Considering the individual factors, the planet has enough water to support
global demand, but in some areas of the world, due to the unevenness in the
distribution of water reserves, water is very scarce. The United Nations
estimates show that 1.2 billion people live in areas where water is scarce and
another 1.6 billion live in areas where water scarcity is due to economic reasons
(Walsh et al., 2015). Regarding water quality, 748 million people do not have
access to a source of drinking water (UNESCO, 2015).

According to the projections of the 2030 Water resources group (2030 Water
resources group, 2021), by 2030, global demand for fresh water will exceed
supply by 40 percent and in many areas, water has already run out. In addition,
the United Nations water report predicts an increase in world water demand of
about 55% in 2050 (UNESCO, 2015).

Regarding the demand for energy, this is growing due to the increase in global
population and gross domestic product. Fossil fuels are expected to remain
dominant and account for about 80% of energy sources in 2035, while among
renewables, gas will account for 10% of the total (Salam et al., 2017).

Finally, great attention is paid to food production to support the growing world
population. Arable fields as well as the water resources allocated to them are
also decreasing due to increasing urbanization and industrialization and it has
been estimated that by 2050 global production must increase of 60% (UNESCO,
2015).



1.1. Nexus and circular economy in agriculture

Following the increase in the world population, estimated at 9.7 billion in 2050
(United Nations, 2019) the consumption of natural resources (water, energy,
and raw materials) is growing quickly. The agricultural sector is undoubtedly
one of the sectors that has the greatest impact on the use of water and energy to
produce food. In fact, agriculture is the largest user of water in the world, and
more than a quarter of global energy is used in food production and supply
(Del Borghi et al., 2020).

The circular economy allows to reduce waste, obtain maximum value from
products and materials, extract all possible by-products from resources, and
consequently reduce energy consumption and carbon dioxide emissions,
minimizing water-energy-food nexus. It is therefore evident that the circular
economy and the nexus are related (Reinhard et al., 2017).

The circular economy is based on nature, because of waste does not exist in
nature. The waste of one organism is the food of another organism and the
energy and nutrients flow in a closed cycle of growth, decay and reuse. This
model is in contrast to the current linear model of the food and agriculture
system which does not contemplate any mechanism for the recovery of waste

and its reuse in the production cycle (Jones et al., 2021) (Figure 1.1).

MAKE DISPOSE

Figure 1.1. Linear (left) and circular (right) systems. From Jones et al. (2021).



The circular economy model base economic development on the protection of
the environment and resources (Del Borghi et al., 2020). At European level,
circular economy has gained importance since the introduction of the Circular
economy action plan in 2015 and subsequently modified in 2020 (European
Commission, 2020). This plan is one of the main pillars of the European green
deal for sustainable growth (European Commission, 2019).

Circular economy principles for agriculture include recycling, processing, and
reusing agricultural waste in order to produce bioenergy, nutrients, and
biofertilizers (Ellen MacArthur Foundation, 2018). With reference to the
management of agro-industrial waste, the bioeconomy refers to the production
of renewable biological resources and their transformation into nutrients,
energy, and bio-based products (European Commission, 2012). To this end, the
development and implementation of circular economy models are necessary to
create value-added products and improve resource use efficiency (Donner et al.,

2020).
1.2. Agro-industrial waste

Approximately 1.3 billion tonnes of agro-industrial food waste are produced
yearly. Fruits, vegetables, roots, and tubers represent 40-50% of them, with a
volume ranging from 520 to 650 million tonnes (Ravindran et al., 2018). These
wastes are usually destined to landfills or uncontrolled disposal, resulting in
damage to the environment and financial loss. Moreover, the mismanagement
of agro-wastes can lead to high greenhouse gases production, mainly CO: and
CHa..

Agro-wastes can be classified into two main groups: i) field residues and ii)
process residues. i) Field residues are represented by seed pods, stems, leaves,

and stalks present in the field during the harvesting process. ii) Process residues



consist in husks, nuts, straw, leaves, shells, peel, pulp, roots, molasses, bagasse,
and other waste biomass which became a waste when the crop has been turned
into a profitable replacement commodity (Kumar et al., 2021, Kumla et al,,
2020). They are generally used as soil amendments, fertilizers, animal feed and
for food production (Sadh et al., 2018). In the latter group we can also include
the anaerobic digestate which is the final product of the anaerobic digestion
process that allows the production of renewable energy from plant biomass,
livestock by-products, and municipal organic waste (Figure 1.2b, c).

A particular type of agro-waste is represented by plastic. In fact, although they
are not considered crop wastes, polyethylene (PE) mulching films become part
of the production cycle representing a problem at its end. In fact, PE mulching
tilms are widely used in agriculture, and once their function is finished, they
were abandoned in the field due to the excessive amount of work that concerns
its removal, creating accumulations of plastic waste even greater (Abe et al,,
2010). Moreover, over time and due to the agricultural mechanization
operations, PE films abandoned in the field can undergo fragmentation,

gradually reaching the size of microplastics (Figure 1.2a).

Figure 1.2. (a) Residues of PE mulching film in an agricultural field; (b) solid digestate storage trench; (c)
particular of solid digestate fraction.



Agricultural and industrial waste materials can be used for high-value products
such as biogas, biofuels, fine chemicals, and enzymes (da Silva, 2016).
Moreover, agro-industrial wastes are principally composed of lignin, cellulose,
and hemicellulose (Kumla et al.,, 2020) (Figure 1.3), in different percentages

depending on the plant species and the environment (Table 1.1).
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Figure 1.3. Main composition of agro-wastes. From Kumla et al. (2020).

Lignin is a rigid three-dimensional, aromatic, hydrophobic and amorphous
highly branched polymer with different aliphatic, phenolic hydroxyls,
methoxyl, carbonyl, and carboxylic groups that give lignin a very complex and
unique structure (Davin and Lewis, 2005, Geneau-Sbartai et al., 2008; Rico-

Garcia et al., 2020).



Table 1.1. Agro-wastes composition and their C/N ratio. Modified from Kumla et al. (2020) and references
therein.

Composition (% dry weight basis)

Agro-industrial wastes Cellulose Hemicellulose Lignin C/N ratio
Almond shell 38 29 30 61/1
Apple pomace 43 24 20 48/1
Banana leaves 55 20 25 38/1
Banana peel 12 10 3 18-29/1
Banana straw 53 29 15 40/1
Barley straw 23-33 21-22 14-19 82-120/1
Beech sawdust 41 33 22 100-331/1
Birch sawdust 40 36 20 700/1
Canola straw 22 17 18 33-45/1
Chestnut shell 21 16 36 8/1
Coconut husk 24-43 3-12 25-45 75-186/1
Coffee husk 43 7 9 40/1
Corn bran 34 39 49 ND
Corn cob 35-45 35-44 11-15 50-123/1
Corn digestate” 35 25 28 ND
Corn stalk 34-61 19-24 7-9 57-80/1
Corn straw 30 25 8 50/1
Cotton seed hull 31 20 18 59-67/1
Cotton stalk 58 14 22 70-78/1
Grasses 25-41 25-50 7-30 16-42/1
Hardwoods 40-55 24-40 18-25  150-450/1
Hazelnut shell 55 34 35 50-58/1
Lemon peel 12 5 2 ND
Oak sawdust 25-38 18-29 1825  162-200/1
Oat bran 49 25 18 12/1
Oat straw 25-40 21-27 17-18 48-83/1
Qil palm cake 64 15 5 ND
Oil palm empty fruit bunch 45-51 28-29 12-15 77/1
Olive oil cake 31 21 26 14-17/1
Orange peel 9-14 6-11 1-2 102/1
Pine sawdust 42 25 28 724-1070/1
Pineapple leaf 36 23 27 49/1




Pineapple peel 22 75 3 77/1

Pistachio shell 43 25 16 43/1
Poplar sawdust 44 32 21 46-71/1
Potato peel 35 5 4 25/1
Rice bran 35 25 17 12-48/1
Rice husk 35 25 20 30-80/1
Rice straw 32-39 23-24 18-36 35-72/1
Rubber tree sawdust 38 25 15 177/1
Rye straw 38 31 19 82/1
Softwood 45-50 25-35 25-35  310-520/1
Sorghum stalk 17 25 11 45/1
Sorghum straw 36 26 8 20-46/1
Soya stalk 35 25 20 20-40/1
Spruce sawdust 42 26 28 763-1000/1
Sugarcane bagasse 30-45 26-36 11-23 50/1
Sugarcane straw 36-41 21-31 16-26 70-120/1
Sunflower oil cake 25 12 8 ND
Sunflower stalk 42 30 13 97/1
Tomato pomace 9 5 5 ND
Walnut shell 36 28 43 175/1
Water yacinth 21 34 7 11/1
Wheat bran 30 50 15 19/1
Wheat straw 27-38 21-29 18-21 50-80/1

“ND” =not determined; * from Santi et al. (2015b)

Cellulose is a homopolymer composed of several hundred to many thousands
of linear chains of (3-anhydroglucose units (3-1,4 linked d-glucose units). Each
of these units consists of three hydroxyl groups (OH), one primary (C6 position)
and two secondary (C2 and C3 positions) hydroxyl groups, each of which
exhibits different polarities and is capable of being involved in the intra- and
intermolecular hydrogen bonds (Heinze, 2015; Zhou et al., 2016).

Hemicellulose is a heteropolymer composed of a polysaccharide matrix. Its

structure depends on the sugar units (i. e. pentoses like arabinose and xylose,



hexoses like mannose, glucose, and galactose) hexuronic acids such as 4-O-
methyl-d-glucuronic acid, galacturonic acid, and glucuronic acid, small
amounts of rhamnose and fucose, and an acetyl group (Zhou et al., 2016). These
binding sugars can assemble into a range of various hemicellulose
polysaccharides, such as galactan mannans, xylans, xyloglucan, and 3-1,3/1,4-

glucans (Ebringerova et al., 2005; Zhou et al., 2016).
1.3. Recycling agro-wastes for mushrooms cultivation

Fungi are a kingdom of unicellular or multicellular eukaryotic organisms whose
diversity is far to be determined. Hawksworth and Liicking (2017) recently
revised the number of fungal species from 2.2 to 3.8 million, however, the new
culture-independent approaches, such as new high-throughput amplicon
sequencing, are dramatically increasing the number of estimated fungal species
up to 12 million (Wu et al., 2019). Fungi are ubiquitous components of almost
all ecosystems on Earth, most of them are free-living in soil or water as
saprotrophs; others establish parasitic or symbiotic relationships with plants or
animals and several of them can combine different lifestyles (saprophytic,
pathogenic, or symbiotic) and therefore their boundaries are not well defined
(Grigoriev, 2013). Fungal plant pathogens exhibit distinct feeding strategies:
those that feed off living tissue are known as biotrophs, those that kill and feed
off dead tissue are known as necrotrophs, and those that exhibit a biphasic
tfeeding strategy, initial colonizing as a biotrophic pathogen then switching to
necrotrophy once the infection is established, are known as hemibiotrophs
(Newman and Derbyshire, 2020).

Many saprotrophs that affect weak hosts, at the beginning or at the end of their
life cycle (e.g., at seedling or senescent stages) are considered necrotrophs

(Jarosz and Davelos, 1995; Thomma, 2003). Moreover, some necrotrophic fungi



can cause disease in a few specific hosts but can infect other host plant species
asymptomatically as endophytes.

Saprotrophic fungi are known to have the ability to degrade lignin and other
phenolic compounds of forests (Baldrian, 2008). These fungi can be divided into
three main groups: white-rot fungi which have a unique ability to degrade all
wood cell wall polymers, brown-rot fungi which hydrolyze cellulose and
hemicelluloses, leaving modified, mainly demethoxylated, lignin behind, and
soft-rot fungi to a large extent ascomycetes, able to degrade polysaccharides
and in this case the degradation involves a browning and softening of the wood
following the production of laccases and peroxidases which are less specific of
those isolated from white-rot and brown-rot fungi. (Andlar et al., 2018; Sugano
et al., 2021).

White-rot mushrooms such as Ganoderma spp., Lentinula spp., and Pleurotus
spp., carry out delignification through two main patterns: nonselective
delignification and selective delignification (Martinez et al, 2005). In
nonselective delignification, the degradation of lignin, cellulose and
hemicellulose occurs simultaneously. Selective delignification involves the
degradation of lignin and hemicellulose before the attack of cellulose (Boddy et
al., 2008; C. P. Kubicek, 2012; Martinez et al., 2005). The ligninolytic system of
white-rot fungi depends on extracellular oxidative enzymes, particularly class II
peroxidases (class II PODs). These fungi also secrete various glycoside
hydrolases (GHs) that break down crystalline cellulose.

Brown-rot fungi such as Fistulina spp., Fomitopsis spp., and Laetiporus spp., are
deficient in most oxidative enzymes and cellulases possessed by white rot fungi
(Floudas et al, 2012) and decompose lignocellulose through an initial

nonenzymatic step: generation of reactive oxygen species, including hydroxyl
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radicals generated by the Fenton reaction (H20: + Fe?* + H* — H20 + Fe* + ¢OH)
(Hatakka and Hammel, 2011; Martinez et al., 2009).

Although the mechanisms are not yet clear, during the litter decomposition
process, a fungal succession pattern was observed in which specific taxa
dominate the different stages of this process (Vivelo and Bhatnagar, 2019). Even
mycorrhizal fungi can also act as decomposers, producing extracellular lytic
enzymes and metabolizing C (Talbot et al., 2008). Most of the evidence that
mycorrhizal fungi can act as decomposers comes from studies of ericoid and
ectomycorrhizal fungi (Read et al., 2005, 2004; Read and Perez-Moreno, 2003),
although there is increasing experimental evidence for a role of arbuscular
mycorrhizal fungi in soil C decomposition (Hodge et al., 2001; Tu et al., 2006).
Ectomycorrhizal fungi have the capacity to oxidize organic matter, either by
Fenton chemistry, typical of brown-rot fungi, or by using white-rot peroxidases
(Lindahl and Tunlid, 2015), and the oxidation is triggered by the addition of
glucose, which suggests that the mechanism can be regulated by the host C
supply (Rineau et al., 2013).

In addition to playing the fundamental ecological role of decomposers of
organic matter and particularly of lignin, mushrooms are also considered
healthy foods. In fact, edible mushrooms are rich in protein (15-35%),
carbohydrates (35-70%), fiber, vitamins, and minerals, and low in fat (< 5%)
(Kala¢, 2013; Valverde et al., 2015). Moreover, several species such as Ganoderma
lucidum (Curtis) P. Karst., Lentinula edodes (Berk.) Pegler, Grifola frondosa (Dicks.)
Gray, Hericium erinaceus (Bull.) Pers., Agaricus blazei Murrill, and some Pleurotus
species, have importance due to their antimicrobial, anti-inflammatory,
immunomodulatory, antidiabetic, cytotoxic, antioxidant, hepatoprotective,
anticancer, antioxidant, antiallergic, antihyperlipidemic, and prebiotic

properties (Venturella et al., 2021).
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Nowadays more than 50 species of saprotrophic fungi are cultivated in the
world. The main cultivated edible mushrooms belong to the genera Agaricus,
Agrocybe, Auricularia, Flammulina, Ganoderma, Hericium, Lentinula, Lentinus,
Pleurotus, Tremella, and Volvariella. However, the principal worldwide cultivated
genera are Lentinula, Pleurotus, Auricularia, and Agaricus (Ma et al., 2018).
Mushroom cultivation is widespread all over the world, with a global volume
production around to 40 million tons, and China is the largest producer
(Thakur, 2020). The indoor cultivation of lignocellulolytic mushrooms is usually
carried out in bags or bottles filled with sterilized or pasteurized substrates
(Oei, 2016). Since agro-industrial wastes are rich in lignin, cellulose, and
hemicellulose, they can represent a suitable substrate for mushroom growth
and cultivation and several studies were carried out in order to assess the
suitability of different agro-wastes (alone or in mixture). In particular, the
production and Biological Efficiency (BE) calculated as percentage ratio of fresh
weight of mushrooms over the dry weight of substrate (Chang et al., 1981),
were evaluated on different agro-wastes such as: wheat straw, barley straw, oat
straw, rice straw, corn straw, corn cob, banana leaves, sawdust, sugarcane
bagasse, soya and sunflower stalk for edible and medicinal mushrooms
cultivation (Kumla et al., 2020) (Table 1.2).

The anaerobic digestate, presents significant management and environmental
problems due to the large quantities produced daily (more than 30 tons per
day) and to the release of ammonia (NHs) and greenhouse gases such as COy,
N20 because of the presence of undigested organic matter that determines a
residual biomethanation power of the digestate itself (Gioelli et al., 2011;
Menardo et al., 2011; Monlau et al., 2015). Among the different type of
anaerobic digestates, corn digestate (CD) is a promising substrate for

mushrooms cultivation due to its high lignocellulose content.
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Table 1.2. Biological efficiency and chemical composition of some mushrooms grown on different agro-

industrial wastes (From Kumla et al., 2020 and reference therein).

Chemical composition (% dry weight)

Agro- Mushroom species BE (%) CcpP C FT FR AS
indstrial
waste
Agaricus bisporus 47.2-51.1 21.0-27.0 38.0-48.0 3.04.0 17.0-233  8.0-11.0
Agaricus subrufescens 53.7 28.4 63.2 1.6 6.2 6.8
Agrocybe cylindracea 61.4 1.5 89.6 0.3 40.4 8.6
Hericium erinaceus 39.4-43.5 26.8 58.9 3.7 ND 10.5
Lentinula edodes 66.0-93.1 15.2-15.4 63.7-65.7  1.1-1.5 ND 3.8-44
Lentinus sajor-caju 74.9 229 56 2.6 7.1 6.6
Wheat
Pleurotus citrinopileatus 98.3-105.6 25.3 64 2.7 ND 8.1
straw
Pleurotus colombinus 69.2 2.9 259 0.42 5.4 8.5
Pleurotus eous 75.1 19.5 50.2 2.6 7.8 6
Pleurotus eryngii 48.2 21.5 56 2.4 13.5 7.6
Pleurotus florida 66.4 27.9 51.2 2.4 12.2 8.7
Pleurotus ostreatus 22.6-52.6 11.6-14.6 475-744  18-25 19.1-271  8.6-12.0
Pleurotus sapidus 62.2 14.9 48.5 2 7.3 6.2
Barley Lentinula edodes 64.1-88.6 15.1-16.8 75.1-77.7  1.9-22 ND 5.2-5.8
straw Pleurotus ostreatus 21.3 12.8 54.7 29.9 0.9 1.2
Agaricus bisporus 47.2-52.9 26.8-36.2 ND 2.3-3.1 6.6-10.3 9.8-11.3
Oat straw
Ganoderma lucidum 2.3 9.9 ND ND ND 1
Lentinula edodes 48.7 16.2 78 6 1.5 34
Lentinus sajor-caju 78.3 234 55 2.4 7.9 6.8
Hericium erinaceus 33.9 24.1 60.5 42 ND 11.3
Pleurotus citrinopileatus 76.5-89.2 22.8 64.9 3.2 ND 91
Pleurotus colombinus 714 4.8 27.3 0.3 5 7.7
Pleurotus eous 79.8 29.3 48 2.4 8 6.2
Rice straw  Pleurotus eryngii 45.9 21.8 53 19 13.8 8.7
Pleurotus pulmonarius 23.5 21.1 ND 52 7 6.9
Pleurotus ostreatus 25.6-84.6 12.5-23.4 55.3-57.4 2.8-16 7.7-0.7 6.3-13.6
Pleurotus sapidus 64.7 23.4 45.6 1.6 8 6.4
Pleurotus djmor 82.7 24.8 37.7 3.1 22 8.3
Volvariella volvacea 10.2-15.0 36.9-38.1 42.8-423  0.8-1.0 4.4-6.0 9.0-10.3
Coprinus comatus 18 10.9 76.6 1.9 ND 20.5
Pleurotus florida 31.6 26.3 31.3 0.5 19.6 52
Corn straw
Volvariella volvacea ND 23 139 1.4 36.6 119
Agrocybe cylindracea 33.5 14.8 724 29 17 10.1
Corn cob Pleurotus colombinus 79.1 1.9 28.5 0.2 4.12 9.3
Pleurotus cystidiosus 50.1 24.5 40.6 3 24.3 7.57
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Pleurotus eryngii 51.8 23.8 54.8 1.9 9.7 7
Pleurotus florida 55 29.1 38.2 0.9 22.8 3.5
Pleurotus ostreatus 31.7-66.1 15.4-29.7 30.8-73.4  2.7-34  13.8-29.8 7.1-8.0
Pleurotus ostreatus ND 15 249 2.2 5.1 11.2
Banana
Pleurotus pulmonarius 17.9 16.9-23.5 26.2 1.9-5.5 5.8-7.2 6.4-10.3
leaves
Volvariella volvacea 15.2 239 ND ND 8.1 6.1
Lentinus sajor-caju 83 25.8 52.2 2.8 6.7 7.3
Pleurotus eous 82.3 30.5 50.5 2.6 9 6.5
Pleurotus ostreatus 85.2 24.7 53.2 2.8 7.2 6.7
Soya stalk
Pleurotus colominus 90.6 7.4 33.3 0.4 5.1 9.2
Pleurotus florida 87.6 23.5 57.8 2.5 8 8
Pleurotus sapidus 72.7 26.8 249 2.1 7.5 7
Lentinus sajor-caju 63.1 21 50.7 2.8 7.7 6.9
Sunflower
Pleurotus eous 61.5 27.4 52 2.2 7.9 52
stalk
Pleurotus sapidus 459 20.1 48.5 2.4 7.3 6.2
Oil palm Schizopyllum commune 3.7 6.1 37.4 45 0.01 1.94
empty fruit 3.6-6.5 33.541.0 279457  3.7-5.1 7.7-16.0 9.4-9.9
Volvariella volvacea
bunch
Pleurotus florida 25.1 29.8 37.3 22 19.4 8.7
Cotton stalk  Pleurotus pulmonarius 423 29.3 445 3.1 11.3 9.2
Pleurotus ostreatus 443 30.1 40.2 2.1 17.2 8.4
Rice husk Pleurotus ostreatus 9.5 5.9 48.5 30.9 0.3 14.3
Lentinula edodes 130.0-133.0 13.1-13.8 73.0-789  0.9-1.0 ND 6.2-7.1
Pleurotus cystidiosus 49.5 221 45.2 2.3 22.8 7.5
Sugarcane  Pleurotus djmor 101.7 25.1 452 2.1 9.1 41
bagasse Pleurotus eryngii 41.3 20.5 49 3.1 8 7.8
Pleurotus florida 75.6 8.7 ND 4 2.5 0.3
Pleurotus ostreatus 65.7 27.1 34.9 2 29.3 6.7
Sugarcane 83.0-98.0 144 72.5-782  0.7-0.9 NR 6.4-6.5
Lentinula edodes
straw
Pleurotus florida 13.6 20 61.2 11.9 11.9 55
Cotton hull
Pleurotus ostreatus 8.9 17.5 65.9 12 10.2 52
Cassava Pleurotus ostreatus 24.0-26.1 10.5-10.7 73.0-74.6 2.1-2.2 8.5-8.9 7.5-7.7
peel Volvariella volvacea 0.6-2.3 11.5-14.3 51.4-534  24-26 0.4-0.5 5.0-6.2
Hardwood 47.5-50.3 24.8 60.9 3.6 ND 10.6
Hericium erinaceus
sawdust
Acacia Pleurotus cystidiosus 36.3 15.7 55.9 21 20.1 6.3
sawdust Pleurotus ostreatus 46.4 19.5 51.3 1.3 22 59
Agrocybe cylindracea 38.3 18.4 70.3 3.4 15 8.2
Beech
Ganoderma lucidum 61.2 16.8 77.9 2.2 479 3.1
sawdust
Pleurotus ostreatus 46.8 16.1 73.6 3.5 15.8 6.2
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Auricolaria polytricha 13.9-44.6 10.2 78.4 0.9 ND 4.2

Pleurotus colombinus 89.1 1.7 25 0.2 4.6 9.1
Sawdust

Pleurotus citrinopileatus 38.4-51.6 241 65.6 2.6 ND 7.8

Pleurotus eryngii 35.5 19.5 52.5 2.4 7.8 7.5

“BE” biologial efficiency, “CP” crude proteins, “C” carbohydrates, “FT” fats, “FR” fibers, “AS” ash

1.4. Lignocellulosic fraction degradation by fungi

As mentioned above, the lignocellulosic material is composed of three main
biomacromolecules: cellulose, hemicellulose and lignin, which linked together,
make it difficult to degrade requiring the synergistic action of more
carbohydrate-active and lignin enzymes. These enzymes are responsible for the
assembly and breakdown of the glycosidic bond (Andlar et al., 2018; Eichorst
and Kuske, 2012; Lombard et al., 2014) and in particular, oxidative enzymes that
participate in the degradation of lignin, and hydrolytic enzymes, responsible for
the degradation of cellulose and hemicellulose, are involved (Lombard et al.,

2014; Lépez-Mondéjar et al., 2016; Madeira et al., 2017) (Figure 1.4).
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Lignin peroxidase (Li)
(depolymerization of lignin)

Peroxidase

Manganase peroxidase (MnP)

(acts on phenolics and aromatic
compounds)

Versatile peroxidase
(combination of the Li and MnP
activities)
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(oxidize anthraquinone dyes)

Figure 1.2. Main enzymes involved in lignin, cellulose, and hemicellulose degradation. From Kumla et al.
(2020).
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1.4.1. Lignin degradation

The degradation of lignin is the initial step that then allows hydrolytic enzymes
to attack cellulose and hemicellulose (Anderson and Akin, 2008; Jurak et al.,
2015). Lignin degradation can be mainly attributed to basidiomycetes white-rot
fungi since they are capable to degrade lignin more quickly and extensively
than other microorganisms (Woiciechowski et al., 2013).

Lignin attack is mainly accomplished by four major groups of several ligninases
produced by the white-rot fungi: laccases (Lac), manganese-dependent
peroxidases (MnPs), lignin peroxidases (LiPs), versatile peroxidases (VPs)
(Kracher and Ludwig, 2016) (Figure 1.5).

Lac are blue multicopper enzymes capable to oxidize a variety of phenolic and
non-phenolic compounds. Phenolic compounds, including lignin and
polyphenols, are oxidized by one-electron abstraction that leads to an
associated reduction of oxygen to water as a by-product (Coconi-Linares et al.,
2014; Dwivedi et al., 2011; Gochev and Krastanov, 2007). In the presence of a
mediator [2,20-azinobis- 3-ethylbenzthiazoline-6-sulfonate (ABTS)], that
behaves as an electron shuttle, these enzymes can oxidize also non-phenolic
compounds (Cragg et al., 2015).

Other important enzymes are peroxidases. Peroxidases by themselves are too
large to penetrate the dense lignocellulosic matrix and they act by generating
small molecular radical species capable to catalyse the oxidation of the lignin
(Cullen and Kersten, 2004). LiPs, which belong to the oxidoreductases family
are able to reduce O: to H20: and superoxides (Wong, 2009). LiPs are strong
oxidants and can degrade phenolic and non-phenolic aromatic compounds.
MnPs is an oxidoreductase that can not directly react with the lignin structure
(Ardon et al., 1998). This enzyme requires H:0: for lignin oxidation and Mn?* as

a co-factor. Mn? is an electron donor and MnP is oxidized under H20: action in
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an unstable MnP and accepts an electron from Mn? to Mn*. The product Mn?*
is released from the active site in the presence of a chelator such as oxalate,
malate, and lactate, that stabilizes it against disproportionation to Mn?* and
insoluble Mn*. The chelated Mn?* ion can diffuse into the lignified cell wall,
where it oxidizes simple phenols, amines, phenolic and non-phenolic lignin
components (Burlacu et al., 2018; Cragg et al., 2015).

VPs, are also known as polyvalent peroxidases because combine the substrate
specificity characteristics of LiPs and MnPs. Unlike these two enzymes, it is able
to degrade a wide range of phenolic and non-phenolic substrates (Wong, 2009).
It requires hydrogen peroxide as an electron acceptor to catalyse the oxidative

reaction at the home centre with the release of H-O (Ardon et al., 1998).
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Figure 1.3. Lignin degradation by white-rot fungi enzymes. Modified from Kamimura et al. (2019).
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1.4.2. Hemicellulose degradation

Due to its complex structure, hemicellulose hydrolysis requires the synergistic
action of different enzymes (Figure 1.6). Hemicellulases are carbohydrate
esterases or glycoside hydrolases involved in polysaccharide degradation.
Xylanase, [-xylosidase, «-arabinofuranosidase, a-glucuronidase, and -
mannosidases are the enzymes involved in hemicellulose degradation (Horn et
al., 2012; Lombard et al., 2014). However, xylanases and mannanases are the
two most important enzymes for hemicellulose hydrolysis.

The endo-1,4-B-xylanase and the exo-1,4-B-xylosidase are two xylanases
predominantly involved in hemicellulose degradation (Sanchez, 2009). They act
by degrading the linear polysaccharide xylan into xylose by catalyzing the
hydrolysis of the glycosidic linkage (3-1,4) of xylosides. Endo-1,4-3-xylanases
hydrolyse -1,4-xylan chains, and generate xylo-oligosaccharides whereas (-
1,4-xylosidases cleave xylobiose and xylo-oligosaccharides releasing xylose
(Sanchez, 2009) (Figure 1.6).

Mannans degradation is accomplished with p-Mannanases (endo-{3-1,4-
mannanase) that are endohydrolases that randomly attacks mannan fibers by
cleaving (3-1,4 bonds and producing new reducing and non-reducing ends.
Depending on the active site organization most 3-mannanases are active on
oligosaccharides consisting of three or four monomeric units. 3-mannosidase
enzymes (exo-B-1,4-mannosidase) support the hydrolytic action of (-
mannanases by carrying out the hydrolysis of terminal, non-reducing (3-d-
mannose residues. In case of glucomannan degradation, -glucosidases can
cleave the bond between one mannose and one glucose residue (Moreira and
Filho, 2008) (Figure 1.6).

The degradation of wood xylans and mannans hemicellulose is supported by

arabinases that work synergistically to generate L-arabinose through the
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hydrolysis of arabinan (Maijala et al., 2012; Olaniyi et al., 2015; Pinho et al,,
2014; Saeed et al., 2019; Titapoka et al., 2008) (Figure 1.6).
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Figure 1.4. Enzymes involved in hemicellulose xylan, mannan, and arabinan degradation. Modified from
Kumla et al. (2020).
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1.4.3. Cellulose degradation

Cellulose hydrolysis can be achieved thanks to a combination of three major
classes of cellulases (endo-1,4-B-d-glucanase, exo-1,4-B-d-glucanase or
cellobiohydrolases and [-glucosidase) which convert cellulose into
oligosaccharide, cellobiose, and glucose (Horn et al., 2012; Ritota and Manzi,
2019) (Figure 1.7).

Endoglucanases internally cleave [(3-1,4-glycosidic bonds in the amorphous
regions of cellulose generating several reducing and non-reducing ends (Horn
et al, 2012; Ritota and Manzi, 2019). Endoglucanases also act on the
intermediate product of cellulose hydrolysis (cellodextrins), converting them
into cellobiose and glucose.

Exoglucanases also known as cellobiohydrolases, release cellobiose from the
reducing end or the nonreducing end of the cellulose chain, allowing the
production of cellobiose which can easily be transformed into glucose by (-
glucosidases (Madeira et al., 2017; Yeoman et al., 2010; Zhang et al., 2006). These
enzymes may also act on cellodextrins and in this case, they are commonly
named cellodextrinases (Saini et al., 2015). The oligosaccharides produced from
these enzyme activities are converted to glucose through the action of
cellodextrinases, while the cellobiose released by the action of

cellobiohydrolases is converted to glucose by 3-glucosidases (Sajith et al., 2016).
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Figure 1.5. Enzymes involved in cellulose degradation. From Kumla et al. (2020).

1.5. Vibrational spectroscopic techniques for studying

lignocellulose degradation and mushrooms

Spectroscopy is a branch of the natural sciences that studies the absorption and
emission of light and other electromagnetic radiation by matter, and the
interactions between particles (e.g., electrons, protons, and ions) as a function of
their collision energy (Bunaciu et al., 2020).

In particular, vibrational spectroscopy includes several techniques among
which infrared (IR) spectroscopy (absorption) and Raman (emission). These

techniques measure the vibrational energy levels associated with the vibration
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of the chemical bonds of a studied molecule. The vibrational spectrum of each
molecule corresponds to a fingerprint (Campanella et al, 2021) and its
molecular and structural information is obtained through the examination of
the spectra obtained, considering the position of the band and its intensity.
While IR bands result from an electric dipole-mediated transition between
vibrational energy levels due to absorption of mid-IR radiation, Raman bands
result from a change in the polarizability of the molecule (Gierlinger, 2018).
These two techniques provide complementary information on the molecular
structure of the analyzed molecules (Gierlinger, 2018) and in particularly,
Raman spectroscopy is commonly used to study symmetric vibrations of non-
polar groups while mid-IR spectroscopy for study asymmetric vibrations of

polar groups (Campanella et al., 2021) (Table 1.3).

Table 1.3. IR and Raman frequencies of common functional groups. From Bunaciu et al. (2020).

Intensity
Functional group Position Assignment IR Raman

OH for water 3700-3300 s w
H bonded OH 3550-3230 str br
OH group 3670-3680 str ms
R-CHs 2975-2950 asym str Vs Vs
R-CHs 2885-2860 sym str vs vs
R-CHs 1470-1440 asym bend ms ms
R-CHs 1380-1370 sym bend m vw
R-CH(CHas):2 1385-1380 Bend-bend m vw
R-CH(CHas):2 1373-1365 Bend-open m vw
Aryl-CHs 2935-2915 Sym str+bendovertone  ms ms
Aryl-CHs 2875-2855 Sym str+bendovertone ~ m m
R(CHs)3 1395-1385 Bend-bend m vw
R(CHs)3 1373-1365 Bend-open ms ms
Aliphatic CH: 2936-2915 asym str Vs Vs
Aliphatic CHa2 2895-2833 sym str vs vs
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Aliphatic CH2
Aliphatic CH:
(CH2)>3

(CH2)>3

RsCH

C-C=C-H
C-C=C-H
C-C=C-H

>C=C< trans, tri, tetra
>C=CH-R mono, cis, trans
C=Cmono, cis1,1
>C=CH2 mono 1,1
>C=CH2 mono 1,1
>C=CH2 mono 1,1
R-CH=CH>
R-CH=CH>

Aryl CH

Aromatic ring
Aromatic ring
Aromatic ring
Aromatic ring
Mono, meta, (1,3,5), (2,4,6)
Meta, (1,2/4), (1,3,5)
Para, (1,2,4)

Meta, (1,2,3)

Ortho, meta

Mono, meta, (1,3,5)
Para

Mono

R-CO-H
Conj-CO-H
R-CO-R

Conj -CO-R
H-CO-O-R
R-CO-O-R
R-CO-OH dimer

2920-2890
1475-1445
1305-1295
736-720
1360-1320
3340-3267
2140-2100
710-578
1600-1665
3020-2995
1660-1630
3090-3075
3000-2980
1420-1400
995-985
910-905
3100-3000
1620-1585
1590-1565
1525-1470
1465-1400
1010-990
9365-810
880-795
825-750
800-725
710-665
650-630
630-605
1740-1720
1710-1685
1725-1705
1700-1670
1725-1720
1750-1735
1720-1680

Fermi resonance
Bend
In-phase twist
In-phase rock
CH bend
CH str
C=Cstr
CH wag
C=C str
CH str
C=C str
CH: asym str
CH: sym str
CH2bend
trans CHz in-phase wag
>CH: wag
CH str
Quadrant str
Quadrant str
Semicircle str
Semicircle str
In-phase str
Lone Hwag
2 adj. Hwag
3adj. Hwag
4 and 5 adj. Hwag
Ring out-of-planebend
Ring in-plane bend
Ring in-plane bend
C=0 str
C=0 str
C=0 str
C=0 str
C=0 str
C=0 str

C=0 out-of-phase str

var

var

var

VW

w

g £ B

8

8

VW

VW

\'E

8 8 8 B £ 38 8B B8
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R-CO-OH dimer
R-COO-
R-COO-
R-CO-O-CO-R
R-CO-O-CO-R
R2CH-OH
R2CH-OH
RsC-OH
RsC-OH
Ar-OH
O=C-O-C
O=C-OH
CH2>-NH:
CH2>-NH:
CH2>-NH:
CH2>-NH:
-CH>-NH-CHz-
-CH>-NH-CHz-
O=C-NH-
O=C-NH-
C-C=C-C
CH»>-C=N
CH»>-C=N
Conj -C=N
Ar-NH>
C-NHs*... X
C-NHs*...
C-NHs*...
C2NH:z*...

X %% %

C2NHo*...
CsNH*... X~
CH2-NO:2
CH2-NO:2
Ar-NO2
Ar-NO2
-CH>-C1

1670-1630
1650-1540
1450-1360
1755-1745
1825-1815
1150-1075
900-800
1210-1180
800-750
1260-1180
1300-1140
1300-1200
3500-3300
3400-3200
1630-1590
900-600
3450-3250
1150-1125
About 3300
Near 3100 (overtone 0f1550)
2245-2100
2260-2240
1440-1405
2235-2185
1380-1260
3200-2700
1625-1560
1550-1505
1620-1560
3000-2700
2700-2300
1600-1530
1380-1310
1555-1485
1357-1318
830-560

C=0 in-phase str
C=0 out-of-phase str
C=0 in-phase str
C=0 out-of-phase str
C=0 in-phase str
C-Ostr
C-Ostr
C-Ostr
C-Ostr
C-Ostr
C-Ostr
C-Ostr
NH2 out-of-phase str
NH: in-phase str
NH2 bend
NH:2wag
NH str
C]N]C out-of-phasestr
NH str
NH str
C=Cstr
C=N str
CH2bend
C=N str
C-N str
NHs str
NHs out-of-phase str
NHs in-phase str
NH2 bend
NHo: str
NHo: str
NO: out-of-phase str
NO: in-phase str
NO: out-of-phase str
NO: in-phase str
C-Cl str

var

sbr

VW

VW

VW

VS

VS
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-CH2-Br 700-515 C-Brstr S VS

-CH2-F 1100-1000 C-Fstr s w
Pyridine 3100-3300 Aryl CH str m

Pyridine 1615-1570 Quadrant str S m
Pyridine 1400-1440 Semicircle str s mw
Pyridine 1035-1025 2,4,6 carbon radial str m Vs
Pyridine 995-985 Ring breath/str m s
Pyridine 660-600 Quadrant in-plane bend  — m
Pyrrole 3500-3000 NH str s m-w
Pyrrole 3135-3103 =CH str m s
Pyrrole 1530 Quadrant str + CHrock S —
Pyrrole 1468 Quadrant str + CHrock m S
Pyrrole 1418 Semicircle str+CHrock m —
Pyrrole 1380 Semicircle str+CHrock s m
Pyrrole 1143 Ring in-phase str m Vs
Furan 3156, 3121, 3092 =CH str m s-m
Furan 1590 Quadrant str + CHrk S w
Furan 1483 Quadrant str + CHrk S Vs
Furan 1378 Semicircle str+CHrock s s
Furan 1140 Ring in-phase str — Vs
n-Lactones 1795-1760 C=0 str s m
Cyclic anhydride 1870-1845 C=0 sym str m s
Cyclicanhydride 1755-1745 C=0 asym str s mw
Epoxy 1270-1245 Ring sym str m S
Epoxy 935-880 Ring asym str s m
Epoxy 880-830 Ring asym str s m

s, strong; m, medium; w, weak; v, very; br, broad; var, variable; -, zero.

Among the different accessories of IR, Attenuated Total Reflectance — Fourier
Transform Infrared (ATR-FTIR) as well as Raman techniques, are commonly
used in chemistry, pharmacy, physics, biology, medicine, and environmental
research as well as in industry, biotechnological, art, forensic, and archaeology

areas. They are non-destructive and non-invasive tools with high sensitivity
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and specificity capable to provide detailed information about the molecular
composition, structure and interactions within a sample.

ATR-FTIR spectroscopy exploits a crystal with a high refractive index such as
Ge, ZnSe, thallium halides, and diamond through which the IR beam emitted
by the source passes before reaching the analyte. The sample is placed directly
in contact with the crystal, and thanks to the principle of the evanescent wave,
the IR beam penetrates for a few um (0.5 pm-2um) in the sample (Bunaciu et al.,
2020).

In Raman spectroscopy, the radiation scattered from a molecule irradiated with
a monochromatic light, usually a laser in the visible, near IR, or near UV
regions, is detected. The scattered radiation is originated when the incident
photon excites the molecule into a virtual state. The Raman effect know as
Stokes scattering, occur when a molecule, which undergo in a change in
polarizability, is excited from a ground vibrational state to a virtual energy
state, and relax into a higher energy vibrational excited state. However, even an
anti-Stokes scattering can occur when some molecules present in a vibrational
excited state, scattering from these states to the ground state through a transfer
of energy to the scattered photon (Smith and Dent, 2019).

Raman scattering is very weak and for some samples (e. g., biological samples) a
large background fluorescence emission can overlap the Raman signal (Stockel
et al., 2016). To overcome these problems, Surface-enhanced Raman Scattering
(SERS) represents a great advance in the field of Raman spectroscopy. This
technique, thanks to the use of noble metal (e. g., copper, silver or gold)
nanoparticles (NPs) allow to overcome the weakness of the normal Raman
signal (Aroca, 2006, 2013). The NPs interacting with the incident light of the
laser beam generate a Localized Surface Plasmonic Resonance (LSPR) that allow

an enhancement of the Raman scattering of the molecules adsorbed or located
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near of the metal NPs, up to 10 orders of magnitude (Butler et al., 2016; Le Ru
and Etchegoin, 2009; Lee et al., 2019; Zhang et al., 2017).

ATR-FTIR and Raman SERS spectroscopy have been successfully applied to the
study of complex matrices such as biological ones. In particular, several studies
have applied ATR-FTIR spectroscopy to study the composition and structural
changes that occur during the degradation of the lignocellulosic component of
wood (Bader et al., 2020; Bock et al., 2020; Gao et al., 2022; Javier-Astete et al.,
2021; Lupoi et al., 2015). Moreover, ATR-FTIR and SERS spectroscopy have
been successfully used to study the chemical composition of different foods,
including mushrooms (Jiang et al., 2021; Meenu and Xu, 2019; Neng et al., 2020;
Zaukuu et al., 2022).
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CHAPTER 2

THE MAIN OBJECTIVES OF THE THESIS

he current grow rate of the world population is progressively

increasing anthropogenic pressure on natural resources.

To meet the relative demand for food it is essential to satisfy in a more
equitable and sustainable way a growing need for energy, water, and soil. In
this context, the recovery and enhancement of waste and by-products from the
agri-food chain play a key role.

The main objective of this dissertation thesis was to study the role of fungi in
the recovery or degradation of agro-industrial wastes and to evaluate their
production and/or degradation capacity through the application of vibrational
spectroscopy.

Emphasis is given to the study of 3 types of agro-industrial waste:

. The solid fraction of CD resulting from the anaerobic digestion (AD) of
agricultural biomass for biogas production, characterized by having high
amounts of nitrogen, in particular ammonia, and high amounts of lignin,
cellulose and hemicellulose.

. Hazelnut shells (HS), produced as a result of the cracking process and

generally used for domestic heating, causing air pollution.
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. PE films, widely used in agriculture whose disposal at the end of the
crop cycle, is difficult and in some cases can not be completely removed from

the ground.
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CHAPTER 3

DEGRADATIVE ABILITY OF MUSHROOMS
CULTIVATED ON CORN SILAGE DIGESTATE

From Fornito et al., 2020

he current management practice of digestate from biogas plants

involves its use for land application as a fertilizer. Nevertheless, the

inadequate handling of digestate may cause environmental risks due
to losses of ammonia, methane and nitrous oxide. Therefore, the key goals of
digestate management are to maximize its value by developing new digestate
products, reducing its dependency on soil application and the consequent air
pollution. The high nitrogen and lignin content in solid digestate make it a
suitable substrate for edible and medicinal mushroom cultivation. To this aim,
the mycelial growth rate and degradation capacity of the lignocellulosic
component from corn silage digestate, undigested wheat straw and their
mixture were investigated on Cyclocybe aegerita, Coprinus comatus, Morchella
importuna, Pleurotus cornucopiae and Pleurotus ostreatus. The structural
modification of the substrates was performed by using ATR-FTIR spectroscopy.
Preliminary in vitro results demonstrated the ability of P. ostreatus, P. cornucopiae
and M. importuna to grow and decay hemicellulose and lignin of digestate.

Cultivation trials were carried out on C. aegerita, P. cornucopiae and P. ostreatus.
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Pleurotus ostreatus showed the highest BE and fruiting body production (FBP) in
the presence of digestate; moreover, P. ostreatus and P. cornucopiae were able to
degrade the lignin. These results provide attractive perspectives both for more
sustainable digestate management and for the improvement of mushroom

cultivation efficiency.
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3.1. Introduction

Managing organic waste streams is a major challenge for the agricultural
industry. Anaerobic digestion treatment process is considered the most suitable
bio-energy technology to treat wastes for biogas production from agriculture,
industry and household food wastes (Appels et al., 2011). Public policies of
several EU Member States have promoted the use of AD to treat organic wastes
and to generate renewable energy. According to the estimates, about one-third
of the EU’s 2020 target for renewable energy in transport could be met by using
biogas produced from bio-waste, while around 2% of the EU’s overall
renewable energy target could be met if all bio-waste was turned into energy
(European Commission, 2010).

Digestate is a heterogeneous material produced in large amounts during the
AD process (Dahlin et al, 2017). The physico-chemical characteristics of
digestate depend on the nature and composition of feedstocks, as well as on the
operational parameters of the process. Agricultural wastes typically have a high
content of lignocellulose. In this rigid structure, lignin coats cellulose and
hemicellulose while blocking their degradation by anaerobic bacteria (Ahmed
et al., 2019; Dashtban et al., 2009). Pretreatment methodologies utilizing energy-
intensive processes (high pressures and temperatures) and harsh chemical
compounds (NaOH, H2SOs) are currently used, in order to better perform their
utilization in the AD process (Grigatti et al., 2015; Placido and Capareda, 2015).
One of the main questions about the reuse of digestate is how to prevent
nutrient imbalances in the receiving environment. In agriculture, digestate is
considered a useful nutrient source, but its use is influenced by the disposal
limits for N and P (Mucha et al., 2019). Moreover, the digestate used as a
fertilizer is still a source of greenhouse gases (GHGs). These gases can be

produced and emitted during digestate storage and during its spreading upon
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the field although their impact is relatively lower than untreated biomass
(Czubaszek and Wysocka-Czubaszek, 2018). However, the ammonia release
and nitrate leaching are still a critical point with respect to N2O and CHa
emissions from digestate (Paolini et al., 2018).

Therefore, new strategies and alternative uses of digestate are necessary in view
of the growth of biogas plants (Hidalgo et al., 2019).

Lignocellulolytic mushrooms are an attractive resource that allows the
biotransformation of lignocellulosic wastes into a value-added bioproduct
(Peng et al., 2020). White-rot mushrooms such as Cyclocybe aegerita (V. Brig.)
Vizzini, Ganoderma lucidum (Curtis) P. Karst.,, Ganoderma resinaceum Boud.,
Lentinula edodes (Berk.) Pegler, Pleurotus cornucopiae (Paulet) Rolland, Pleurotus
ostreatus (Jacq.) P. Kumm. and Schizophyllum commune Fr. are the most effective
mushrooms for delignification due to the production of a large variety of
ligninolytic extracellular enzymes such as laccase, lignin manganese and
versatile peroxidases, galactose oxidase, glyoxal and alcohol oxidase,
benzoquinone reductases and lytic polysaccharide monooxygenases (Gupta et
al., 2018; Janusz et al., 2017; Sista Kameshwar and Qin, 2018). On the other
hand, brown root mushrooms such as Laetiporus sulphureus (Bull.) Murrill, some
coprophilous mushrooms like Coprinus comatus (O.F. Miill.) Pers. and the post-
tire mushroom Morchella importuna M. Kuo, O'Donnell & T.J. Volk, have been
shown to also be able, although to a lesser extent, to produce oxidative enzymes
for lignin degradation (Janusz et al., 2017; Lu and Ding, 2010; Sista Kameshwar
and Qin, 2018; Tan et al., 2019). Most of these mushrooms are edible and/or
have medicinal proprieties and have been successfully cultivated (Dasanayaka
and Wijeyaratne, 2017; Oei, 2003; Pleszczynska et al., 2013). Coprinus comatus is

also cultivated on a biogas residue mixture and is patent-protected (Debin et al.,
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2008). Only M. importuna has begun to be cultivated recently predominately in
open fields in China (Q. Liu et al., 2018).

In the past, several analytical approaches were carried out to study the ability of
fungal species to decompose lignin. Since lignin is closely associated to cellulose
and hemicellulose, its separation is considered problematic because the
extraction procedures take time and lead to chemical and structural changes
caused by condensation and oxidation reactions (Lu et al., 2017). There are two
main conventional techniques to separate lignin from hemicellulose and
cellulose: the first is to remove cellulose and hemicellulose leaving most of the
lignin as a solid residue, and the second is to extract lignin using fractionation
procedures leaving the other components (Tribot et al., 2019). As a result, the
original structural characteristics of lignin may be missing.

ATR-FTIR spectroscopy is a non-destructive technique that has been
successfully used for detecting chemical compounds present in complex
mixtures because each molecule is characterized by a specific spectrum. Pandey
and Pitman (2003); Gupta et al. (2015) have widely used this technique to
monitor the chemical variations that occur during wood degradation by
chemical and biological treatments. However, some spectra may appear poorly
resolved, due to the existence of highly overlapping and hidden peaks.
Consequently, it is not possible to assign specific peaks to the vibrations of
specific functional groups. In such cases, the application of a curve-fitting
analysis has become an important tool for qualitative and quantitative analyses
of IR spectra (Griffiths and De Haseth, 2007).

In this context, the main goal of the project was to use mushroom cultivation for
degrading the ligninolytic fraction of digestate. Several edible and medicinal
mushroom species were tested and their ability to degrade the lignin fraction

was assessed by using ATR-FTIR spectroscopy.
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3.2. Materials and Methods

3.2.1. Substrates

The CD was obtained from a biogas plant that is located in Malalbergo
(Bologna, Italy). The biogas plant can be classified as "single-phase, two-stage”,
is designed to work in semi-dry conditions (Total Solid 13%) and is fed
exclusively with energy crops (maize, sorghum, triticale silage). This plant can
be considered to be of compact dimension, compared to other technical
solutions with the same productive capacity (4100 m? of volume for 1 MW of
installed electrical power), due to the ability to develop the process with high
concentrations of substrate. The average biomass consumption is approximately
18,500 tons/year for a biogas production of 4,050,000 m? (8,500,000 kWh/year of
gross renewable electric energy production). The mean hydraulic retention time
(HRT) of the biomass is 70 days, after which the digestate is separated into solid
and liquid fractions through a mechanical screw separator. The solid digestate
(SD) production is 2500 tons/year and after separation is stored in trench silos,
similar to those commonly used for silomais. The liquid digestate (10,000
tons/year) is stocked in a specifically covered tank. The SD used in this work
was produced in February and collected as soon as it fell out of the mechanical
separator.

Durum wheat straw and Populus spp. chips (PC) were kindly provided by the
Cadriano farm of the University of Bologna. In particular durum wheat straw
was used in the farm to produce compost and it was stored under aerobic
conditions in the field. All raw materials were dehydrated at room temperature
and kept in the stove at 60°C for 24 hours. They were subsequently crushed
with scissors and a manual grinder into fragments smaller than 0.5 cm and
autoclaved at 121 + 1°C for 60 minutes to prevent any contamination during

their storage. The dried raw materials were stored in a desiccator at 22°C.
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Organic soft wheat bran and Alabastrine gypsum (CaSO: -2 H20O, Lab grade)

were used for the mushroom cultivation trials.

3.2.2. Mushrooms cultures and mycelial growth rate evaluation

Experimental trials were carried out by using 9 strains of basidiomycetes (C.
aegerita, C. comatus, G. lucidum, G. resinaceum, L. sulphureus, P. cornucopiae, P.
ostreatus, S. commune) and ascomycetes (M. importuna) isolated from fruiting
bodies collected in the wild; L. edodes (belonging to Basidiomycota division)
strain was brought by the Fungal Institute of Jinxiang (Shan-dong province,

China) (Table 3.1).

Table 3.1. Strain numbers and species used in this work.

Strain n.* Species

CAe4 Cyclocybe aegerita
CCol0 Coprinus comatus
GLulé Ganoderma lucidum
GRe5 Ganoderma resinaceum
LSul0 Laetiporus sulphureus
LEd5 Lentinula edodes
MImé6 Morchella importuna
PCo3 Pleurotus cornucopiae
POs15 Pleurotus ostreatus
SCo3 Schizophyllum commune

The mycelial pure cultures were stored in the Mycological and Applied Botany
Laboratory (CMI-UNIBO strain collection) of the Department of Agricultural
and Food Sciences (DISTAL), University of Bologna (Italy).

All the isolates were kept on Potato Dextrose Agar (PDA, Difco) half strength,

at 22 + 1°C in darkness, and subcultured every two months.
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For mycelial growth rate evaluation, plugs of 10 mm diameter were taken by
15-day-old colonies of each species and inoculated in the center of 9 cm
sterilized Petri dish previously filled with 15 g of three different substrates at
80% humidity: CD, Corn Digestate-Wheat Straw (CD-WS) (1:1, w/w) and Wheat
Straw (WS) as control. Five replicates were made for each combination of
species and substrate. All plates were incubated at 22 + 1°C in darkness. The
mushroom growth was assessed by measuring the diameter of the colony along
two preset diametrical lines every day. Radial daily growth rate (rGR) was

calculated during the first 3 days of the exponential phase as:

_(D1-Dyg) /2 5

rGR
(Ty = Tp)

24

where Do and D1 are the colony diameter during the exponential growth phase

at time To and Tj, respectively (Trinci, 1971) (modified).

3.2.3. Inoculum preparation and cultivation trials

Cultivation tests were carried out for C. aegerita, P. cornucopiae and P. ostreatus.
The grain spawn was prepared by inoculating 15-day-old mycelial plugs in
glass tubes containing sorghum kernels and distilled water in a 1:2 (v/v) ratio
previously sterilized at 121 + 1°C for 20 minutes. For each species-substrate
combination 5 replicates were prepared. The tubes were incubated in the dark
at 22 + 1°C for 30 days. The spawn was ready when the mycelium had
colonized all the kernels.

Three different solid substrates were tested: a digestate based substrate (97%
corn digestate), a substrate with 48% of digestate and as control, a substrate
based on PC or WS according to the mushroom substrates preferences (Oei,
2003; Stamets, 2000) (Table 3.2). Homogeneous substrate mixtures were

prepared by mixing component materials based on their dry weight (w/w).
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The substrates were inserted into autoclavable polypropylene (PP) transparent
bags (20 x 30 cm). Dried mixed substrates (1.5 L per bag: 120 g for CD, 110 g for
CD-WS-WB, 100 g for WS-WB; 160 for CD-PC-WS and 200 g for PC-WS) were
moistened with 500 mL (per bag) of distilled water for 24 hours and the excess

of water was removed by squeezing the bags.

Table 3.2. Composition of the substrates used for cultivation trials.

Species Substrates and mixing ratio! Code

97% CD:3% gypsum CD
P. cornucopiae
48% CD:46% WS:3% WB:3% gypsum  CD-WS-WB
P. ostreatus
92% WS:5% WB:3% gypsum (control) WS-WB

97% CD:3% gypsum CD
C. aegerita
48% CD:44% PC:5% WS:3% gypsum ~ CD-PC-WS

88% PC:9% WS:3% gypsum (control) PC-WS

1 dry weight (w/w). Abbreviations: CD (Corn Digestate); WS (Wheat Straw); WB (Wheat Bran) and PC

(Poplar wood Chips).

Bags were closed with a hydrophobic cotton cap, autoclaved at 121 + 1°C for 60
minutes; inoculated with grain spawn by opening the bag, inserting the
inoculum inside of it (45 g per bag), mixing the inoculum with the substrate and
incubated it in the darkness at 22 + 1°C until complete colonization of the
substrate. For each species-substrate combination, five bags were prepared.
Mycelial bag colonization was evaluated.

After 20 or 35 days of mycelial growth of the two Pleurotus species and C.
aegerita respectively, the bags were moved to a climatic chamber with a
temperature of 19 + 1°C during the day and 14 + 1 °C during the night, relative
humidity between 80% and 85%, and 12 hours light/dark photoperiod with a
light intensity of 700 + 100 lux. The mature fruiting bodies were collected for 3

months; the fresh weight was recorded for the evaluation of the BE (Chang et
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al., 1981), then they were dried in a stove at 65°C for 24 hours and weighed. The

BE was calculated as:

BE (%) = fresh weight of mushrooms < 100
o0 dry weight of substrate

3.2.4. Chemical analyses

In order to evaluate changes in the chemical composition of the different
substrates before and after the 12 days of myecelial growth, the elemental
analysis of C and N was carried out. Five replicates of each substrate before and
after inoculation were collected from the Petri dishes. All samples were mixed,
washed five times with distilled water, dried in a stove at 35°C for 48 hours and
crushed in a ball mill (RETSCH MM 400, Germany) to produce a homogeneous
mixture of each material. The elemental analysis was carried out using Flash EA
2000 Elemental Analyzer (Thermo Scientific, Germany) on 2 mg and performed

on triplicate samples.

3.2.5. ATR-FTIR spectroscopy analysis

The FTIR spectra were recorded by using an ALPHA FTIR spectrometer
(Bruker Optics, Ettlingen, Germany) equipped with a diamond crystal ATR
device. The substrates were analyzed after 12 days of in vitro mycelial growth
and after the FBP (4 months after inoculation) were analyzed. Each sample was
deposited on the surface of the crystal and the spectra were acquired against a
pre-established background by averaging 64 scans from 4000 to 400 cm™ at 4
cm™ resolution. Spectra were collected in triplicate for each sample and then
averaged.

In order to determine the main structural changes in the spectra that had
undergone different treatments, a curve fitting using the Grams/386

spectroscopic software (version 6.00, Galactic Industries Corporation, Salem,
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NH) was performed. The second derivative of the IR spectra in the 1800-1200
cm™ region was smoothed using the Savitzky—Golay function. The IR spectra
were fitted with Gaussian bands, the best fitting parameters were determined
by minimization of the reduced Chi-square (x?). Agreement between
experimental and calculated profiles was obtained, with coefficients of
determination, R? ranging from 0.990 to 0.980 and the standard error (SE) from
0.001 to 0.005.

3.2.6. Statistical analyses

Statistical analyses were assessed by using the XLSTAT software version 7.5.2
(Addinsoft). Student t-test was performed to compare the C and N content of
the substrates after mushrooms mycelial growth with the initial substrates. The
analysis of variance (ANOVA) was used to determinate a significant difference
in mycelial growth rate, FBP and BE among different substrates. Tukey post hoc

test (p < 0.05) was used to compare the means.

3.3. Results

3.3.1. In vitro mycelial growth and elemental analysis of C and N of substrates

Ganoderma lucidum, G. resinaceum, L. sulphureus, and L. edodes did not grow or
grow very slowly on digestate whereas C. aegerita, M. importuna, P. cornucopiae
and P. ostreatus grew similarly or significantly more (P. ostreatus) on the corn
digestate (CD) compared to the straw (Table 3.3). For this reason, the C and N
content and ATR-FTIR spectra were carried out only on the latter four species.
Coprinus comatus was also included because recently a substrate containing

biogas residues has been patented for its cultivation (Debin et al., 2008).
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Table 3.3. Radial growth rate (mm/day) of the tested mushroom species on different substrates.

Strain n. Species CD CD-WS WS
CAe4 Cyclocybe aegerita 534+122A  477+104A 533+031A
CCol0 Coprinus comatus 2.46+0.64 B 926+076 A 824+115A
GLulé6 Ganoderma lucidum 0.32+0.10B 038+021B 4.08+0.09 A
GRe5 Ganoderma resinaceum 1.37+0.45C 54+055B 818+0.92 A
LSul0 Laetiporus sulphureus 0.00B 011+0.16B 674+124A
LEd5 Lentinula edodes 0.00B 059+057B 282+041A
MImé6 Morchella importuna 21.50+1.00 AB 2350+3.09A 2020+1.01B
PCo3 Pleurotus cornucopiae 8.18£0.68 A 837+071A 7.88+0.86 A
POs15 Pleurotus ostreatus 483+0.75A 410+£1.60A 225+0.33B
SCo3 Schizophyllum commune  6.59 +1.72 C 852+0.33B 10.60+0.20 A

The data are the mean of 10 measurements + standard deviation. Different letters on the same row indicate

significant difference for p < 0.05 by post-hoc Tukey test.

Table 3.4 shows the C and N values determined in CD, CD-WS and WS before
inoculation (control) and after 12 days of mycelial growth. The C percentage of
CD-WS, showed no intermediate value, due to the high chemical complexity of
CD. The C content of substrates inoculated with several mushrooms showed no
considerable variation (Table 3.4). C content was significantly lower in C.
aegerita on CD, and significantly higher in C. comatus, M. importuna, P.
cornucopiae and P. ostreatus on WS than in the untreated substrates (control).

The nitrogen content on WS inoculated with the different mushrooms was
generally significantly lower than the control (Table 3.4). These changes led to a
significant increase in the C/N ratio on WS which was 31 in the control and
ranged from 59 to 69 after the fungal growth (Table 3.5). On the CD substrate,
there were no significant differences between treatments although a slight
decrease of N was apparent in the presence of C. comatus and P. cornucopiae
(Table 3.4). In the CD-WS substrate, only C. aegerita, P. ostreatus and M.
importuna significantly decreased the N content. No variation was observed for

the other species. Considering the C/N ratio, no variation was observed on CD,
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while, on CD-WS, the C/N ratio was 34 in the control and 49 after the growth of

P. ostreatus (Table 3.5).

Table 3.4. Total content of C and N on different substrates before inoculation with the fungi studied

(control) and after a 12 days period of mycelium growth following inoculation.

Species Substrates
CD CD-WS
C (%) N (%) C (%) N (%) C (%) N (%)
Control 39.07+0.07  1.59+0.01 39.57+1.04 1.18+0.005 36.26+0.005 1.16 +0.04
C. aegerita 38.67+0.02**  1.54+0.04  39.18+0.004 1.13+0.01* 37.93+0.99 0.62+0.008**
C. comatus 39.60+0.47  1.51+0.07 39.43+0.18 1.15+0.01 39.55 +0.27** 0.67+0.01**
M. importuna 38.94+0.04  1.55+0.04  39.81+0.29 1.08+0.02** 39.86+0.79% 0.68+0.02**
P. cornucopiae 39.07+0.05  1.37+0.10  38.80+0.32 1.20+0.04 38.52+0.05** 0.61+0.01**
P. ostreatus 39.86+0.59  1.59+0.05  39.39+0.96  0.81+0.007**  39.61+0.68** 0.57+0.009**

The data are the mean of 3 replicates + standard error. Asterisks indicate significant differences from the

control (* p <0.05; ** p < 0.01) using Student’s t-test.

Table 3.5. C/N ratio on different substrates before and after inoculation with mushrooms.

Species Substrates

CD CD-WS WS

C/N C/N C/N
Control 24.57 33.53 31.26
C. aegerita 25.11 34.54 61.16
C. comatus 26.20 34.29 59.03
M. importuna 25.12 37.21 58.62
P. cornucopiae 28.51 33.16 63.15
P. ostreatus 25.23 48.63 69.49
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3.3.2. ATR-FTIR of substrates after in vitro mycelial growth

Figure 3.1 shows the ATR-FTIR spectra of the substrates (CD, CD-WS and WS)
after 12 days of mycelial growth with different mushrooms species. The ATR-
FTIR spectra clearly showed a significant structural variation of the main
functional groups in the region between 1800-1200 cm™ in which many clearly
defined peaks provided information on their modification during degradation.
The major peaks can be listed as follows: 1740 cm™ is ascribed to unconjugated
C=0 in xylans (hemicellulose) or in the heterocyclic cellulosic rings (Rahman et
al., 2017); 1727 cm™ is due to H-bonded acid/ketone carbonyl groups; ~1645 cm™*
is assigned to C=O stretching in conjugated ketones, water and amide I
(proteins); ~ 1590 and 1510 cm™ are attributed to aromatic skeletal vibrations
(C=C) and aromatic breathing in lignin, respectively (Mohebby, 2005; Popescu
et al., 2010; Singh et al., 2014); ~ 1547 cm! is related to amide II (proteins); 1457
cm™ is due to C-H bending in lignin and hemicelluloses; 1423 and 1370 cm™! are
assigned to CH: and CHs bending vibrations, respectively. These bands are
typical of the mixture of both crystalline and amorphous cellulose (Huang et al.,
2012); 1318 cm! is attributed to C-H bending in crystallized cellulose I (Colom
et al., 2003); ~1240 cm is assigned to the syringyl ring in lignin and C-O
stretching in xylan of hemicellulose (Pandey and Pitman, 2003; Yilgor et al.,
2013).
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Figure 3.1. ATR-FTIR spectra of (a) Corn Digestate (CD, green line), (b) Corn Digestate 50% - Wheat Straw
50% (CD-WS, blue line) and (c) Wheat Straw (WS, red line) after 12 days of mycelial growth of C. aegerita
(cyan line), C. comatus (dark red line), M. importuna (black line), P. cornucopiae (purple line) and P. ostreatus
(orange line). H= hemicellulose; L= lignin [as references for lignin: (Mohebby, 2005; Popescu et al., 2010;
Singh et al., 2014)].

In more detail, the ATR-FTIR spectra of the CD substrate after mycelium
growth, as compared to untreated CD (Figure 3.1a), showed a significant
decrease in the relative intensity of the bands assigned to hemicellulose (1740
cm™ and 1236 cm™?), proteins (1647 cm! and 1547 cm™!), and lignin (1600 cm™ and
1512 cm™). All these compounds changed in relation to the inoculated
mushroom species.

In some instances, ester bands in hemicellulose have disappeared in CD treated

with C. aegerita and C. comatus, as well as amide (II) in proteins, as supported by
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the slight reduction in total nitrogen (Table 3.4). Concerning the lignin bands
(1600 cm™ and 1512 cm™), they progressively decreased in the series: C. comatus
< C. aegerita < P. ostreatus < P. cornucopiae < M. importuna.

In the case of the ATR-FTIR spectra of CD-WS substrate after mycelium growth,
a slight difference compared to the untreated substrate was observed (Figure
3.1b). The relative intensities of hemicellulose bands considerably decreased in
substrate treated with C. aegerita and C. comatus as well as in the protein bands
(1645 cm™ and 1557 cm™), although no correspondence with total N was found.
Regarding the peaks taken as a reference of lignin (1590 cm™ and 1522 cm™) they
progressively decreased in the series: C. aegerita < C. comatus < M. importuna < P.
ostreatus <P. cornucopiae.

Figure 3.1c showed the ATR-FTIR spectra of WS substrate. As already observed
on CD and CD-WS, the intensity of the hemicellulose bands (1726 cm™ and 1237
cm?) decreased in treatments with P. cornucopiae and P. ostreatus. As regards to
the amide bands, a considerable reduction appeared in all treatments, as also
supported by the variation of total N (Table 3.4). The intensity of the band at
1509 cm! (lignin) was significantly reduced in all spectra, although it was more

consistent in P. ostreatus and P. cornucopiae.

3.3.3. Fruiting body production

For the cultivation test, C. aegerita, P. cornucopiae and P. ostreatus were used. The
choice was made based on the results obtained from the measurements of the
mycelial growth rate on CD (Table 3.3) and the commercial potential of the
species. The species M. importuna, even though it has rapid development in in
vitro tests, was not selected for cultivation trials as its production of fruiting
body is still difficult in controlled conditions (Masaphy, 2010).

The different species used during the cultivation tests showed a FBP (Figure

3.2a) and a BE similar in the different substrates used. Although there were no
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statistically significant differences between substrates, P. ostreatus grown on CD
exhibited a FBP and a BE apparently higher than PC-WS or WS-WB. On the
other hand, P. cornucopiae showed not significantly higher production and BE

compared to WS (Figure 3.2a, b).
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Figure 3.2. (a) Fruiting body production and (b) biological efficiency of the tested mushrooms species on
CD and on Corn Digestate-Poplar Chips-Wheat Straw (CD-PC-WS) or Corn Digestate-Wheat Straw-Wheat
Bran (CD-WS-WB) and on PC-WS/WS-WB.

3.3.4. Structural evaluation of substrates after FBP

Gaussian curve fitting procedure applied to the substrates ATR-FTIR spectra
(CD, CD-WS-WB and WS-WB) after production of the fruiting body provided
additional quantitative results. The area under the entire band was considered
as 100%, and each component after fitting was expressed as a percent area.
Cyclocybe aegerita was not included in the spectroscopic analyses because its
mycelium did not completely colonize the substrate and the FBP was low.

The percentage area of each functional group can be considered representative
of structural modification as a consequence of the FBP.

Histograms of the percentage area of each considered band of CD, CD-WS-WB,
and WS-WB substrate spectra of untreated and after the FBP of P. ostreatus and
P. cornucopiae are shown in Figure 3.3. The ester in hemicellulose (1740 cm™) in

the untreated CD accounts for 1.4%; while it completely disappeared in the
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substrates with P. cornucopiae, and at the same time represented 7.1% with P.
ostreatus.

The band at 1680 cm™ (C=O conjugated ketone stretch) accounted for 7.3% and
was only present on untreated CD (Figure 3.4a). The protein content in CD was
evaluated by amide I (1648 cm™) and amide II (1546 cm™) that accounted for
11.3% and 6.5%, respectively. In the composition of anaerobic digestate, the
presence of bioactive substances such as proteins or amino acids was clearly
identified (Moller and Miiller, 2012). Besides, the variation of the band at 1648
cm™’ may be also due to the deformation vibration of adsorbed water (Pandey
and Pitman, 2003).

On the contrary, both amide groups increased considerably by 49.8% and 7.5%
in the substrate with P. ostreatus and 37.4% and 11.3% with P. cornucopiae,
respectively. In CD substrate, lignin bands (~1580 cm® and 1508 cm)
contributed to 20% and 11.5%, respectively. After the FBP of P. ostreatus and P.
cornucopiae, the band at 1508 cm™ disappeared completely, while the band at
~1580 cm! accounted for 13.5% with P. ostreatus and 21.8% with P. cornucopiae
(Figure 3.3b, c). Variations in lignin peaks would indicate the opening of the
lignin reticles through the removal of lignin subunits.

In untreated CD-WS-WB substrate (Figure 3.3d), the CD presence could be
recognized from the C=O conjugated ketone (1690 cm™), amide I (1645 cm™) and
amide II (1550 cm') bands. All these functional groups were respectively 2.2%,
26.2% and 16.7%. As previously mentioned in the CD substrates, the band at
1690 cm! disappeared with P. ostreatus and P. cornucopiae (Figure 3.3e, f). In the
substrate with P. cornucopiae, the contents of amide I and amide II were
respectively 40.8% and 17.9%. The high value of amide I may also be due to the
influence of the absorbed water (Pandey and Pitman, 2003). On the other hand,

in P. ostreatus, amide I decreased by 23%, while amide II was missing. The ester
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in hemicellulose (~1730 cm™) in untreated CD-WS-WB accounted for 4.5%, on
the contrary in P. ostreatus it increased by 11.4% and it was missing in P.
cornucopiae. Regarding the lignin in the untreated substrate (~1596 cm™ and 1509

cm), it accounted for 4.8 % and 6.0%, respectively.
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Figure 3.3. Histograms of peak areas (%) processed by using a curve fitting in the region from 1800 to 1200
cm. The best-fitting parameters were determined by the minimization of the reduced Chi-square (x2) and
R? that ranging from 0.990 to 0.980. The bar corresponds to the standard error. CD (green), CD-WS-WB
(blue) and WS-WB (red) correspond to untreated substrates (top), while in the middle and bottom part
there were the substrates after the fruiting body production of P. cornucopiae (purple) and P. ostreatus

(orange). H= hemicellulose; L= lignin [as references for lignin: (Mohebby, 2005; Popescu et al., 2010; Singh
etal., 2014)].

As a result of the production of fruiting bodies, lignin components with P.
ostreatus changed only for the band at 1590 cm™ by 23%, but no variation of the
band at 1529 cm? (5.6%) was observed. In the substrates with P. cornucopiae, the
band at 1605 cm™ was around 15% and the band at 1511 cm™ was 1.5%. The
delignification process in the substrate with P. ostreatus, led to an increase in
aromatic rings (1590 cm™) and to the formation of new carbonyl groups in

hemicellulose esters (Mohebby, 2005). In the substrates with P. cornucopiae,
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lignin degradation was associated with the disappearance of the bands at 1509
cm? arising from the aromatic skeletal vibration of the benzene ring and also
that of hemicellulose.

In untreated WS-WB substrate (Figure 3.3g), the ester in hemicellulose was
10.3% and the lignin accounted for 25% and 3%, respectively. After the fruiting
body production of P. cornucopiae (Figure 3.3h) and P. ostreatus (Figure 3.3i), the
hemicellulose accounted for 1.3%, and 14.7% respectively. The lignin was 27%
(1600 cm™) and 1.6% (1508 cm™) with P. ostreatus and 23% (1548 cm™) with P.
cornucopiae. As already observed in CD-WS-WB substrate, the delignification

and degradation process involved the same compounds.

3.4. Discussion

The anaerobic digestate from biogas plants has considerable operational and
environmental drawbacks caused by the releasing of GHG (NHs, COz, N20) and
by the presence of non-digested organic compounds (Gioelli et al., 2011;
Menardo et al., 2011; Monlau et al., 2015). The management of digestate with
mushrooms that can decay the lignocellulosic component is creating a new
scenario in biomass recycling in agriculture (Peng et al., 2020).

In this work, the mycelial growth in vitro and the BE of different mushroom
species cultivated on CD-based substrates were explored. The structural
modifications, as a result of the growth of different mushroom species, were
monitored by using ATR-FTIR spectroscopy.

The results of the tests in the Petri dishes (Table 3.3) showed that P. ostreatus
and M. importuna exhibited a higher growth rate on CD than on WS used as a
control. Although these species are characterized by varying nutritional needs,
the alkaline pH of the digestate has encouraged the growth of M. importuna (Q.

Li et al., 2017). Furthermore, for P. ostreatus the higher nitrogen content in CD
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than in WS has contributed to a faster development, as already demonstrated in
other studies (Fanadzo et al., 2010; Royse et al., 2004) where a higher yield was
obtained with straw that was enriched with nitrogen-rich plant supplements.
As already shown by Santi et al. (Santi et al., 2015a), the CD substrate would be
suitable for the growth of lignivorous species such as Pleurotus spp. compared
to digestates obtained from other biomasses.

The changes in substrate compositions in terms of elemental C and N (Table
3.4) after the mycelial growth in Petri dishes have shown an overall increase in
the C/N ratio in CD-WS and especially in WS. Similar results were previously
obtained in other works after 12 days of mycelial growth (Rajarathnam et al.,
1979).

The variations observed in WS may be due to the low C/N ratio of the durum
wheat straw used in this trial. However, the biomasses from agro-wastes are
characterized by a great variation of N amount and thus of carbon-to-nitrogen
(C/N) ratios. A considerable variation in the C/N ratio may also be assumed
when the biomass is stored under aerobic conditions, as in our experiment and
consequently an undesirable decomposition is expected. It was also reported
that residues from crops with a C/N ratio below 30 should lead to a net N
mineralization, while residues with a C/N ratio above 30 should promote
immobilization (Alexander, 1977).

In most cases, fungi are stimulated to incorporate N into proteins when the C
source is lower than the N source. This could explain the significant reduction
of N and the variation of amide bands in the FTIR spectra of WS after mycelial
growth.

The increase in total C may be explained as a combination of depolymerization
of the lignocellulosic component and conversion of the labile C into mycelial

biomass. Generally, mushrooms in the early stages of lignin decomposition
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degrade it in more labile component and consequently an apparent increase in
recalcitrant fraction may be observed (Guo et al., 2018). All these variations are
associated to structural alterations as it was observed in our 12 days-study (Guo
et al., 2018). The structural variations of the substrates were dependent on the
biomass type and mushroom species. After 12 days of mycelial growth, all
tested species showed to be able to initiate depolymerization and subsequently
decay the lignocellulosic component of CD. For example, in this early stage, C.
aegerita and C. comatus degraded hemicellulose (1740 cm™) and proteins (1647
cm? and 1547 cm), as demonstrated by the significant decrease in the relative
intensity of the bands. Concerning lignin decay (1600 cm™? and 1512 cm™), M.
importuna and both Pleurotus spp. were more active compared to C. comatus and
C. aegerita. Recent studies carried out on M. importuna genome have shown that
the laccase-like multicopper oxidase (LMCO) gene was present in the genome
and may therefore support the observed effects (Tan et al., 2019).

In the case of the CD-WS, the substrate modifications were very similar to those
observed for the CD with the involvement of C. aegerita and C. comatus for
hemicellulose and protein degradation and both Pleurotus and M. importuna for
lignin. As for the WS substrate, all species were able to modify it, in particular,
P. cornucopiae and P. ostreatus which attacked lignin more readily than
hemicellulose.

Cultivation trials conducted on C. aegerita, P. cornucopiae and P. ostreatus
highlighted the suitability of CD for the cultivation of edible mushrooms. Their
BE on CD (19%, 80% and 103.3% respectively) was in line with those previously
obtained on other substrates (Isikhuemhen et al, 2009; Royse et al., 2004).
Pleurotus ostreatus and P. cornucopize showed good BE, proving capable of
exploiting digestate based substrates, as shown in previous studies conducted

on Pleurotus spp. (Brezani et al., 2019; Isikhuemhen and Mikiashvilli, 2009;
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Kataki et al., 2019; Udayasimha and Vijayalakshmi, 2012; Zhou et al., 2019). In
particular, P. ostreatus grown on CD exhibited a higher FBP (34% more) and BE
(9% more) than WS, the most used substrate for its cultivation (Islam and Riaz,
2017; Oei, 2003; Vieira and de Andrade, 2016). The CD allowed to obtain a good
FBP of Pleurotus without the addition of WB for its high N content (Table 3.4).
In fact, WB is commonly added to WS as nitrogen supplement for increasing
the production (Stamets, 2000).

Results on spent substrates after the production of the fruiting bodies showed a
different decay of lignocellulosic constituents depending on the mushroom
species. The most important change was observed for hemicellulose and lignin
which were completely decayed in the spent substrate of P. cornucopiae. Results
showed that P. cornucopiae performed an efficient degradation of the
lignocellulose component, particularly with only the digestate. Nevertheless,
the constant presence of hemicellulose residues in all spent substrates of P.
ostreatus was unexpected, although an increase in cellulose content after
mushroom growth on WS was also reported (Dias et al.,, 2010; Santi et al.,
2015a). Moreover, lignin decomposed in CD and WS-WB spent substrates. That
is coherent with the activity of white-rot mushrooms. These mushrooms
generate a mixture of ligninolytic enzymes that catalyze the oxidation of
aromatic substrates, by producing aromatic radicals and modifying the
structure of biomasses that contain lignocellulose and lignin (Udayasimha and
Vijayalakshmi, 2012). White-rot mushrooms, carry out delignification through 2
main patterns: non-selective delignification or selective delignification
(Martinez et al.,, 2005). In non-selective delignification, the degradation of
lignin, cellulose and hemicellulose occurs simultaneously. Selective
delignification, typical of different species of fungi including Pleurotus spp.,

involves the degradation of lignin and hemicellulose before the attack of
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cellulose (Boddy et al., 2008; Kubicek, 2012; Martinez et al., 2005). However, the
chemical analyses in this study revealed a non-selective delignification for our
strain of P. cornucopiae.

After lignin removal, spent substrates may be suitable for biogas production as
the materials are biologically predigested and are more available for bacterial
degradation through anaerobic digestion (Chiu et al., 2000; Mohd Hanatfi et al.,
2018; Rinker, 2002). Several works have underlined that pre-treating different
lignocellulosic biomasses with Pleurotus spp. before feeding them into the
biogas plant leads to higher biogas production compared to the untreated
biomasses with mushrooms (Amirta et al., 2016, Mehta et al., 1990; Mustafa et
al., 2016; Tuyen et al., 2013). Additionally, soil fertilization with spent digestate
obtained after mushroom growth, produces benefits to the soil microbial
communities for the availability of the released nutrients (Brabcova et al., 2016).
Consequently, the effect of fungi can be a powerful protective tool against soil
fungal diseases (Yusidah and Istifadah, 2018).

The results obtained confirm the possibility to economically utilize the digestate
for mushroom cultivation. Moreover, lignin removal by mushroom mycelium
improves the degradation of hemicellulose and cellulose, and this is one of the
strategies needed to improve its further utilization as fertilizer and opens up the

possibility to obtain new bio-based products.
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CHAPTER 4

VALORIZATION OF HAZELNUT SHELLS AS
GROWING SUBSTRATE FOR EDIBLE AND
MEDICINAL MUSHROOMS

From Puliga et al., 2022a

ecently, the cultivation of hazel is undergoing a large expansion. Italy

is the world’s second largest producer of hazelnuts, with a

production of around 98,530 tons in 2019. The processing of
hazelnuts produces large amounts of waste, especially woody pericarps, due to
the cracking process, generally used for domestic heating, causing air pollution.
The high lignin content present in the pericarps makes them a suitable substrate
for the cultivation of edible and medicinal mushrooms. To this aim, G. lucidum,
L. edodes, and P. cornucopiae were grown and cultivated on different hazelnut-
shell-based substrates: HS, HS-WS, and WS mixed with Beech Chips (BC) as
control. In vitro mycelial grow rate, the degradation capacity of the
lignocellulosic fraction, the BE, and the qualitative differences between
mushrooms growing on different substrates by using ATR-FTIR spectroscopy
were investigated. Our results suggested the ability of G. lucidum, L. edodes, and
P. cornucopiae to grow and decay the lignocellulosic fraction of HS. Cultivation

trials showed a similar BE but a different FBP in the presence of HS with respect
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to the control. ATR-FTIR analysis provided a chemical insight for the examined
fruiting bodies, and differences were found among the substrates studied.
These results provide attractive perspectives both for more sustainable

management and for the improvement of mushroom cultivation efficiency.

58



4.1. Introduction

The hazel, Corylus avellana L., is the world’s leading nut crop with a production
of 1,125,178 tons in 2019 (FAOSTAT, 2019). Turkey, Italy, and Azerbaijan are the
three lay producers with a production of 776,046; 98,530 and 53,793 tons,
respectively (FAOSTAT, 2019). Ninety percent of the hazelnuts produced are
intended for processing (Krdl and Gantner, 2020), deprived of the woody
pericarp, and used in chocolate, pastry, confectionery, as well as in the
preparation of numerous foods and liqueurs (Krdl et al., 2021; Silvestri et al.,
2021).

One of the main concerns associated with hazelnut production is due the large
amount of by-products. Hazelnuts are mechanically collected by compact
harvesters in-shell covered by husks that are mechanically separated during
harvesting. In-shell nuts need to be opened in order to be introduced into the
industrial food chain. The woody biomass produced as a result of the cracking
process accounts for more than 50% of the total nut weight (Rivas et al., 2020).
Lignin, present in a percentage between 40% and 50%, is the main constituent
of the HS, followed by hemicellulose and cellulose present in percentages
between 13-32 and 16-27 percent, respectively (Hosgiin and Bozan, 2020; Pérez-
Armada et al., 2019; Rivas et al., 2020).

In recent years, there has been marked attention to climate change, the
preservation of species biodiversity, environmental sustainability by
sustainable and environmentally friendly use, and the recycling of waste in line
with the circular economy approach. Consequently, the scientific community is
encouraged to seek new methods and strategies for exploiting the by-products
of agricultural activities.

Traditionally, HS are mainly used as a boiler fuel for domestic heating causing

air pollution (Arslan et al., 2012; Guney, 2013; Ozcelik and Peksen, 2007) and for
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landscaping (Uzuner et al., 2017). Several studies have been conducted in order
to enhance and valorize this waste by-product with the aim to obtain new
materials, chemical compounds, and bioactive ingredients. In particular, HS
were found to be suitable for the production of particleboard and Medium
Density Fiberboard (MDF) (Barbu et al.,, 2020; Copiir et al., 2008), activated
carbons capable of adsorbing and removing different heavy metals and CO:
(Cimino et al., 2000; Demirbas, 2003; Demirbas et al., 2009; Kazemipour et al.,
2008; Kobya et al., 2002; Lewicka, 2017; Pehlivan et al., 2009; Sencan et al., 2015;
Sert et al., 2017), antioxidant phenolics (Contini et al., 2008; Esposito et al., 2017;
Pérez-Armada et al., 2019; Yuan et al., 2018b, 2018a), fermentable sugars and
xylooligosaccharides (Surek and Buyukkileci, 2017, Uzuner et al., 2017),
hydrogen production (Midilli et al., 2001, 2000), ethanol (Hosgiin et al., 2017)
and some prebiotic compounds (Fuso et al., 2021).

Mushrooms are considered an important source of food and biologically active
compounds with several medicinal proprieties (Badalyan and Zambonelli,
2022). Various lignocellulolytic mushrooms such as oyster mushrooms, shiitake,
and Ganoderma sp. are cultivated on different pasteurized or sterilized
lignocellulosic substrates. While oyster mushroom (Pleurotus spp.) and shiitake
(Lentinula edodes (Berk.) Pegler) are cultivated worldwide for their culinary
qualities (Royse et al., 2017; Vedder and Van den Munckhof-Vedder, 2020), G.
lucidum sensu latu is the most important medicinal mushroom, and it is
specifically cultivated for its pharmacological activities (L. Wang et al., 2020).
Moreover, mushrooms can be cultivated on several agricultural wastes, which
can be sustainably recycled in the principles of circular economy (Di Piazza et
al.,, 2021).

Some previous works report the possibility of using the hazelnut husk and

hazelnut leaves as basal ingredients for substrate preparation in L. edodes and
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Pleurotus cultivation (Ozcelik and Peksen, 2007; Peksen and Kiiciikomuzlu,
2004; Yildiz et al., 2002), but no reference was found by the authors regarding
the use of HS as substrate for mushroom cultivation. Due to the high lignin
content, this by-product can be used as a substrate for the cultivation of
lignocellulolytic mushrooms.

FTIR is widely used for the rapid and non-destructive characterization of the
macromolecule structures (lipids, proteins, nucleic acids, and polysaccharides)
(Coates, 2006). More specifically, amongst the various techniques used, ATR is
viewed as very advantageous as it does not require any sample preparation
prior to spectral analysis. In ATR measurements, the depth of penetration of the
IR radiation into the sample is independent of the sample thickness.
Consequently, by layering the solid sample directly on the micro diamond
crystal, structural information at different parts of the sample may be gained.
Specifically, it was used to identify species and geographic origin of Boletus sp.
mushrooms (Y. Li et al.,, 2017) or quantify the total polysaccharide content in
Ganoderma mycelia (Li et al., 2020), as well as glucans and ergosterol content in
Pleurotus (Bekiaris et al., 2020b). In an earlier study, it was also used to show
how physical harm had an effect on tissue structure and the aging process
(O’'Gorman et al., 2010). The most intriguing application of this technique is
currently the degradation processes of various agricultural waste for mushroom
cultivation (Bekiaris et al., 2020a; Fornito et al., 2020).

To this aim, G. lucidum, L. edodes, and P. cornucopize were grown on HS
substrates in order to evaluate their potential as alternative growth substrates.
In order to accomplish this objective, mycelia growth rate and BE were studied.
Additionally, micro-ATR-FTIR was applied to explore the substrate breakdown

and the composition of the fruiting bodies.
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4.2. Materials and Methods

4.2.1. Substrates

The HS were provided by an organic farm located in Carru (Cuneo, Piedmont,
Italy). WS and Fagus sp. L. chips (BC) were kindly provided by the Cadriano
farm of the University of Bologna. WS and BC were crushed into fragments
smaller than 0.5 cm; HS was crushed with a cutting mill (Retsch, SM 100) and
autoclaved at 121 + 1°C for 60 minutes to prevent any contamination during

storage. The dried raw materials were stored at 22 + 1°C.

4.2.2. Mushrooms Cultures and Mycelial Growth Rate Evaluation

Experimental trials were carried out by using three species of basidiomycetes
(belonging to Basidiomycota division) mushrooms: G. lucidum, L. edodes, and P.
cornucopiae.

Ganoderma lucidum (strain Glul6) and P. cornucopiae (strain Pco3) were isolated
from fruiting bodies collected in the wild; L. edodes strain (LEd5) was brought
by the Fungal Institute of Jinxiang (Shandong province, China).

The mycelial pure cultures were stored in the Mycological and Applied Botany
Laboratory of the DISTAL at the University of Bologna (Bologna, Italy). The
isolates were kept at 22 + 1°C in darkness on PDA (Difco) half strength and
subcultured every two months.

For mycelial growth area evaluation, plugs of 10 mm diameter were taken by
15-days-old colonies of each species and inoculated in the center of 9 cm
sterilized Petri dish filled with 30 g of three different substrates previously
soaked for 24 hours with distilled water and brought to 70% humidity: HS; WS
50%-HS 50% and WS as control. Five replicates were made for each

combination of species and substrate. All plates were incubated at 22 + 1°C in
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darkness. The fungal growth was assessed by measuring the diameter of the
colony along two preset diametrical lines every day.
The area (cm?) covered daily by the mycelium was calculated assuming an
elliptical shape as reported by Tryfinopoulou et al. (2020) using the following
formula:

A=mXR; XR,
where A is the fungal colony area (cm?) and Ri and Re are the two perpendicular
radii, respectively.
The area growth rate of the mycelium (AGR) was calculated with the formula of
Sinclair and Cantero (1989) modified as follows:

f
AGR =
T, — T,

where AGR is the growth rate (cm? day™); Aris the final growth area (cm?); Ai is
the initial growth area (cm?) and Ty is the final growth time (days); Ti is the

initial growth time (days).

4.2.3. Mushrooms Cultivation Trials

Spawn production occurs in inoculated glass tubes containing 30 g of sorghum
kernels and distilled water in a 1:2 (v/v) ratio, previously sterilized at 121 + 1°C
for 20 minutes, with two 15-days-old myecelial plugs of 1 cm diameter. Five
replicates were prepared for each species-substrate combination. The tubes
were incubated in the dark at 22 + 1°C for 30 days with the aim to obtain the
complete colonization of the kernels.

Two different HS-based substrates were used as reported in Table 4.1; a
substrate composed of WS 50% and BC 50% was used as a control.
Homogeneous substrate mixtures were prepared by mixing component

materials based on their dry weight (w/w).
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Table 4.1. Composition and ratios of the substrates used in cultivation trials.

Substrates and Mixing Ratio Code Average Dry Weight (g)
Wheat Straw 50%-Beech Chips 50% (control) WS-BC 400
Wheat Straw 50%-Hazelnut Shells 50% WS-HS 900
Hazelnut Shells 100% HS 1500

The substrates were inserted into autoclavable PP transparent bags (20 x 30 cm).
Dried mixed substrates were moistened with 1 L (per bag) of distilled water for
24 hours and the excess of water was removed by squeezing the bags.

Bags were closed with a PP plastic cap with a filter, autoclaved at 121 + 1°C for
60 minutes; inoculated with grain spawn by opening the bag, inserting the
inoculum inside it (1 tube per bag), mixing the inoculum with the substrate, and
incubated in the darkness at 22 + 1°C until the complete colonization of the
substrate. For each species-substrate combination, five bags were prepared.
After 1 or 2 months of mycelial growth, depending on the substrate (one month
on WS and WS-BC and around 2 months on HS), bags were moved to a climatic
chamber with different climatic conditions (Table 4.2) according to their

biological needs (Oei, 2016).

Table 4.2. Cultivation parameters used in the trials.

Species

Ganoderma lucidum  Lentinula edodes  Pleurotus cornucopiae

Temperature (°C) 22-30 10-20 18-25
Light intensity (lux) 500-1000 500-1000 500-1000
Relative Humidity (%) 8595 60-95 80-95

Lentinula edodes fruiting body were collected only when the cap radius reached
5 cm in diameter (Zhang et al., 2020). Ganoderma lucidum and P. cornucopiae were
collected when the cap was completely developed. The duration of the harvest

periods, starting from the appearance of the first primordia, was two months
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for L. edodes and P. cornucopiae and 3 months for G. lucidum. All fruiting bodies
were freshly weighted, dried in a stove at 40°C for 24 hours, and their dried

weight was recorded. BE was calculated according to Chang et al. (1981).

4.2.4. Micro ATR-FTIR Spectroscopy Analysis

A Bruker Tensor FTIR instrument (Bruker Optics, Ettlingen, Germany)
equipped with an accessory for analysis in ATR was used. The sampling device
contained a micro- diamond crystal, single reflection with an angle of incidence
of 45° (Specac Quest ATR, Specac Ltd., Orpington, Kent, UK). Spectra were
recorded from 4000 to 400 cm™, with a spectral resolution of 4 cm™ and 64
scans. Background spectra were also taken against air under the same
conditions before each sample.

The substrates from in vitro test were analyzed after 30 days of mycelial
growth, as previously described by Fornito et al. (2020). Parts of dried fruiting
bodies (cap, hymenophore, and stipe) grown on the HS and WS-BC of each
species were placed on the diamond crystal, and pressure was applied with a
compression clamp. The resulting spectra of each type of sample were
averaged. Isopropyl alcohol was used to clean the diamond crystal before each

recording.

4.2.5. Statistical Analyses

Statistical analyses were performed using the RStudio graphical interface for
the R software environment v.4.0.2 (R Foundation, Vienna, Austria) with the
packages agricolae, ggplot2, Hmisc, and mice. The analysis of variance
(ANOVA) and Kruskal-Wallis test were used to determine the significant
difference of AGR, FBP (expressed as dry weight of mushrooms collected
during the harvesting period), and BE among different substrates. Tukey post

hoc test (p < 0.05) was used to compare the means.
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4.3. Results

4.3.1. In Vitro Mycelial Growth and ATR-

FTIR of Substrates

Figure 4.1 shows the in vitro mycelial growth of the tested fungi in the three

different substrates. Only P. cornucopiae showed a significantly higher mycelial

growth rate on WS (Figure 4.1e, f). The growth of G. lucidum, L. edodes, and P.

cornucopiae was significantly lower on HS with respect to the other substrates

(Figure 4.1a, c, e). Statistical differences were found between the area growth

rate of G. lucidum and L. edodes grown on HS respect to WS and WS-HS (Figure

4.1b, d).
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Figure 4.1. Growth and AGR of (a,b) G. lucidum, (c,d) L. edodes, and (e,f) P. cornucopiae in Petri dishes on
WS (blue), HS (orange), and WS-HS (yellow). Different letters indicate significant differences at p < 0.05.
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In the fingerprint region (1800-600 cm™) of the substrate spectra, WS and HS,
and after 30 days of mycelial growth, consistent structural variation for both
substrates were found for G. lucidum, L. edodes, and P. cornucopiae (Figure 4.2a,
b). In the WS spectrum (blue line) (Figure 4.2a), the bands at 1735 cm™, due to
unconjugated C=0, and at 1460 cm™ (C-H deformation), correspond to those of
xylan (hemicellulose) or the heterocyclic cellulosic rings (Rahman et al., 2017).
The peak at 1623 cm™ may be assigned to carboxylates in aromatic rings. The
shoulder at 1517 cm™ was attributed to the aromatic skeletal vibrations (C=C)
and aromatic breathing in lignin, respectively (Mohebby, 2005; Popescu et al.,
2010; Singh et al., 2014). The bands at 1423 cm™ and 1322 cm™ were assigned to
C-H: bending at C-6 of the crystalline cellulose (Huang et al., 2012), and that at
1370 cm™ was due to CH: bending vibrations in cellulose and hemicellulose.
The region between 1100 and 950 cm™ corresponded to that of cellulose and
hemicelluloses. The most intense bands centered at 1031 cm™ were assigned to
the C-O-C stretching of primary alcohol in cellulose and hemicellulose
(Bekiaris et al., 2015). The weak shoulder at 898 cm™ was associated with C1-O-
C B-(1-4)-glycosidic linkage in cellulose. The other bands at approximately 700
cm™ and 600 cm™ were assigned to the C-OH bending (De Rosa et al., 2010;
Pandey and Pitman, 2003).
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After 30 days of mycelial growth, a considerable structural modification was
observed. In particular, the progressive decrease of xylan in hemicellulose (1735
cm™ and 1460 cm™) in L. edodes and G. lucidum and the total disappearing in P.
cornucopiae was observed in the spectra (Figure 4.2a).

Lignin decay may be ascertained in the decreased intensity of absorption bands
at around 1623 cm™!, appearing more significant in P. cornucopiae. Conversely,
the band at 1322 cm™ (Figure 4.2a) increased in G. lucidum and P. cornucopiae.
More significant variations were also observed in the glycosidic C-O-C band
(1100-950 cm™), showing an alteration of the linkage C1-O-C (3-(1-4)-sugar of
the polymeric cellulose in the following order: P. cornucopiae > G. lucidum > L.
edodes, probably as a result of cellulose degradation processes. As shown in
Figure 4.2b, the HS spectrum (orange line) displayed a number of adsorption
peaks, indicating the complex nature of the material examined (Pandey and
Pitman, 2003). More precisely, the peak centered at 1734 cm™ could be ascribed
to acetyl and uronic ester groups in hemicellulose and g-coumaric acids in
lignin (Li et al., 2020). The bands at 1613 cm™ and 1509 cm™ corresponded to the
aromatic skeletal vibration in lignin (Rahman et al., 2017) as well as the bands at
1458 cm™. In addition, the bands at 1422 cm™ were derived from C-H bending
in lignin. The cellulose and hemicellulose bands appeared at 1372 cm™ and 1326
cm™ (C-H bending). Nevertheless, the last band also may be assigned to C-O
vibration in syringyl derivatives as well as the band at approximately 1237 cm™,
due to syringyl ring and C-O stretching in lignin and xylan (Pandey and
Pitman, 2003). The most intense region from 1100 to 900 cm™ was attributed to
C-O and C-O-C stretching in cellulose and hemicellulose. Spectra after mycelia
growth showed a progressive reduction in the relative intensity of the aromatic
rings (1509 cm™, 1326 cm™, and 1237 cm™) in this order: L. edodes > G. lucidum >

P. cornucopiae. Likewise, the gradual decrease in the peak at 1734 cm™ might be
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related to the presence of p-coumaric acids from the lignin rather than the
hemicellulose. In the region corresponding to cellulose and hemicelluloses
(1100 to 900 cm™), a significant increase in C-O (1102 cm™) group in P.
cornucopiae and L. edodes was detected. On the contrary, the C-O-C group

decreased in G. lucidum and L. edodes (Figure 4.2b).

4.3.2. Fruiting Body Production

In Figure 4.3, the FBP and the BE of all the tested fungi in different substrates
are reported. The FBP of L. edodes was significantly higher on HS than on the
other tested substrates (Figure 4.3c). The P. cornucopiae FBP on HS was
significantly higher than on WS-BC but had similar production as on WS-HS
(Figure 4.3e). In contrast, the FBP of G. lucidum was significantly lower in HS
than WS-BC but similar to FBP on WS- HS (Figure 4.3a). Regarding the
biological efficiency, all the tested fungi showed a higher BE on WS-BC with

respect to the other substrates (Figure 4.3b, d, f).
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grown on HS (orange), WS-BC (blue), and WS-HS (yellow). Different letters indicate significant differences
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4.3.3. Qualitative Evaluation of Mushrooms by ATR-FTIR

The spectra of the fruiting bodies of G. lucidum, L. edodes, and P. cornucopiae

produced on different growing media (HS and WS-BC) are shown in Figure 4.4.
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As no spectral difference from 1800 cm™ to 800 cm™ was detected between the
cap, the gills, and the stipe in either L. edodes or P. cornucopiae, the spectra were
averaged (Figure 4.4a, b). Conversely, in the G. lucidum spectra, a significant
spectral variation was observed between the cap and the hymenophore (Figure

4.4c, d). The characteristic bands of the main functional groups are listed in

Table 4.3.
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Figure 4.4. ATR-FTIR spectra of the fruiting bodies of (a) P. cornucopiae cultivated on WS-BC (dotted
purple line) and HS (solid purple line); (b) L. edodes cultivated on WS-BC (dotted green line) and HS (solid
green line); (¢) G. lucidum hymenophore on WS-BC (dotted cyan line) and HS (solid cyan line); (d) G

lucidum glossy surface on WS-BC (dotted black line) and HS (solid black line).
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Table 4.3. Attributions of the main characteristic FT-IR bands in the spectra of G. lucidum, L. edodes and P.

cornucopiae fruiting bodies according to the literature.

Wavenumber (cm™) Functional Groups Attributions Reference
1745-1738 C=0 stretching of lipids (Zervakis et al., 2012)
1696-1690 CHO stretching in aromatic (Choong et al., 2011)
1640-1638 Amide I, water (Zervakis et al., 2012)
1540-1548 Amide II (Zervakis et al., 2012)
1507 Aromatic ring (Choong et al., 2011)
1455 CH: bending in polysaccharides (Coates, 2006)

(Mohacek-Grosev et al.,
1400-1378 C-H in-plane bending vibration

2001)
1245-1235 Amide IIl and C-O stretching (Li et al., 2020)
C-O-C asymmetric stretching of glycosidic
1150-1157 (O’Gorman et al., 2010)
linkage
1040-1025 stretching vibration of C-O-C group (O’'Gorman et al., 2010)
930-882 Glucan band (3 anomer; C-H deformation (Das et al., 2020)
a (1-6) linked backbone with o (1-3); CH out-of

807-796 (Das et al., 2020)

plane bending

In the spectra of P. cornucopiae and L. edodes (Figure 4.4a,b) are well identifiable
the Amide I (~1640 cm™), Amide II (~1540 cm™) and Amide III (~1240 cm™)
bands of proteins (Zervakis et al., 2012). Another characteristic is valuable in the
region of polysaccharides vibrations between 1150-796 cm™ (Table 4.3). More
specifically, the bands at about 807 cm™ and 930 cm™ are corroborating for
mannan [a (1-6) linked backbone with a (1-3) and a (1-2) linked branches] a
type of glucan that is one component of fungal cell walls and chitin (N-
acetylglucosamine based polymer), respectively (Das et al., 2020). A weak
shoulder at around 1740 cm™ indicated the presence of cell membrane
phospholipids (Zervakis et al., 2012). Pleurotus cornucopiae grown on WS-BC
and HS (Figure 4.4a) showed a similar spectral profile, although an increase in
the relative intensity of the bands was seen in presence of WS-BC and more

specifically, in the polysaccharide region. At the opposite, the spectra of L.
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edodes grown on HS consistently showed an increase in the relative intensity of
all bands as compared to the WS-BC substrate (Figure 4.4b). However, no
relevant structural variation was observed.

Referring to the spectra of G. lucidum grown on HS and WS-BC, a different
spectral profile was detected both in the external and inner parts of the fruiting
body and in the different substrate (Figure 4.4c, d). The glossy surface part of
both cap and stipe were characterized by esterified carboxyl groups in lipids at
1745 cm™ and 1235 cm™, respectively. These bands may also be coupled to
vibrations at 1455 cm™ and 1378 cm-1 in C-H bending of aliphatic compounds.
The band at 1690 cm™, 1630 cm™, and 1504 cm™ were due to aromatic rings
vibrations (Choong et al., 2011). The region from 1100 to 896 cm™ belonged to
the vibration of C-C-O or C-C-OH in polysaccharides (Table 4.3). In the inner
part of the fruiting body and hymenophore, the lipid functional groups (1744
cm™, 1450 cm™, 1371 cm™ and 1247 cm™) become weaker (Figure 4.4c) than
those observed in the surface. Instead, the bands of amide I, (1644 cm™) and
amide II (1551 cm™) were visible. The spectra were also dominated by the
intense bands assigned to polysaccharides from 1150 to 893 cm™. By comparing
the spectra of G. lucidum grown on HS and WS-BC, the main variations
occurred in the polysaccharide region, which appeared more intense in HS than

in WS-BC.

4.4. Discussion

The circular economy in the agro-wastes management sector requires reusing
these materials as a feedstock in a variety of production cycles. In this context,
the high production of hazelnuts has led to a significant accumulation of wood
residues frequently involved in manufacturing processes, potentially impacting

the environment.
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In this work, we explored the potential of HS as a growing substrate for the
cultivation of edible and medicinal mushrooms.

Preliminary results in Petri dishes indicated that all the three tested species
were able to grow on HS (Figure 4.1), which was never used for mushroom
cultivation.

It is well known that the C/N ratio is one of the most important parameters for
mushroom growth and cultivation (Melanouri et al., 2022). The C/N ratio of HS
ranged from 43.4 to 58 (Kaya et al., 2018; Kumla et al., 2020b; Senol, 2019); this
C/N ratio is optimal for L. edodes and P. cornucopiae and sub-optimal for G.
lucidum. In fact, the optimal C/N ratio for L. edodes and P. cornucopiae ranges
from 30-35 and 45-55, respectively, whereas G. lucidum development is favored
by C/N ratios between 70 and 80 (Kumla et al., 2020; Oei, 2016).

All the tested species are considered white-rot fungi naturally found on
hardwood (Stamets, 2000). However, G. lucidum, L. edodes, and P. cornucopiae
showed a different behavior on the tested substrates. Pleurotus cornucopiae grow
better on WS and WS-HS with respect to HS (Figure 4.1e,(f), this different
behavior could be due to the different lignin percentage in HS (ranging from 40
to 50%) (Hosgtin and Bozan, 2020; Pérez-Armada et al., 2019; Rivas et al., 2020)
with respect to WS (15%) (Del Rio et al., 2013; Tamaki and Mazza, 2011) and the
greater presence of soluble sugars and nutrients present in WS. In fact, P.
cornucopiae on WS and WS-HS rapidly covered the surface of the plate and then
degraded its cellulose and available hemicellulose. In contrast, in HS substrate,
lesser soluble nutrients were released, and lesser cellulose and hemicellulose
were available without previous degradation of lignin. Moreover, P. cornucopiae
is typically found on poplar wood which contains a percentage of lignin
ranging from 16 to 21% (Pettersen, 1984). On the other hand, G. lucidum and L.

edodes are commonly found on oaks and on chestnut trees, whose lignin content
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ranging from 18-30% in oak wood to 26% in chestnut wood (Le Floch et al.,
2015; Vinciguerra et al., 2011).

The efficiency of mycelial growth on different substrates may be related to the
structural modification detected in the spectra (Figure 4.2a, b). Since the
lignocellulose is the major component of any substrate, the changes observed in
the spectra presumed a synergistic action of several enzymes (Kumla et al.,
2020; Madeira et al., 2017). As expected, the mycelial growth of P. cornucopiae in
WS-BC resulted in a change in the acetyl and uronic ester groups of
hemicellulose (1734 cm™) and in those bound to the C1-O-C 3-(1-4)-sugar bond
of cellulose. Based on these structural changes, we can surmise that enzymatic
hydrolysis led to a total degradation of (-(1,4) glycosidic bonds with the
missing band at 898 cm™ and the production of new simple molecules, most
likely as sugar acids (Figure 4.2a). Substrate degradation activity by G. lucidum
and L. edodes did not lead to significant structural changes in WS-BC, even
though in G. lucidum is visible light degradative activity of acetyl and uronic
ester groups of hemicellulose (1734 cm™).

As previously reported, the higher mycelia growth capacity of G. lucidum and L.
edodes on HS could be related with the high lignin, cellulose, and hemicellulose
contents. Specifically, G. lucidum caused a modification of the HS substrate with
reduction of the acetyl and uronic ester groups of hemicellulose (1734 cm™) and
of those linked to the C1-O-C 3-(1-4)-sugar bond of cellulose. In addition, the
typical lignin aromatic ring (1509 cm™) showed consistent degradation that,
coupled with the gradual decrease of the peak at 1734 cm™ related to o-
coumaric acids rather than to hemicellulose, suggests that lignin degradation is
the first level of lignocellulose degradation in order that cellulose and
hemicellulose accessibility is more feasible (Jurak et al., 2015). With L. edodes

and P. cornucopiae, the alterations were mainly related to the region of cellulose
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and hemicelluloses (1100 to 900 cm™). The increase in these bands may indicate
that a variety of hydrolytic enzymes could be released during fungal attacks
specifically to modify and break the bonds of the lignin and hemicellulose; the
chemical changes in these compounds signal that the fungus could take them as
carbon sources.

After in vitro preliminary tests, cultivation trials conducted on G. lucidum, L.
edodes, and P. cornucopiae showed a BE on HS (0.8, 11.0, and 10.8%, respectively)
lower than those obtained on WS-BC (6.4, 21.9, and 22.9%, respectively), but the
biological efficiency on WS-BC are in line with those previously obtained by
other authors (Cilerdiic’ et al., 2018; Kalmis and Sargin, 2004, Nandni and
Mishra, 2018). The lower BE on HS could be attributed to the higher dry weight
of the substrate used to fill each bag. Lentinula edodes and P. cornucopiae showed
a good FBP, proving capable of exploiting HS-based substrates, although the
growth of P. cornucopiae in vitro was slower than WS and WS-HS. In contrast, G.
lucidum had a lower FBP on HS despite rapid development in vitro. The
mycelial colonization and the FBP could not be strictly correlated as in not ideal
substrates; several fungi show a faster colony expansion for a foraging strategy
(Ritz and Crawford, 1999).

A spectroscopic comparison of P. cornucopiae fruiting bodies grown on WS-BC
displayed a higher content in polysaccharide than those on HS (Figure 4.4a).
The higher biosynthesis of polysaccharides in P. cornucopiae is strongly
influenced by the chemical composition of the substrates, and in particular, by
cellulose and hemicellulose availability as also claimed by Bekiaris, (2020b).
Conversely, in L. edodes grown on HS, polysaccharides increased, chitin in
particular, confirming the role of the substrate composition. It is known that L.
edodes grown on a wood log have a greater economic value than those grown on

WS for their better quality (Bruhn and Hall, 2008). Our preliminary sensory
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data showed that the fruiting bodies of L. edodes grown on HS have a better
texture, probably due to the higher chitin content (Zivanovic et al., 2000),
aroma, and color than those grown on WS-BC (data not shown). These
differences could be due to the high lignin content present in HS, which could
provide a fruiting body qualitatively similar to those obtained on wood logs.
This result also suggests that a high chitin and polysaccharide content in the L.
edodes fruiting bodies could be an indicator of the quality of its fruiting bodies.
On the other hand, differences in the chemical composition of the medicinal
mushroom G. lucidum were found both on the glossy surface and in the inner
part of the fruiting bodies grown on WS-BC and HS. It is confirmed that the HS
substrate led to the enhancement of polysaccharides with respect to those
grown on WS-BC. Polysaccharides are the most biologically active substances in
G. lucidum endowed with antitumor, antiviral, antioxidant, and
immunomodulatory activities and for medicinal uses of Ganoderma spp. the
Chinese Pharmacopoeia has established a minimum content of polysaccharides

in the dry fruiting body (L. Wang et al., 2020).
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CHAPTER 5

APPLICATION OF SURFACE-ENHANCED
RAMAN SCATTERING (SERS) FOR
MUSHROOM CHARACTERIZATION

From Puliga et al., 2022b

ushrooms have always been considered an important source of

food and biologically active compounds with several medicinal

properties. In recent years, different methods were used to study
the quality and chemical composition of mushrooms. Among these, FTIR and
FT-Raman spectroscopy techniques have been successfully applied to identify
different mushroom species. However, the structural biomolecule components
existing in the mycelium or in the fruiting bodies may produce strong
fluorescence emission that overlaps the Raman radiation, thus avoiding their
analyses by Raman. SERS spectroscopy is a powerful technique which uses
metal NPs to enhance the Raman signal of molecules adsorbed on the NPs
surface. In addition, SERS is able to quench the macromolecule florescence. In
this work we have employed silver NPs in order to get mushroom fingerprints
based on SERS as quick procedure to analyze and identify different chemical

compounds from the fruiting bodies of six edible and/or medicinal mushrooms:
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Lentinula edodes, Ganoderma lucidum, Pleurotus cornucopiae, Pleurotus ostreatus,
Tuber aestivum and Tuber magnatum.

SERS analyses performed directly on fruiting body fragments produced
characteristic spectra for each species. One group of mushrooms (L. edodes, G.
lucidum, T. aestivum and T. magnatum) was dominated by the bands of nucleic
acids; and the other one (P. cornucopiae and P. ostreatus), by the bands of
pigments such as melanins; carotenoids; azafilones; polyketides; and flavonoids
located in the cell wall. Additionally, bands corresponding to cell wall
polysaccharides, particularly chitosan and 1,3-f D-glucan, were identified in the
extracts of P. cornucopiae, P. ostreatus and L. edodes. No signal of cell wall
polysaccharides was found in G. lucidum extract. Raman mapping of the
analyzed samples was useful in tracking the spatial distribution of the marker
bands. Moreover, the Principal Component Analysis (PCA) carried out on the
acquired SERS spectra, allows to discriminate the analyzed mushroom species.
The SERS technique has the ability to generate a strong Raman signal from
mushroom fruiting bodies using Ag-NPs deposited directly on intact, untreated
mushroom tissues. Using this methodology, commonly applied laboratory
time-consuming methods can be avoided or bypassed as well as analysis time

can be reduced.
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5.1. Introduction

Fungi are a kingdom of unicellular or multicellular eukaryotic organisms which
it has recently been estimated to include up 12 millions of species (Wu et al,,
2019). Most of them are free-living in soil or water as saprotroph; others
establish parasitic or symbiotic relationships with plants or animals. Depending
on their aspects, they can be empirically divided in yeasts, filamentous molds,
and mushrooms. In particular, mushrooms are defined as the fungi that form a
distinctive fruiting body which can be either hypogeous or epigeous, large
enough to be seen with the naked eye and to be picked by hand (Chang and
Miles, 1992; Wasser, 2002). Mushrooms have always been considered an
important source of food and biologically active compounds with several
medicinal properties (Badalyan and Zambonelli, 2019). Traditionally,
characterization of fungi has been based on phenotypic characteristics or
molecular analysis. However, most of the described fungal species (about 70%)
have not yet been sequenced (Raja et al., 2017). All these issues reduce the
authenticity of the data and the reliability of the analysis. In addition, another
concern relates to the time required for analysis, which is both time consuming
and often very expensive.

In recent years, vibrational spectroscopy techniques allow a range of qualitative
or quantitative information to be obtained, representing a new frontier for
fungal identification (Motteu et al.,, 2022), as well as FTIR and FT-Raman
techniques have been successfully applied to identify different fungal species
(Boletus spp., Ganoderma spp., Agaricus bisporus (J.E. Lange) Imbach, Mucor rouxii
(Calmette) Wehmer and Mortierella sp.) (Edwards et al., 1995; Li et al., 2020; Y.
Li et al., 2017). However, FT-Raman analysis of biological materials can produce
a weak signal, which is often covered by the large fluorescence emitted by the

sample after excitation (Stockel et al., 2016). Likewise, FTIR analysis of
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biological materials can produce low-quality spectra due to different tissue
hydration. As a result, this may lead to an information loss in the amide region
caused by the broad adsorption of water molecules at around 1640 cm
(Faghihzadeh et al., 2016)

SERS, thanks to the use of nanostructured metals (Au and Ag), allows to
overcome the intrinsic weakness of Raman spectroscopy combining high
molecular specificity with a high sensitivity (Aroca, 2006, 2013). The signal
enhancement strongly depends on the NPs optical properties (i.e., composition,
size, and shape), the laser excitation characteristics, the nature of the molecule
and its Raman cross-sections (Moskovits, 1985; Moskovits and Suh, 1984). When
incident light interacts with the NPs, a localized electric field is generated
producing a LSPR that allows a strong increase in the Raman scattering up to
10 orders of magnitude compared to the normal Raman technique (Butler et
al., 2016; Le Ru and Etchegoin, 2009). Thus, only molecules adsorbed or located
near the plasmonic substrate produce noticeable amplification of the Raman
signal (Lee et al, 2019; Zhang et al, 2017). Moreover, the maximum
intensification of the signal occurs at the tips of protruding elements and, even
more, in the interparticle nanoscale spaces called "hot spots" (Giannini et al.,
2004). These “hot spots” result from plasmonic coupling between NPs and
increase rapidly as the interparticle distance becomes shorter (Guerrini et al.,
2010). As a result of their efficacy the SERS-based metallic NPs have been used
to characterize complex biological samples such as nucleic acids (Barhoumi and
Halas, 2010; Calderon et al., 2021; Kneipp and Flemming, 1986) and proteins
(Almehmadi et al., 2019; Fazio et al., 2016; Han et al., 2009) as well as for the
study of different microorganisms, including fungi (Dina et al., 2018; Petersen et
al., 2021; Prusinkiewicz et al., 2012; Wang et al., 2018; Witkowska et al., 2016),

yeasts (Lemma et al.,, 2019), and plant pathogens (Ramirez-Perez et al., 2022;
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Yiiksel et al., 2015). Moreover, SERS spectroscopy coupled with the PCA has
been employed by several authors to discriminate different fungal species on
the basis of their spectra (Dina et al., 2018, Ramirez-Perez et al., 2022;
Witkowska et al., 2016).

In the present work we have analyzed six different mushrooms species having
a high economical interest: Lentinula edodes (Berk.) Pegler, Ganoderma lucidum
(Curtis) P. Karst., Pleurotus cornucopiae (Paulet) Rolland, Pleurotus ostreatus
(Jacq.) P. Kumm, Tuber magnatum Picco and Tuber aestivum Vittad. The
basidiomycetes L. edodes, G. lucidum, P. cornucopiae and P. ostreatus are between
the most popular and cultivated mushrooms in the world (Bijalwan et al., 2021;
Royse et al., 2017). On the other hand, T. magnatum and T. aestivum are two
truffles (hypogeous ascomycetes into the genus Tuber) which are ones of the
most highly prized food (Zambonelli et al.,, 2021). Accordingly, the main
objective of this work was to develop a fast and simple method for identifying
mushrooms with no chemical processing. In addition, in situ analysis of tiny
mushroom parts is likely to be a low-cost winning procedure for the
characterization of different edible and medicinal mushrooms by SERS

spectroscopy combined with chemometric analysis.

5.2. Materials and Methods

5.2.1. Mushroom samples and conservation

The fruiting bodies of G. lucidum (Glu), L. edodes (Led), P. cornucopiae (Pco), P.
ostreatus (Pos), T. aestivum (Tae) and T. magnatum (Tmg) were analyzed. The
fruiting bodies of G. lucidum, L. edodes, P. cornucopiae and P. ostreatus were
obtained through cultivation on sterilized substrates as described in previous
works (Fornito et al, 2020; Puliga et al., 2022a). Samples of T. aestivum

(herbarium No. 5259) and T. magnatum (herbarium No. 3956) were collected in
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the wild in the provinces of Bologna and Ferrara, Italy, respectively, and stored
in the CMI-Unibo Herbarium at the University of Bologna. All samples were

dried at 40°C for 24 hours and stored in a desiccator until used.

5.2.2. Raw polysaccharide extraction

Polysaccharide extraction was carried out on 1 g of dried and powdered Glu,
Led, Pco and Pos fruiting bodies, following the protocols described by Ma et al.
(2014). The powder was initially treated overnight by immersing it in an 85%
ethanol solution. Samples were then centrifuged at 4500 x ¢ for 15 minutes and
the precipitate was extracted in distilled water (25 mL for each g of precipitate)
at 70°C for 140 minutes. The solution obtained was filtered and centrifuged for
10 min at 4500 x g. The supernatant was deproteinized with Sevag reagent
(Butanol: Chloroform, 1:4 v/v) and centrifuged at 4500 x ¢ for 10 minutes. The
upper layer was removed and mixed with 4-fold volume of absolute ethanol in
order to precipitate the crude polysaccharides for 12 hours at 4°C. Crude
polysaccharides were centrifuged at 4500 x g for 15 minutes and the precipitate

was washed with ethanol and acetone and lyophilized.

5.2.3. Chemical reagents

Silver nitrate, trisodium citrate dihydrate, hydroxylamine hydrochloride and
other reagents were of analytical grade and purchased from Sigma-Aldrich. All
solutions were freshly prepared with Milli-Q® ultrapure distilled water before

experiments and used immediately.

5.2.4. Silver NPs preparation

Before Silver NPs preparation all glassware was cleaned with aqua regia and
rinsed with Milli-Q® ultrapure distilled water to remove any impurities present

on glass surface. Solutions of silver nitrate, hydroxylamine hydrochloride, and
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sodium hydroxide were used for silver colloid preparation as described by
Leopold and Lendl (2003). Briefly, 10 mL of silver nitrate solution (102 M) was
droply added while stirring to 90 mL of a hydroxylamine hydrochloride
solution (1.67 x 10° M) containing 3.33 x 10° M sodium hydroxide. After

preparation the colloidal solution was stored at 4°C in darkness.

5.2.5. Sampling for SERS spectroscopy and mapping

For SERS analyses, small fragments (3x3 mm) from the cap and pileus of dry
fruiting bodies of Led, Glu, Pco and Pos and fragments from the sterile tissue of
the gleba of the two Tuber species, were placed for 24 hours into a 1.5 mL
microcentrifuge tube containing 1 mL of Milli-Q® ultrapure distilled water.
After 24 hours the tubes were centrifuged at 11,000 x g for 10 minutes and all
the water was removed. The small wet fragments of each mushroom species
were placed on a microscope slide glass and covered with 5 pL of a
concentrated Ag-NPs suspension obtained by centrifugation of 500 pL and
successive redispersion to 10% of the original volume. Samples were dried at
room temperature before SERS analyses. For each mushroom species three

biological replicates were made.

5.2.6. Instrumentation

The silver NPs ware characterized by using an UV-VIS spectrophotometer (UV-
3600, Shimadzu, Japan). Raman, SERS, and mapping were performed by using
the portable spectrometer Renishaw Raman Virsa™ with a 785 and 532 nm
lasers. Before measurements a calibration was performed by using a Si
reference sample. Mushroom fragments were analyzed under a 50x objective
long focal lens and the laser power was set at 2 mW with an integration time of
1 second. Samples were mapped by recording the spectra of an area of around

4040 um for a total of 800 spectra for each sample. The spectra were acquired
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using the Renishaw WiIRE 5.5 program and processed by the OriginPro 2019
software (OriginLabs). The Scanning Electron Microscope (SEM) picture was
obtained in an environmental scanning electron microscope, Philips XL30
(Philips, the Netherlands), with a tungsten filament operating in high vacuum

mode. The acceleration voltage was 25 kV.

5.2.7. Statistical analysis

The PCA was applied to evaluate variations in the data matrix between the
analyzed mushrooms in order to identify the single species. Spectra were
previously normalized as reported by Dina et al. (2018) on the basis of the vAgX
band which represents the most intense peak. Processed spectral data were
used because of providing much more accurate information on the sample by
solving the bands that were previously overlapped in the raw spectra. The PCA
was performed by using the OriginPro software with a matrix having a
dimension of 18 samples x 2303 variables (wavenumbers units, covering the

range 100-1800 cm-1). PCA was performed on the variance-covariance matrix

band.

5.3. Results and discussion

5.3.1. Ag-NPs characterization

The successful Ag-NPs formation strictly depends on the preparation
parameters that can be easily handled to produce Ag-NPs of well-defined
shape, structure, and size distribution. Based on previous studies (Lemma et al.,
2019; Prusinkiewicz et al., 2012; Zanasi et al., 2021) the Ag-NPs formation was
confirmed by the presence of a narrow band with an absorption maximum at
400 nm in UV-Vis spectroscopy (Figure 1a). The higher absorption intensity

indicates that the number of Ag-NPs formed in the solution rise with increasing
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reaction time (Figure 5.1a). The nanoparticles produced had an average radius
of 40 nm. SEM imaging (Figure 5.1b) of Ag-NPs confirmed the particles'

diameter and spherical shape.
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Figure 5.1. (a) UV-Vis extinction spectrum of the Ag-NPs and (b) SEM image showing Ag-NPs.

5.3.2. Normal Raman and SERS spectroscopy

One of the main objectives of the present work was to characterize the different
molecular species present in mushrooms by using the Raman spectroscopy
under the specific excitation at 785 nm. The latter excitation wavelength is
usually employed in the analysis of biological materials because it leads to a
reduced fluorescence. However, the Raman spectra registered at 785 nm
produced no vibrational signals (Figure 5.2b). Likewise, a broad background
fluorescence at 532 nm was detected as a result of pigment molecules excitation

within the mushroom cell wall (data not shown). Therefore, normal Raman
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spectra collected with two different excitation wavelengths were unable to
generate spectra from the mushroom samples. By contrast, the direct deposition
of a concentrated drop of Ag-NPs on the mushroom surface was sufficient to
generate an enhancement of the SERS signal with 785 nm radiation. (Figure
5.2a). The spectra registered on different points of the analyzed surface revealed
tew spectral changes between spectra, thus indicating the reproducibility of the

analysis (data not shown).
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Figure 5.2. (a) SERS and (b) Normal Raman spectra of small fragments of Pco fruiting body.

The SERS analyses performed on the six different fungal species (Figure 5.3)
rendered different spectral responses that can be roughly classified into two

main groups. The first one is dominated by nucleic acid signals (Adenine (A),
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Guanine (G), Thymine (T) and Phosphate groups (P)). The second one is
characterized by other set of bands that we have assigned to fungal pigments
localized in the mushroom cell wall: melanins (M); carotenoids; azaphilones;
polyketides, flavonoids, etc (Lin and Xu, 2020). However, we can not exclude
that these bands are related to the polysaccharides existing in the fungal cell
wall as reported by Gieroba et al. (2022). These two different groups will
henceforth be referred to as A-group and B-group, respectively.

In particular, in A-group, the bands of adenine at 735 and 1335 cm”, and
guanine at 660 and 1568 cm™ were clearly visible (Otto et al., 1986). The band at
796 cm! can be assigned to the ring breathing band of cytosine and thymine
coupled with phosphate vibrations (Otto et al., 1986). Other less intense bands
in the 960-1100 cm™ region corresponded to the A-group DNA phosphate and
to some ring bands of the purine and pyrimidine bases (Kneipp and Flemming,
1986; Otto et al., 1986).

The presence of nucleic acid bands in the SERS spectra of fungi was detected in
the extracted DNA of Phytophthora ramorum Werres, De Cock & Man in 't Veld ,
and in the analysis of micro-fungi cells (Prusinkiewicz et al., 2012; Yiiksel et al.,
2015). The detection of nucleic material by SERS in the intact non-treated
mushroom fragments is an interesting result, because we expected to detect
biomolecules localized in the outer part of fungal cell walls. The fact that the
fungal genetic material can be put in evidence under the presence of the Ag-
NPs implies two possible effects: a) diffusion of the nanoparticles inside the
fungal cells through the wall, and b) the disruption of the fungal cell wall and
the direct interaction of silver with the intracellular material. Both effects are
possible and also they were previously described in the literature (Kim et al.,

2012; Panacek et al., 2009; Xia et al., 2016).
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Figure 5.3. SERS spectra of Glu (blue line), Tae (green line), Tmg (orange line), Led (purple line), Pco (red
line) and Pos (yellow line). A: Adenine, G: Guanine, M: Melanins, P: Phosphate groups and T: Thymine.

On the other hand, Ag-NPs have been reported to interact with the fungal
membranes through electrostatic interactions (Kim et al.,, 2007) or through
specific covalent interactions with SH-containing groups leading to the protein
denaturation (Dibrov et al., 2002). The latter effect could increase the
permeability of the fungal membrane resulting in disruption of the cell
membrane (Kim et al., 2009). Based on previous studies (Kim et al., 2009, 2007),
the appearance of intense bands of nucleic acids (DNA and RNA) in SERS
spectra might be due to the disruption of the fungal membrane through the
formation of holes in the fungal cell wall and the formation of pores in the

plasma membrane through which the cell material can flow outward.
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The strong effect of Ag-NPs on DNA and RNA was likely induced by the high
affinity of silver for purine and pyrimidine bases. In particular, the interaction
of Ag with adenine and guanine has been widely demonstrated in previous
SERS analyses of nucleic acids (Otto et al.,, 1986; Rivas et al.,, 2000). Our
outcomes exhibited changes that may be related to different interaction of DNA
and/or possibly RNA with Ag-NPs, as shown in Figure 5.3 (Glu, Led, Tae and
Tmg species). Specifically, the ratio between the ring breathing bands
corresponding to adenine (735 cm) and guanine (656 cm™) changed from Glu,
where it was maximum and it was dominated by the adenine bands, to Tmg,
where the guanine bands were more enhanced in the SERS spectrum. On the
other hand, the A/G ratio can be related in SERS with the different
hybridization degree of the double stranded DNA chain (Barhoumi and Halas,
2010). Therefore, in terms of the SERS spectra of mushrooms, this ratio could be
related to an effect of silver on the DNA structure.

In the case of B-group (Pos and Pco, Figure 5.3), no band corresponding to
nucleic acids were observed. Conversely, broad and weak bands were observed
at 483, 1223, 1312, 1445 and 1585 cm™. Similar bands were observed in the case
of some pathogenic fungi (Scopulariopsis Brumptii Salv.-Duval, Candida krusei
(Castell.) Berkhout, Trichophyton rubrum (Castell.) Sabour., Alternaria alternata
(Fr.) Keissl., Aspergillus flavus Link, Fusarium verticillioides (Sacc.) Nirenberg,
Aspergillus parasiticus Speare) previously analyzed by SERS (Ramirez-Perez et
al., 2022; Witkowska et al., 2016). In addition, these Raman spectra showed a
high similarity with the SERS of some of the pigments existing in the fungal cell
wall, such as flavonoid pigments (Jurasekova et al., 2006). More specifically,
bands at 1223, 1312 or 1445 cm! are visible in fungal melanins that were
identified in the fungus Ochroconis sp. by SERS (De La Rosa et al., 2017; Martin-

Sanchez et al., 2012). The prevalence of bands corresponding to pigments
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presumably embedded in the fungal wall indicated that the cell wall of Pos and
Pco remained intact in the presence of Ag-NPs. Therefore, the absence of cell
wall rupture resulting in the opening of the plasma membrane could be related
to its organization. In fact, it is structured in several layers, with the innermost
layer consisting of a covalently bound (3-(1,3) glucan core and branched chitin
(Chen et al., 2014; Mironczuk-Chodakowska and Witkowska, 2020). The outer
layers, in contrast, are more heterogeneous and adapted to the physiology of
particular fungi and generally composed of polysaccharides such as 3-(1,6)
glucan, mannan, galactomannan, and also highly mannosylated glycoproteins
(Gow et al., 2017). In addition, pigments such as melanin are found in this outer
layer, as was detected in the SERS of Pco. This peculiar organization of the cell
wall provides greater resistance to Ag-NPs.

In addition, another important difference between the mushrooms of the A and
B-group is the position of the stretching Ag-X band (vAgX), where X can
designate the atom (normally O, S or N) of the fungal biomolecule directly
interacting with the metal. This band appeared at 237 cm™ in the case of the A-
group mushrooms, while it is shifted to 220 cm™! in the mushrooms of the B-
group.

For assessing the origin of the SERS Pco and Pos spectra shown in Figure 5.3,
polysaccharides from fungi of A-group (Glu and Led) and B-group (Pco and
Pos) were investigated.

The SERS spectra of polysaccharides are displayed in Figure 5.4. The bands
corresponding to the cell wall from 1100 to 1600 cm™” were evident in the Glu,
Pos and Pco. However, in the case of Glu (A-group), these bands were not
detected in the SERS of intact fruiting body fragments demonstrating the
disruption of the cell wall of this mushroom at the presence of Ag-NPs. In the

specific case of Led, the adenine bands are still strong in the SERS spectrum of
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the extracted polysaccharides. This is likely due to the adsorption of Led A-rich
DNA sequences to the wall fragments.

Polysaccharides, mainly (3-glucans, are particularly important as they are linked
to the medicinal properties of mushrooms (e.g., immunomodulatory, anticancer,
and antioxidant). In particular, Glu and Led mushrooms are among of the most

important medicinal mushrooms cultivated in the world (Venturella et al.,

2021).
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Figure 5.4. SERS spectra of the crude o raw polysaccharides from Pco (red line), Pos (yellow line), Led
(purple line) and Glu (blue line).
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5.3.3. Raman mapping and PCA analysis

SERS mapping of Glu and Pco (Figure 5.5) were carried out in order to
investigate the spatial distribution of bands corresponding to nucleic acids and
the fungal cell wall pigments. Figure 5.5b shows the optical direct image of Glu
where the hyphae of the fungus are clearly observed. Figure 5.5¢ displays the
intensity (purple) of the adenine marker band (735 cm”). An individual
spectrum of a certain point is shown for comparison in Figure 5.5a. From this
mapping it is possible to corroborate that the signal is located in the hyphae. In
the case of Pco, the spectrum corresponds to the fungal cell wall (Figure 5.5d),
as well as the direct image (Figure 5.5e) and the mapping of the marker band
distribution at 1218 cm? (Figure 5.5f). The distribution maps were also recorded
to demonstrate the method's reproducibility, since the areas with the most

intense spectra exhibited no significant variation in the SERS spectral pattern.
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Figure 5.5. SERS mapping of Glu and Pco mushrooms: a) Glu spectrum; b) direct image of Glu hyphae; c)
adenine mapping intensity (purple); d) Pco cell wall spectrum; e) direct image of Pco; f) mapping of the
marker band distribution at 1218 cm-1 (yellow).

96



The PCA analysis of the Raman-SERS spectra (100-1800 cm-1) allows to
discriminate different mushroom species. PC-1 scores accounted for 71% of the
total variance of the analyzed dataset. Thereby demonstrating separation of the
studied mushrooms into three separate clusters (Figure 5.6). The first one
cluster comprises Led, Pco and Pos which belongs to Agaricales order; the
second one is represented by Glu species which belong to the Polyporales

order. The latter group include Tae and Tmg belonging to Tuberales order.
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Figure 5.6. PCA analysis of the Raman-SERS spectra of the six mushroom species used in this work. The
PCA scores of the first two principal components PC-1 (71.40% of total variance) and PC-2 (15.20% of total
variance) indicate the formation of three distinct clusters.
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5.4. Conclusions

In conclusion, only the SERS technique can afford significant Raman signals
from the analyzed mushrooms by the use of Ag-NPs directly dropped onto the
intact non-treated biological tissue of the fruiting bodies. The normal Raman
spectroscopy is not able to provide vibrational signals due to the high
fluorescence emission. SERS provides a very simple and rapid protocol to
identify marker biomolecules of cell wall or the nucleic acid components, that
can serve to univocally identify the species. Accordingly, two main groups of
mushrooms can be recognized from the SERS data based on different spectral
patterns: a) Those dominated by nucleic acid signals; and b) those dominated to
other set of bands that we have assigned to fungal pigments localized in the
mushroom cell wall. The pigments identified in the fungal cell wall are of
polyphenolic nature and could be related to melanins and flavonoids present in
this wall. The polysaccharide bands of the cell walls, particularly chitosan and
1,3-D glucan, were exclusively visible in the Pco and Pos spectra and extremely
weak in Led, although these bands are also mixed with those of fungal
pigments. Raman mapping of fungi was useful for tracing the spatial
distribution of marker bands and getting a large number of spectra from a
given area, confirming a high repeatability of the analysis. Additionally, the
SERS data were processed with the PCA algorithm, and the outcomes revealed
that they explained 94% of the variance among the data. Based on above, the
PCA clearly exhibits its applicability with a limited number of fungal species as
well. Thus, by using this methodology, more time-consuming methods
commonly applied in the laboratory can be avoided or bypassed as well as

analysis time can be reduced.
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CHAPTER 6

CLADOSPORIUM CLADOSPORIOIDES (STRAIN
Clc/1) A POTENTIAL CANDIDATE FOR LOW-
DENSITY POLYETHYLENE DEGRADATION.

lastic is one of the most widely used materials in the world in various

fields, including packaging and agriculture. The large quantities of

this material require proper disposal and for this reason more and
more attention is paid to the issue of degrading plastic materials. Thanks to the
production of non-specific enzymes, fungi are able to attack complex and
recalcitrant xenobiotics such as plastics. In this work, the isolation of different
strains of fungi from plastic residues collected in the fields and the ability of
these strains to growth and colonizing the Low-density Polyethylene (LDPE)
were explored. The structural modifications of the LDPE, as consequence of
their growth were monitored by using SEM and ATR-FTIR spectroscopy.
Isolation trials allow to obtain 47 strains belonging to 10 genera among them
only 11 were able to grow and colonize the LDPE substrate. However, from
SEM observations, only Cladosporium cladosporioides Clc/1 strain was able to
carry out an initial degradation of the LDPE film after 90 days trial. In

particular, small cavities and depressed areas of circular shape are visible in the
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sample treated. ATR-FTIR analyses conducted on these treated samples after 90
days of fungal growth supports the SEM observed structural changes. Our
results suggests that Cladosporium cladosporioides Clc/1 is able to carry out an
initial degradation of LDPE but further studies will be necessary in order to

investigate the enzymes involved in the degradation.

100



6.1. Introduction

Plastics are represented by a wide range of synthetic or semi-synthetic
materials, obtained from oil and natural gas, which under certain conditions of
temperature and pressure, undergo permanent variations in shape (Gourmelon,
2015).

Plastics tend to be exceptionally stable and durable, which is why they have
gained popularity and wide application in society. However, these same
qualities make them persistent in the environment and resistant to decay when
it is desired to dispose of them (Rhodes, 2018).

World plastics production is estimated at around 400 million tons per year and
of these, a good 90% is plastic produced from fossil sources (Carus et al., 2020).
The trend is not declining especially as the annual growth rate of the plastics
market is estimated at 4% at least until 2025 (Carus et al., 2020). Geyer and
collaborators (2017) estimated that from 1950 to 2015 the world production of
resins and plastic fibers increased from 2 million tons to 380 million tons,
respectively. From the first years of use to 2015, 8,300 million tons of virgin
plastic were produced. In the same year, about 6,300 million tons of plastic
waste were produced, of which about 9% was recycled, 12% incinerated and
79% accumulated in landfills or in the natural environment. These data show
the great problem caused by the accumulation of plastics that affects numerous
habitats: oceans, seas, rivers, lakes, soil, air, ice (Windsor et al., 2019) and living
organisms (F. Wang et al., 2020), even accumulating in the human placenta
(Ragusa et al., 2021).

PE is one of the most widespread and used plastics in the world (Yin et al,,
2020), it is used to produce plastic films, shopping bags and food packaging,

and represents up to 64% of single-use plastics that are discarded within a short
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period after use, resulting in massive and rapid accumulation in the
environment (Harshvardhan and Jha, 2013; Ragaert et al., 2017).

PE films are widely used in agriculture as they allow to improve the efficiency
of water use by the crop (Zhou et al., 2009), reduce weeds growth (Ashworth
and Harrison, 1983; Qin et al., 2018) and the use of herbicides (Martin-Closas et
al., 2017), increases soil temperature and humidity (Ding et al., 2019), prevent
soil erosion, and consequently improve crop yield and quality (Greer and Dole,
2003). On the other hand, mulching films represent a problem: at the end of the
crop cycle, their disposal is difficult and in some cases they cannot be
completely removed from the soil (Wang et al, 2021). This causes an
accumulation of plastic residues which over the years, due to different
environmental conditions such as solar radiation, wind and current flushing
(Roy et al., 2011; Steinmetz et al., 2016), fragment and decompose to sizes below
5 mm (Law and Thompson, 2014; M. Liu et al., 2018; Thompson et al., 2004;
Zhang and Liu, 2018).

To the traditional mechanical and chemical recycling strategies of plastics, in
recent decades, modern research has investigated new degradation methods
that involve the use of different microorganisms (Lear et al., 2021; Shah et al.,
2008). Ditferent fungal species have been recognized to produce enzymes
capable of degrading plastic under laboratory conditions (Sumathi et al., 2016).
The reason why fungi are widely used in degradability assays of various plastic
materials lies in the large number of enzymes and other substances they
produce (Rhodes, 2014). Different ascomycetes such as: Aspergillus spp. (Ameen
et al., 2015; Balasubramanian et al., 2014; Brunner et al., 2018; Das and Kumar,
2014; Deepika and Jaya, 2015; Esmaeili et al., 2013; Khan et al., 2017, Muhonja et
al., 2018, Munir et al.,, 2018; Raaman et al., 2012; Raghavendra et al., 2016;
Sakhalkar and Mishra, 2013; Sangale et al., 2019; Sindujaa et al., 2011; Singh and
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Gupta, 2014; Zahra et al.,, 2010), Cladosporium cladosporioides G.A. de Vries
(Brunner et al., 2018), Fusarium spp. (Das and Kumar, 2014; Ronkvist et al., 2009;
Sakhalkar and Mishra, 2013; Singh and Gupta, 2014; Tachibana et al., 2010;
Zahra et al., 2010) and Penicillium spp. (Brunner et al., 2018; Liebminger et al.,
2007; Ojha et al., 2017; Raghavendra et al., 2016; Sakhalkar and Mishra, 2013;
Sepperumal et al., 2013), basidiomycetes (da Luz et al., 2019; Perera et al., 2020)
and zigomycetes (Sakhalkar and Mishra, 2013; Singh and Gupta, 2014) have
been found to be capable to degrade different petroleum-based plastics.
Although the knowledge regarding the enzymes involved in the fungal
degradation of PE are few (Santacruz-Judrez et al., 2021), several studies have
reported that peroxidases, oxidase, cutinases and lipases plays a crucial role in
the degradation (Sanchez, 2020 and references therein). It is known that both
enzymatic and abiotic factors can mediate the initial degradation of PE chains,
which once reached a length of between 10 and 50 carbons can be enzymatically
degraded taking the metabolic path of hydrocarbons degradation (Restrepo-
Florez et al.,, 2014). Moreover, fungi can produce small wall proteins, called
hydrophobins, responsible for attaching the fungal hypha to the plastic material
(Sanchez, 2020).

Most of the studies have investigated the degradation of PE by ascomycete
fungi through the use of various techniques such as, for example, the FTIR
spectroscopic technique and SEM observations (Sanchez, 2020).

The aim of this work was to test the ability of different fungal species isolated
from plastic residues to grow and degrade LDPE by using different analytical

approach: ATR-FTIR spectroscopy, and SEM observation.
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6.2. Materials and Methods

6.2.1. Sampling, mycelial isolation and molecular analyses

Samplings were carried out during June and August 2020, in agricultural fields
located in the province of Rimini and Bologna (Emilia-Romagna, Italy). Fifteen
samples for each province, of small plastic fragments were taken from the soil
and placed in sterile plastic containers, in the dark at room temperature.
Mycelial isolations were carried out the same day of sampling by placing a
small plastic fragment inside Petri dishes containing PDA medium (20 g/L)
supplemented with chloramphenicol and streptomycin. For each plastic sample
tive Petri dishes were made.

After 24 hours, under a stereomicroscope, the single small colonies originated
on the surface of the plastic fragment were transplanted into new Petri dishes.
Mycelial pure cultures were morphologically assigned to a fungal genus by
using taxonomic keys (von Arx, 1970).

Molecular analyses were carried out only by amplification of the Internal
Transcribed Spacer (ITS) region of the rDNA using primer pairs ITSIF/ITS4
(Gardes and Bruns, 1993; White et al., 1990) in a direct approach (Iotti and
Zambonelli, 2006). Direct Polymerase Chain Reactions (PCRs) were carried out
in 50-pL reaction volumes using 2x BiomixTM (Bioline) and amplifications were
run in a SimpliAmp thermal cycler (ThermoFisher) as follows: 95°C for 6
minutes, followed by 30 cycles of 94°C for 30 seconds, 56°C for 30 seconds. PCR
products were purified using NucleoSpin® Gel and PCR Clean-up kit
(Macherey-Nagel, Duren, Germany) and sequencing was performed with both
ITS forward and reverse. Sequences generated in this work were compared
with existing sequences in the GenBank using BLASTn considering for species
identification an identity greater than or equal to 98% and deposited in

GenBank.
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6.2.2. Plastic degradation assay

For the 90 days plastic degradation assay, an LDPE film was cut into discs
about 5.5 cm in diameter and sterilized at 121°C for 20 minutes. After
sterilization, the LDPE discs were inserted inside sterile Petri dishes 6 cm in
diameter. Each disc was wetted with 300 puL of a liquid mineral salts media
devoid of any carbon source as reported by Das and Kumar (2014). The
prepared Petri dishes were than inoculated with a 0.6 cm diameter plug of 15
days old colony and five replicates were made for each isolated species. One
week after inoculation, the agar plug from each plate was removed and every
10 days 50 puL of mineral salt medium were administered to the colonies. At the
end of the trials, the plates were open, and the LDPE disks were freeze-dried in
a Virtis Benchtop 2 K lyophilizer (SP Industries, Warminster, Pennsylvania) for

turther investigations.

6.2.3. SEM analyses

SEM microscopy was carried out in order to verify the adhesion and growth of
the fungal hyphae and the degradation of the plastic substrate. A small piece of
LDPE disk of 1 cm? of each species was washed and firstly fixed in 5%
glutaraldehyde solution for 24 hours at 4°C. Subsequently, 2 washes of 7
minutes each in 0.1 M phosphate buffer and a series of washes in ethanol at
different percentage (2 washes of 7 minutes each at 20%, 30%, 50%, 75%, 90%
and 100%) were done. All washes were done ad 4°C cold and in agitation. The
prepared samples were stored in absolute ethanol (99.9%) and subsequently
using liquid CO: the supercritical dehydration of the samples was conducted.

For observations, the samples were placed on an aluminum stub (26 mm) and
coated with gold in real time for 100 seconds using an ionic sputter (E-1010;

Hitachi, Tokyo, Japan). The coated samples were taken for image analysis using
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a scanning electron microscope (Philips 515; Philips, Amsterdam, The

Netherlands), with an acceleration voltage of 20.0 kV.

6.2.4. ATR-FTIR spectroscopy

The spectra were acquired using a TENSOR 27 FTIR Bruker spectrophotometer
(Bruker, Ettlingen, Germany), equipped with an ATR module with a micro-
diamond crystal. Each sample was deposited on the crystal surface, and the
spectra were acquired an average of 32 scans from 4000 to 400 cm™ with a
resolution of 4 cm™. Background spectra were also taken against air under the
same conditions before each sample.

The spectra obtained were processed with the Grams/386 software (Galactic

Industries, Salem, NH, USA).

6.3. Results

6.3.1. Fungal identification and plastic degradation assays

From the mycelial isolation carried out in this work, it has been possible isolate
from the plastic matrices collected in the field a total of 47 strains divided into
10 genera belonging to Ascomycota and Mucoromycota (Figure 6.1). Of these,
only 11 strains were capable to grow on the LDPE substrate and thus selected
for further analyses. Molecular analyses showed that these strains belong to 9
species as reported in Table 6.1. These strains were deposited in the CMI-Unibo
culture collection at the University of Bologna and their ITS sequences were

deposited in GenBank (Table 6.1).
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Figure 6.1. Genera identified in this work.
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Table 6.1. Species and their accession number molecularly identified.

Species Strain (CMI-Unibo) GenBank accession n°
Cladosporium cladosporioides G.A. de Vries Clc/1 OP729904
Clonostachys rosea (Preuss) Mussat Clr/1 OP729905
Clonostachys rosea (Preuss) Mussat Clr/2 OP729906
Fusarium sp. Fus/1 OP729903
Fusarium equiseti (Corda) Sacc. Fue/l OP729900
Fusarium equiseti (Corda) Sacc. Fue/2 OP729907
Fusarium oxysporum Schltdl. Fuo/1 OP729901
Fusarium sp. Fus/2 OP729910
Linnemannia elongata Linnem. Moe/1 0OP729902
Mucor fragilis Bainier Muf/1 OP729908

Purpureocillium lilacinum (Thom) Luangsa-
Pul/1 OP729909
ard, Houbraken, Hywel-Jones & Samson

6.3.2. SEM and ATR-FTIR analyses

SEM observations were carried out on the 11 fungal strains capable to grow on

the LDPE substrates. All fungi tested were able to adhere to the LDPE substrate
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but only C. cladosporioides Clc/1 strain was able to carry out an initial
degradation. In particular, small cavities and depressed areas of circular shape
are visible in the sample treated with the Clc/1 strain (Figure 6.2b, c) with
respect to the untreated LDPE film which is characterized by a smooth surface

(Figure 6.2a).

Figure 6.2. SEM images of the LDPE film (a) untreated and (b, c) treated with C. cladosporioides Clc/1 strain
after 90 days mycelia growth.

ATR-FTIR analyses were conducted on samples treated with C. cladosporioides
Clc/1 as the only species that following SEM observations clearly showed signs
of degradation of the plastic surface. The spectra recorded are presented in
Figure 6.3.

The characteristic absorption bands of the main functional groups as reported
by Jung et al. (2018); Rajandas et al. (2012) and, Gulmine et al. (2002) are listed
in Table 6.2.
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Table 6.2. Absorption bands and main functional groups of PE.

Wavenumbers (cm™) Functional group attribution Intensity
2914-2915 -CHz asymmetric stretching S
2845-2847 -CHz symmetric stretching S
1467-1470 -CH> scissoring M
1378 CHs umbrella mode Vw
1303 -CH: wagging Vw
720 -CHz rocking M

“S” strong, “M” medium, “Vw” very weak

In the untreated LDPE film spectrum (Figure 6.3, grey dotted line) It is possible
to see two very intense bands, at about 2915 cm™ and 2845 cm™ due to the -CHz
asymmetric and symmetric stretching vibrations, respectively. The bands of
medium intensity at 1467 cm™ and 720 cm™ correspond to the -CH: scissoring
and rocking motions. Finally, the peak at 1378 cm”, allows the correct
discrimination between LDPE and HDPE (Jung et al., 2018).

In the spectrum of the treated LDPE (Figure 6.3, red line), a significant decrease
in the relative intensity of the bands at 2915, 2845, 1467, and 720 cm™ can be
seen, indicating an initial degradation of the methylene groups. The appearance
of other bands in the spectrum, particularly the one at 3251 cm™, corresponding
to the stretching of -OH groups, as well as the one at 1644 cm™ due to amide I
and H20, and the region between 1100-1030 cm™ assigned to C-O-C, C-C, C-OH
stretching groups of the pyranose ring may be associated with the mycelium

adhering to the surface of the LDPE film.
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Figure 6.3. ATR-FTIR spectra of the untreated LDPE film (control, gray dotted line) and treated LDPE film
with C. cladosporioides Clc/1 strain after 90 days of fungal growth (red line).

6.4. Discussion

Plastic, with a production of more than 380 million tons per year (Geyer et al.,
2017), is one of the most used materials in the world in various fields, including
packaging and agriculture. With a population forecast of 9.2 billion in 2050
(Bongaarts, 2009), the demand for plastic is expected to grow steadily. These
large quantities of material require proper disposal, and for this reason more
and more attention is paid to the issue of the possibility of degrading plastic
materials. Recently, several studies have been carried out in this area,
highlighting the ability of different microorganisms to degrade some plastic
materials (Lear et al., 2021; Shah et al., 2008). Among these microorganisms,
there are also fungi, ubiquitous organisms that, play a fundamental role in the

decomposition of organic matter, and are also considered an essential resource
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for the development of various biotechnological applications. Thanks to the
production of non-specific enzymes, they are able to attack complex and
recalcitrant xenobiotics such as plastics (da Luz et al., 2019; Sanchez, 2020).

In this work, the isolation of different strains of fungi from plastic residues
collected in the fields and the ability of these strains to growth and colonizing
the LDPE were explored. The structural modifications of the LDPE, as
consequence of their growth were monitored by using SEM and ATR-FTIR
spectroscopy.

Isolation trials allow to obtain 47 strains belonging to 10 genera, among which
the most abundant were Penicillium (25%) and Fusarium (22%) followed by
Mucor (10%) and Trichoderma (10%). These results are in line with those
previously obtained by Spina et al. (2021), where a small number of genera
were found associated with plastic residues.

As reported by Lear et al. (2021), the presence of PE in the soil lead to a shaping
of a peculiar microbiome. Therefore, this can lead to a decrease in the fungal
community with a dominance of a small number of species, mainly
ascomycetes, in plastic-polluted soils as already observed by Raghavendra et al.
(Raghavendra et al., 2016).

Of all the 47 isolated and tested strains, 11 were able to grow and colonize the
LDPE substrate, but only C. cladosporioides Clc/1 strain was able to carry out an
initial degradation of the PE substrate. Brunner et al. (2018) showed that a strain
of this species, isolated from plastic debris floating in the shoreline of a lake,
was able to degrade polyurethane but not PE. Since our results are in contrast
with those reported by Brunner and collaborators (2018), we could hypothesize
that the ability of C. cladosporioides to degrade LDPE is strain-specific.

ATR-FTIR analysis carried out after 90 days of fungal growth supports the

observed structural changes. In fact, similar results were found by other authors
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(Das and Kumar, 2014; Muhonja et al., 2018; Spina et al., 2021) and the most
significant changes involved the methylene chains. The decrease in the relative
amount of these functional groups suggest that C. cladosporioides Clc/1 strain
may be capable to break the C-H bonds of the PE chains.

The degradative signs observed with the SEM are similar to those reported in
the literature by Austin et al. (2018) and are probably due to the action of
extracellular enzymes. In fact, these enzymes are involved in the
depolymerization of the long carbon chains of plastic polymer into simpler and
more degradable oligomers, dimers, and monomers (Amobonye et al.,, 2021)
and in PE degradation, the main fungal enzymes involved seem to be the
ligninolytic laccases and peroxidases (Temporiti et al., 2022).

The ability of C. cladosporioides to produce laccases and peroxidase was
previously reported by Aslam et al. (2012), Bonugli-Santos et al. (2010),
Chinaglia et al. (2014) and, Halaburgi et al. (2011).

Further studies will be necessary in order to investigate the enzymes involved

in LDPE degradation by the Clc/1 strain.
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CHAPTER 7

GENERAL CONCLUSIONS AND FUTURE
PROSPECTIVES

he results obtained in chapters 3 and 4 of this dissertation thesis have

shown that it is possible to use the solid fraction of the CD and the HS

as substrates for the cultivation of different species of edible and
medicinal mushrooms.
In particular, the studies conducted on the two types of substrates have allowed
to verify through ATR-FTIR spectroscopy, the degradation of the lignocellulosic
component present in the cultivation substrate and to evaluate the production
of different species of fungi of high economic value on unconventional
substrates, considered agro-wastes.
The results obtained open interesting scenarios for the improvement of the
efficiency of indoor mushroom cultivation with suitable substrates available
locally. For companies with anaerobic digestion plants, the management of CD
is a problem due to the high quantities produced daily (about 8 t/day), the
highest emissions of greenhouse gases that are released into the environment,
and its high concentration of ammonia nitrogen. Although since 2016 it is

possible to use CD both as a soil amendment and fertilizer, the high lignin
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content present in the solid fraction, make this product difficult to degrade.
Moreover, the high amount of nitrogen contained in it, places limits on
spreading in the field in nitrate vulnerable zones. On the other hand, the
cultivation of the hazel is increasing, this leads to a high production of
processing waste represented by the HS produced during the cracking process.
This agro-waste, mainly used for domestic heating, also release CO: causing air
pollution.

As we demonstrated, these agro-wastes can be a valid substrate for the
cultivation of edible and medicinal mushrooms allowing their enhancement,
reducing management costs, and making them a resource. From the point of
view of mushroom producers, the possibility of having an economically and
locally available material that offers yields comparable to the conventional
substrate, creates indisputable advantages.

These results provide interesting prospects both for more sustainable
management of CD and HS and for the improvement of the efficiency of
mushroom cultivation. Moreover, in a circular economy perspective, at the end
of the production cycle spent mushroom substrate, can be reintroduced into the
biogas plant for the production of biogas by activating virtuous circular
processes of reuse of materials and elimination of waste. Tests to evaluate the
methane power of these spent substrates are currently underway.

ATR-FTIR and SERS analyses conducted to study the chemical composition of
fruit bodies in chapters 4 and 5 showed differences between mushrooms grown
on the different substrates studied. In particular, the ATR-FTIR analysis
provided information on the chemical composition of the fruit bodies
highlighting differences in polysaccharides and proteins content between
mushrooms grown on the HS-based substrate and the control. Through Raman-

SERS spectroscopy and the production of functionalized silver NPs, it was
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possible to obtain complementary information to that obtained with ATR-FTIR.
Through the application of SERS, it has been possible to develop a rapid,
simple, and highly sensitive method for the non-destructive analysis of fruit
bodies. The results obtained also made it possible to differentiate the different
species analyzed on the basis of their SERS spectrum.

The results obtained in chapter 6 demonstrate the potential for the use of fungal
species for bioremediation activities and in particular for plastics degradation.
The strain of C. cladosporioides isolated from plastic materials found in the field,
has allowed to obtain interesting preliminary results. This species through its
enzymatic system has been able to use the PE substrate as the only source of
carbon. Since the production of enzymes is also influenced by abiotic factors,
and C. cladosporioides is widely diffused in the environment, the isolation of
fungal strains from different plastic matrices sampled in different
environments, would allow the genetic selection of the strains that best adapt to
the particular pedo-climatic conditions of the area to be restored. Further
investigations will be needed to study and characterize the main enzymes
produced by this species. These studies will allow to identify the enzymes
responsible for the degradation of the plastic material that can then be
synthesized in laboratory and used for different biotechnological applications,
including, for example, the bioremediation of agricultural areas polluted by
mulch films or other microplastics. In addition, further investigations can be
carried out using other types of plastics, in order to verify the degradation

capacity of this strain on a wider range of materials.
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