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Thesisabstract

Pollutants are one of the mapgoblems at the center of our society, especially in urban contexts
where they can enter superficial and groundwater through wastewater treatment plants. Fungi,
particularly Wood Decay Fungi (WDF), are a wietiown group of organisms with great adsorbing
potential and the capability to produce a wide spectrum of enzymes. These enzymes allow them to
specifically interact with recalcitrant pollutants such as heavy metals and pharmaceuticals, removing
them from the environment and/or degrading them.

In this study, several fungal strains were collected from two wastewater treatment plants in
North Italy and from forests in Italy and Spain. These strains were isolated and identified using ITS
based molecular analysis. They represent a source of ptyeakploitable and useful species for
myco-remediation of heavy metals from sewage sludges and pharmaceuticals from wastewater.

Among the isolated species, 11 WDF strains were chosen and tested for their capabilities to
grow on different types of sewage sludges. The three best strains were used for heavy metal adsorptior
tests on prehickening sludge. In parallel, seven WDF stsaivere tested in a defined liquid medium
spiked with pharmaceuticals (Diclofenac, Ketoprofen, Paracetamol, and Irbesartan) to test their
degradation capabilities. The good results led to focusing the research on pharmaceuticals and
wastewater rather thamdeavy metals and sewage sludges.

The strains with the best pharmaceutical degradati®anoderma resinaceurRerenniporia
fraxinea andirpex lacteu® alongside new strains, were then tested against 14 compounds in discharge
wastewater to verify their degradation potential in a real water mf@iissi$ was chosen as the
strain to test for the following experiments becaugaaved to be the most effective and versatile
strain at degrading the target compounds.

Several experimental campaigns were performed to understand key parameters such as the type
of wastewater, the optimal myceliuwater contact time, and the best inoculation method.

The results obtained have pointed out that: 1) incoming wastewater is the most suitable substrate
for mycoremediation; 2]Omissi$ achieved the best degradation results at 48 and 72 hours from its
inoculation; 3) the begterforming type of inoculum is a mixture of mycelium and culture broth.
Among the compounds analyzed, the most degradd@arissi$. Other compounds are also degraded
but to a lesser extent.

This information was needed to start the currently ongoing experimentation at a pilot plant scale
and to understand the obstacles and critical issues that this type of research must address. Pilot plan
experimentation confirmed the results obtained atgheratory scale, achieving between 24 and 48
hours an average degradation percentad@®wiissi$.

With this project, a precious strain was selected capable of withstanding competitors and
environmental stress and degrading a wide number of pharmaceuticals. This represents a valuable
starting point for further studies on the topic and valuable knowledigeep exploring its potential in
myco-remediation.



Introduction

The present PhD thesis in Earth and Environmental Sciences (XX3xde) is the result of
three year®f work at theMicology Laboratory of University of Pavia. This research was funded by
Regione Lombardia within Project CE4WE (Circular Economy for Water and Energy) and was done
in collaboration with A2ALife Companyand CAP Holding Sp&roject CE4WE aims to develop new
technologies, knowledge and specific expertise for sustainable water cycle management. In this specific
scenario, my PhD projegtasfocused on sewage sludge and wastewater pollutants and their removal
with the helping hand of mycolognd fungi

The introduction has the task of explaining the two pillars on which my research is based: the
world of Wood Decay Fungi (WDRyith their properties and characteristics andiseae ofemerging
environmental pollutantszinally, it will be made cleahow these two seeminglynrelatedelements
can interact together with the concept of Myemediation which serves aa starting pointfor a
potentiallyconcrete environmental intervention.

Experimentalproceduresresults critical issuesandfuture perspectives will all be covered in
the following chapters.

Chapter lreportsthe fundamental activity at the base of mycology: the collection of fungal
sampleswith the aim ofbbtaininga wide choice of strains to test hypothe3ég ollection is followed
by other important activities such as isolation in pure culture, identification and conservation. In this
work, fungal strains were obtained from natural environments in Italy and Spain and directly from
different spots in two wastewater treatment plants in North Italy.

In Chapter Zhe case of studi presentedndthe preliminary experiments applied to chosen
fungal strains that led to the first results on heavy matalslescribedlrhese tests served to settle and
build the base knowledge of the research and to bring out potential critical issues

In Chapter Jreliminary results othe degradation gfharmaceuticalproductsare discussed.
These resultked to a series of experimental campaigns on real waste®at&¥DF strains were tested
in discharge wastewater to see which one performed Tlestselectedtrain was the subject of the
following experiments tadentify the most effective fungpharmaceuticals contact time, inoculation
mode, and type of wastewater most suitablestdosequent pilot plant experimentatidhefirst pilot
plant experimentatiors describedasit is a critical stage that must be addressed afidedbeforeto
the actual implementation in the wastewater treatment pldihis section also describasgsues,
obstaclesnd future prspectives.



V Wastewater andpollutants

Pollution could be defined as the presence of substances, lbaeatgy in environmental media
whose nature, location, or quantity produces undesirable environmental effects (UNdata). Pollution can
be classified into three major categories: air pollution, water pollution and soil pollution. Recently other
A mi nor oesengetgeduc as noise, visual, and light pollution.

Pollution is caused by pollutantefined asubstances, solid, liquid or gaseous, of natural or
human origins that, once introduced in the environment, have direct or indirect undesired effects on
organisms and natural resources. Pollutants can be classified based on different parameterssand aspec
such as their nature, source or effects on the environment (Mathaly 2017). They can also be
classified by degradability o degradable or nepersistent pollutants (organic waste, domestic
sewage, feilizers and agricultural vegetal waste), persistent pollutants that can be degraded in long
periods of time gesticides, industrial chemicals and plastics) and-aegradable pollutants (heavy
metalsandradioactive waste Bharucha, 2006

The problem related to pollutantsnestlytiedto human activities and the urban environment,
the main sources of all those substances that couttrigegollutantsUrban, industrial and agricultural
settings aréghe main sourcdgadingto pollution of air, water and, also through the latter, soil. Closely
related to urban context is the case of water pollutidaterrepresents aector thatpassing through
wastewater treatment plants (WW§Pcarriespollutants from houses and industries to waterways,
rivers, seas, but also cultivated fields.

In such a context WWTPs have the key role to collect wastewater and, thseugfal
treatmentsto removeorganic and inorganic substances such as debris, sands, oils, nutrients and
pathogensteturningclean waterwith an advantag® the environment and the public health (Fey
1) (PadillaRiveraet al., 2016; Margott al, 2015).

Sand Bar screen Primary Biological treatment Secondary
removal clarifier Anoxic Aerobic clarifier
Iy | V1T 4 = | |Air AT vy v
Raw Treated
wastewater = > //// > > X ’ ettt ‘ Sttt ﬁ > effluent
Internal recirculation
Primary Return sludge flow
sludge Secondary

sludge
Figure X Base scheme of how adstewater Treatment Plant woilidargotetal., 2015.

Wastewater is defined as fia complex matri X
(total solids 3501200 mg/l), dissolved and particulate matter (chemical oxygen demaiid (Z&D
mg/l), microorganisms (up to 109 numbek)n nutrients, heavy metals and miggoo | | ut ant

(Warwick et al, 2013). Wastewater composition strongly depends on factors such as human and
industrial activities, lifestyle, sewage technical and juridical frameworks, seasonality of
mi croorgani sms, ur b a orbas rusofifienze & Qotheéan, g00]; Mutlet &, x t ar
2020; Singh & Gupta, 2016; LaMartiret al, 2021). All these factors contribute to the possible
presence and concentration of micropollutants in wastewater, including heavy metals and metalloids,
hydrocarbons, pesticides, pharmaceuticals, personal care products, micro aptas@roand others
WWTPs are not designed to remove theseropollutants,unlessthrough indirect means by sorption

onto particulate matter, biotransformation by microorganismesady present in depuration phases,
volatilization and photolysis or hydrolysis. Forsheasonsome micropollutants can pass through the
depuration processes unscathamhcentratingn water and sewage sludges galiringinto surface

and groundwater and in soil (Abba&sial,, 2022 Polinskaet al, 2021, Margogt al, 2015, Balbaket

al., 2017).

Currently in Italy, the control of pollutants in waddeaving treatment plants is limited to
specifics ubst ances and chemical parameters as repoli
n. 1 BttAso/wwyv.gazzettaufficiale.it/dettaglio/codici/materiaAmbientalEmission limits are
divided in two categories, waters from urban WWTPs and waters from industrial W\RdhRameters
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subjected to emissions limits controldischargavaterare reported in Table 1.

Table 1i Parameters for which there are emission limits in urban and indusasétwater.
Parameters subjected to emissions limits control

Urban wastewater discharged in surface water Urban wastewater discharged in
bodies sensible areas
BODs Total phosphorous (P)
COD Total nitrogen (N)
Suspended solids

Industrial wastewater discharged in surface water bodies, sewage and soill

Ph Temperature Colour Smell
Bods Cod Suspended Solids Coarse Materials
Aluminium Arsenic Barium Boron
Cadmium Total Chromium Chromium Vi Iron
Manganese Mercury Lead Nickel
Copper Selenium Tin Zinc
Total Cyanides| Free Active Chlorine Sulfides Sulfites
Chlorides Fluorides Total Phosphorus Ammonia Nitrogen
Nitrous Nitrogen|  Nitric Nitrogen An'malé\ézgghasble Fats Total Hydrocarbons
Phenols Aldehydes Aromatic Organic Nitrogenous Organic
Solvents Solvents
Total Surfactantg Phosphorus Total Pesticides -aldrin; dieldrin
Pesticides
-endrin; isodrin | Chlorinated Solventy  Escherichia coli Acute Toxicity Assay

As can be seen in the table above, the substances that are currently being controlled are a limitec
list that excludes other important and potentially harmful micropollutants. This issue also applies to
those waters and sludges that are intendeth&r use in agriculture for irrigation or fertilization of
fields. In Italy thelegal limits of substanceshat could be presenh sewage water for reuse in

agriculture ar e reported i n AfnDecr e
(https:/lwww.gazzettaufficiale.it/eli/id/2006/05/06A04475/sy, while those for sewage sludge use
ar e reported I n ADECRETO LEGI SLATI VO 2

(https:/lwww.gazzettaufficiale.it/eli/id/1992/02/15/092G0139/sg). In the present work sewage sludge
limits taken into consideration are those in effectiniRegn e Lombar di a and repoca
N. 6665 Del 14/05/2019, atto nA 263 f@d. All the
chemical parameters, such as BOD and COD, heavy metals and metalloids, some organic pollutants,
micrornutrients, and biological parameters such as the presenEscbérichia coli(Migula, 1895)
Castellani & ChalmerandSalmonellaspp

Heavy metals and metalloidsepollutants @ particular relevancbeingnatural element&hich
include some fundamental for biochemical and physiological processes, such as Cu, Fe. and Zn
However,they canstill be harmful if their concentration exceeds certain levelsman activities
includingindustry, mining, urban and sewage wastewatercani@inpest control chemicalsan lead
to accumulation or prolonged exposure to certain heavy metals and metalloids. Plants and fungi can
accumulate these elemettisough processes lileell wall binding, chelation or compartmentalization
initially causing physiological and genetic problermitese substances can result in various health
issues for humans, such as damage to several organs and, through prolonged exposure, physica
muscular, and neurolagpal degenerative procesgdaishankaet al, 2014; Raet al, 2019).

The most important and /or highly concentrabedvy metals are reported in Tableang
with their effects on human health.



Table 2 Most common heavy metals, their usagpnoduction and industry and their effects on human health.
Heavy metal Usage Effects

Cause acute and chronic intoxications,
osteoporosis, lung, bones dadney
damage. Can remain in soils and
sediments for decades.

By-product of zinc production,
Cd rechargeable batteries, special alloy:
and plastics production

Metallurgy industries, electroplating,

production of paints and pigments, Formation of ulcers, DNA damagelant

Cr tanning. wood preservation. chemice chlorosis and necrosis and inhibition of
9, P ’ I seed germination
production, pulp and paper productig
Ni L?g;?gt'; nst ;?]Ln;ittaelrg;?ssctlon, Cancer, respiratory failure and dermatitis
Gasoline and house paint Mental retardation, birth defects,
Pb plumbing pipes, storage b'atteries psychosis, autism, hyperactivity, paralys

muscular weakness, brain damage, kidn

cosmetics damage and may cause death

The health risks associated with accumulating substances in cultivated and commonly
consumed plants and crops argl-known and closely linked. Due to these risks, the use of water and
sludge for agricultural purposes, along with the heavy metal content in discharge waters, is subject to
very strict limits.

What remains excluded from current legal limits arestinealled emerging pollutardsnatural
or artificial compounds such as pharmaceuticals and personal care products. These substances can ent
various ecosystems and accumulate in food chains, posing a critical issue for the health of animals anc
humans. Emaging pollutants end up in wastewater, and as a result, they are found in superficial and
groundwaters in quantities on the order of nanograms and micrograms. Termed 'emerging’ pollutants,
these substances have only recently come to light due to advamsemeletection methods. The
challenge with these emerging pollutants, being new substances, lies in the lack of knowledge regarding
their identification and negative health effects. Consequently, there are currently no legal limits
regulating their emisens (Ilvshinaet al, 2018; Stefanakist al, 2020; Bellet al, 2011).The only
existing tool for monitoring such substances and understanding their potential effects on ecosystems is
the secalled Watch List (Directive 2013/39/EU). Through continuousitoang, substances that may
potentially harm water status are added to the list, updated every two years (@&badljr21). This
list encompasses hormones, personal care products, some of the most commonly found pharmaceutical
in water, as well as various pesticides, insecticides, herbicides, and fungicides (Table 3)

Table 3- List of substances added to the Watch List, type of substance and year they were added to the list.

Substance name Type of substance Watch List
Ethinyl estradiol Semisynthetic estrogen 2015 (n°1)
Estrone; Estradiol Estrogen; Steroid hormone 2015 (n°1)
Diclofenac Nonsteroidal antinflammatorial 2015 (n°1)
Butylated Hydroxytoluene Lipophilic (fat-soluble) organic compound, 2015 (n°1)

primarily used as aantioxidant additive
Octinoxate Cinnamate ester. Common ingredient in 2015 (n°1)

sunscreen and other skin care products to
minimize DNA photodamage

Erythromycin; Elarithromycin] Macrolid antibiotics 2015 (n°1)
Azithromycin

Methiocarb Synthetic carbamate ester, used for pesticideg 2015 (n°1)
Imidacloprid; Tiacloprid; Neurcactive insecticides 2015 (n°1)
Tiametoxam,; Clotianidin;

Acetamiprid

Oxadiazon Aromatic ether 2015 (n°1)
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Triallate Herbicide 2015 (n°1)

Amoxicillin Antibiotic 2018 (n°2)
Ciprofloxacin Antibacterial 2018 (n°2)
Metaflumizone Insecticide 2020 (n°3)
Sulfamethoxazole Antibiotic 2020 (n°3)
Trimethoprim Antibacterial and antiprotozoal 2020 (n°3)
Venlafaxine;Desvenlafaxine | Antidepressant 2020 (n°3)
Clotrimazole; Fluconazole; | Antimycotics 2020 (n°3)

Imazalil; Ipconazole;
Metconazole; Miconazole;
Penconazole; Procloraz;
Tebuconazole; Tetraconazole
Dimoxystrobin Fungicide 2020 (n°3)
Famoxadone Fungicide 2020 (n°3)

Since one of the problems associated with these substances is their ability to bioaccumulate in
the environment, the greatest threat is that most of the negative effects of these pollutants have yet tc
be studied. A significant example of emerging polltdais pharmaceuticals, defined as synthetic
molecules designed to produce a therapeutic effect on the body (Bxtadni2010). Once assumed,
these compounds are excreted through feces and urine as a mixture of metabolites and substances th
are often unchanged. The accumulation of pharmaceuticals in the environment can lead to the
phenomenon of antimicrobial resistangeatimicrobial resistance is caused by continuous exposure to
pharmaceuticals such as antibiotics and antivirals, leading to the development of specific resistances,
through genetic mutations, in microorganisms such as bacteria, viruses, and otherssultssrr
greater difficulty in treating pathologies derived from this type of resistant organisms (Getrdina
2021). The phenomenon is also tied to the fact that part of the substances passing through the humai
body are not metabolized, and what is expelled includes both the original molecule and the metabolized
one, both capable of resisting degradation anddamumulating (Tijanét al, 2013).

Heavy metals and pharmaceuticals are good examples, respectively;kfiovel and strictly
controlled pollutants, and emerging pollutants whose dynamics are not yet completely clear. The issue
of heavy metals, as elements of an already established @mmdahe issue of pharmaceuticals, whose
problem has arisen and is developing in recent years, constitute the primary focus of this PhD thesis.
In addition to these two examples, the literature on the subject is replete with other case studies
involving pollutants whose problems should not be underestimated, such as hydrocarbons, pesticides,
and microplastics. These pollutants, sharing similar issues with heavy metals and pharmaceuticals, car
easily be found in wastewater, soils, and surface water, acatinguand posing a potential threat to
human health and ecosystems.

Polycyclic aromatic hydrocarbons (PAHS) are organic pollutants consisting of multiple benzene
rings. They can originate from natural sources, such as volcanic activities, and from artificial sources,
including petroleum refining, chemical production, andustrial processing. PAHs are commonly
found in wastewater and surface waters. Due to their high hydrophobicity and low aqueous solubility,
their deposition and adsorption in the soil are increased. Their dispersion in the environment makes
them dangerougollutants, with studies reporting health effects such as various types of cancer, heart
diseases, and immune system suppression (Zbteailg 2019; Pateét al, 2020; Zanget al, 2020).

Pesticides constitute another category of pollutants that share a similar pathway with
hydrocarbons. Pesticides are chemical substances with different molecules and gbleysical
properties, used to eliminate or interrupt the normal life cycle ofinastganisms (e.g., insecticides,
fungicides, herbicides). Their primary use is in agriculture to protect crops from harmful organisms or
increase plant productivity. These substances then leach into water and soil, posing a health risk, as
some pesticideare likely mutagenic, and others can cause poisoning, cancers, and other syndromes
(Hassaret al, 2020; Salelet al., 2020).

PAH, phenols, pesticides and their derivatives are considered priority pollutants and therefore
their presence and concentratiare constantly monitored. As already mentionedlable 1, these
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pollutants are some of the parameters subject to legal limits for water discNdegéswater treatment
plantshave the duty teegulate their presengeremovng or loweling the amount of these pollutants
through different methods and technologigSor PAH and phenols, different treatmentan be
empbyed each with its own pros and cossch asoagulation, flocculation, bioremediation, chemical
oxidation, fhotocatalytic degradatioadsorption and others (Zangbal, 2020). Pesticides are treated
similarly throughchemical tretamentaimedto hydrolize the contaminantsdagulation ozonation,
fenton treatment), photochemical degradatextive carbons and/or the use of membrane bioreactors
for pesticides difficult to degrade (Salehal., 2020).

PAHs and pesticides are wé&town pollutants with precise regulations aimed at solving or
containing the problem. Among the emerging pollutants, in addition to the allesmssed
pharmaceuticalghereis the increasingly evident problem of microplastics. Microplastics are defined
as plastiederived fragments that are less than 5mm in size. These fragments are easily dispersed in the
environment and can enter food chains, accumulating and posing & sesioto living beings. It is
reported that the presence of microplastics in soil and water can have adverse effects on plants by
altering their growth and becoming a stress factor, and on animals by causing obstruction and organ
damage. Since some mictasgtics may derive from products that are mixed with other chemicals, they
can easily become carriers of toxic substances, pathogens, and other pollutantet @Chi2021;
Temporitiet al, 2022).As considered emerging pollutants, there is currently no regulation over the
content of microplastics in waters. However, some traditional treatments used in wastewater treatment
plants can reduce microplastics' concentration. The desanding and priniaagrgation processes are
already capable of removing fro20 to 90% of microplastics, but the removal efficiency greatly
depends on the size and weight of the fragments. Even the biological process of activated sludge, the
basis of biological water treatment, can reduce the content of microplastics, as bacteria and
microorganisms can ingest them, creating aggregates that are more easily removed in the secondary
and/or tertiary treatment phases (Kletal, 2022).



V The challenge of Myceremediation

Pollution is a constant and pressing concern; therefore, the continuous search for solutions to
eliminate hazardous compounds and prevent their spread in the environment has become essential
Wastewater treatment plants primarily focus on macro pollutaifgs microorganisms, and nutrients,
while their efforts directed towards micropollutants (e.g., heavy metals) and emerging pollutants (e.qg.,
pharmaceuticals) remain somewhat limited. Depuration processes can partially decrease the content o
emerging pdutants through mechanisms such as dilution, sorption, photolysis, volatilization,
flocculation, or sedimentation.

Traditional methods for micropollutant control and removal are based on physical and/or
chemical methods, including membrane filtration technologies, Fenton oxidation processes, activated
carbonmediated adsorption, photocatalysis, electrochemical oxidapbotocatalytic membrane
processes, ultrafiltration, and ozonation. However, these methods are often expensive or do not
guarantee the removal of certain substances (Arehatl 2021). For instance, in wastewater derived
from urban sewage, pharmaceatimolecules are partly degraded by traditional depuration techniques.
However, some of these molecules, more or less untouched, may reach the end of the water line anc
enter natural waterways. The efficiency of removing these substances is also higlilie \due to
conjugation/deconjugation processes that can occur, transforming pharmaceutical molecules into their
metabolites through metabolization in the human body and vice versa in wastewatest@h@019).

Over the past 560 years, the concept of bioremediation has become increasingly popular as
an alternative technique to be used, either alone or coupled with conventional techniques, to address
t he probl em of environment adl bepdefinédduas ahe tuse. of i B i
microorganisms and/or their metabolic processes to remove, reduce, eliminate and/or transform
pollutants from soil, water and air (Boopathy
scientist named George Robinsdmat tried to clean up an oil spill in California employing
microorganisms; since then the interest and applied research in this field has been expanding more anc
more Omokhagbor Adamet al., 2015).

Compared to conventional techniques, bioremediation can be applieth sitihandex sity
depending on the type of contamination, application feasibility, and coiriegitu remediation is
performed directly at the site where pollution occurred. It is usually less expensive, but the choice of
application depends strongly on s#gecific factors such as geography, and natural anéhatmal
environmental parameters that calter or disturb the remediation efficiendygx situ remediation
involves traislocating the pollutant or the contaminated matrix to a location where it can then be treated,
making it a potentially expensive method (Azubudteal, 2016) Bioremediation, in general, is less
expensive than other techniques and preserves the natural state of the site where it is applied. Compare
to other methods, bioremediation is better accepted by public opinion and can be used alongside
traditional physial or chemical methods (Boopathy, 2000). Microorganisms commonly used in
bioremediation studiemclude bacteria, archaea, algae, or fungi, either individually or in consortia
(Abatenhet al, 2017). The strength of these organisms lies in their ability to tolerate different
concentrations of pollutants and enzymatically degrade recalcitrant molecules.

Regarding the use of fungi for bioremediation, the correct term is 'mycoremediation,’ which
refers to the use of fungal organisms for the removal and/or degradation of pollutants. The use of fungi
for environmental applications has garnered significaetést, with the number of publications on the
subject nearly tripling in the past five years, owing to their potential and diverse applications (Rajhans
et al, 2021; Andersost al, 2016; Singlet al, 2020; Nomaret al., 2019).

The effectiveness of fungi in this field is given by their peculiar growth which, by creating a
vast network of hyphae, ensures that the surface area/volume ratio is optimal for passive removal
mechanisms (bioadsorption) and at the same time ensuresettterehess of their enzymes for active
degradation mechanisms (biodegradation). Fungi are also able to tolerate high concentrations of heavy
metals and adapt rapidly to changes in pH and temperature making them versatile and resilient
organisms (Akhtaetal., 2020).

The most studied pollutants in the field mfcoremediation are heavy metals, and organic
pollutants such as hydrocarbons and pharmaceuticals.

Fungi are organisms with exceptional metaksistance, i.e. the ability to survive heavy metal
and metalloid induced toxicity through morphological, physiological and/or genetic properties and/or
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through environmental processes to modify their toxicity. This ability comes from the number of
interactions that fungi can enact with metals and metalloids (Figure 2).

Vacuole subcellular L Cell wall
compartmentation ~———]

M excrete #% i - GSH-M complex
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—— vacuolar
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—— Plasma membrane
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\
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Enzymatic
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Bio-volatilization

Siderophore

Figure 2 Fungatmetal interaction and detoxification mechanisms (Gétaal, 2016).

1 Precipitation and complexation: production of extracellular molecules or substances that
can chelate metal ions or precipitate them into oxalates, sulfates and phosphates.
Precipitation of metals reduces their bioavailability.

1 Intracellular uptake and detoxification: binded metals can be uptaked into cells where
different mechanisms can be put in place to reduce the toxic effects of certain elements.
Methylation is a reaction where the metal is transferred to a methyl group altering his
solubility, volatility and toxicity. Metallothioneins and phytochelatins are compounds
able to bind metalons and reducing their production of reactive oxygen species.
Another method of detoxification is related to the compartmentalization of metals and
metalloids within the vacuole, regulating their concentration in the cytosol.

1 Cell wall binding: cell wall represents the first point of contact between the fungal cell
and the environment. In particular, the cell wall is rich in potential binding sites provided
by its main constituents. Polysaccharides, peptides, chitin and ctutbase different
functional groups such as carboxyl, hydroxyls and amides which have strong binding
properties towards metains.This type of binding occurs through a passive, reversible,
physicatchemical mechanism, not linked to the metabolism ofdiganism. This,
unlike previous detoxification mechanisms, also allows dead fungal biomass to be
utilized for myceremediation of metals and other environmental pollutants (€haln
2016; Gadd, 1994; Abbat al, 2014).

Effectiveness in removing heavy metals is related to several factors, first of all the species that
is being usedas different species have different binding sites with certain affinities toward metal ions.
In the study carried out by Gabriet al, 1994 a certain selectivity was found fatereum hirsutum
(Willd.) Pers.toward Pb and foGanoderma applanatuifiPers.) Pattoward Cd, Al, and Ca. Among
Basidiomycete®leurotusostreatus (Jacq.) P. Kummis one of the most studied species due to its
rapid growth and ease of adaptation and is capable of remove a wide range of metals such as Cd, Mg
Hg, Cr, Pb, Ni, Zn (Akhtaet al, 2020; Kaphaet al, 2017; Dulaiet al,, 2015).Agaricus bisporuss
another deeply studied species particularly active toward Cd (lI), Cr (VI), Zn (ll), Pb, Hg, Fe, Cu, Mn
(Hamba & Tamiru, 2016; Ertugay &ayhan,2008; Nagyet al, 2017;Tlzenet d., 1998). Other
species used extensively in this field are micro fungi su&spsergillus niger Tiegh,

Saccharomyces cervisi@@esm.) Meyerand genufhizopugAkhtaret al, 2020; Danesht al,, 2013;
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Hanif & Bhatti,2015; Danhkhar Hooda, 2011).
Not only does speciespecific selectivity play a key role in the removal of heavy metals and
metalloids, but also a number of chemical and environmental parameters such as:

1 Type of biomass: free or immobilized biomass is an important difference based on the
type of application and the role that the organism may plays on the matrix to be treated.
How the biomass is grown also affects the contact surface available for theptiaoso
process. Live or dead biomass has implications for the type of interaction between
organism and pollutant and thus whether the biological process is active or passive.
Another factor could be also if the biomass istpeated, natural or engineered

1 Physicochemical parameters: temperature is a crucial factor for fungal growth. Each
species has a different temperature optimum that enable the most efficient growth: lower
or higher temperatures can stop mycelium growth or damage the orgaAwislity is
an important factor both for vital parameters of the fungus and for the biosorption
process. Just as with temperature, each species can tolerate a certain pH range, outside
of which the growth and metabolic functions of the organism are grakéyed.
Biosorption is pH dependent as acidity alters the effectiveness of binding sites, metal
solubility and the activity of functional groups.

1 Others: biomass concentration, initial ion concentration and the affinity between metal
and biosorbent are other parameters that can substantially alter the effectiveness of metal
uptake (Abbagt al, 2014; Danhkhar Hooda, 2011).

Fungal activity towards organic pollutants follows different processes and dynamics than those
described for heavy metals and metalloids. When discussing mycoremediation applied to organic
pollutants, such as pharmaceuticals in the case of this PhD #e&sal mechanisms come into play
for their removal. The processes regulating fuAgli@rmaceutical interactions can be either simple
biosorption (a passive mechanism) or biodegradation (an active mechanism), with the latter exploiting
the range of enzynseproduced by fungi (Nomaat al., 2019).

Biosorption of pharmaceuticals is based on their hydrophobicity: highly hydrophobic molecules
are better degraded through the combination of biosorption and extracellular enzymes, while
hydrophilicmolecules are mainly removed by biodegradation. Compounds bonded to the cell wall are
then degraded by secreted extracellular enzymes, resulting in the production of pharmaceutical
degradation suproducts or metabolites, or they are transported into dleand degraded by
intracellular enzymes.

Similar to heavy metals, several parameters make fungi particularly efficient at degrading
pharmaceuticals and other organic pollutants.

1 The nonspecificity of their enzymes allows them to act on a wide range of substances.
More in detail,enzymatic degradation can be divided into two type, one operated by
extracellular enzymes, such as Laccase, Manganese Peroxidase, Versatile Peroxidases
and Lignin Peroxidase and one operated by intracellular enzymes such as the
cytochrome P450 enzyme sgst.

1 Access to pollutants by the fungal mycelium is essential in order to achieve a greater
surface area for enzymes action and also a greater effectiveness of the passive processe:
that bind compounds to the fungal cell wall. It is therefore important to wnsgalf
species or strains capable of rapid growth, both to have a greater hyphal network and to
be able to counter possible competitors, such as bacteria, fungi, and other
microorganisms, in order to apply myoemediation on larger scales or on real-nhon
sterile matrkes.

1 Fungal enzymes are capable to degrade compounds in substrates poor of nutrients and
in a wide pH range between 3 and 9 (Nagdil, 2019).

An important factor to take into account, on which the degradation of substances by fungal enzymes
depends, is the chemical composition of the compound itself, particularly the functional groups. For
this purpose, functional groups can be divided into ¢ategories, electron donating and electron
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withdrawing groups Electron donating functional groups such as hydrok@H), amine {NH>),

alkoxy (OR), alkyl { R) and acyl {COR) characterize compounds reportetd¢adegraded by fungi

with high efficiency. On the contrary difficult to degrade compounds are associated with electron
withdrawing groups such as amideCONRy), carboxylic { COOH), halogeni(X), and nitro (NO2)
(Yanget al, 2013). The breaking of these bonds leads to the formation of metaboleprducts

that could have similar pgistency and/or toxicity compared to the parepitarmaceutical.
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V Wood Decay Fungi

Fungi are amazing organisms found all over the world, thriving in various environments, from
common settings like forests and cities to extremely hostile ones such as glaciers, deserts, mines, ant
deepsea bottoms (Newsham, 2012; Selbmanral, 2013). Their remarkable ability to adapt and
survive has led fungi to inhabit almost every habitat. Currently, about 150,000 species of fungi have
been identified and classified, while various studies estimate the total richness in fungal species to be
between 1 ah 13 million. In recent years, the discovery rate has been around 2000 new species per
year, with Agaricales PleosporalesandHypocrealegepresenting the orders with the largest number
of species discovered (Bhunjenal, 2022).

Fungi are eukaryotic heterotrophic organisms, meaning they need to acquire organic
compounds from the environment for their metabolic functions. Fungi can exist in unicellular forms or
be organized into a network of filamentous cells called hyphae. Timepecassentially divided into
two main groups: micrdungi and macrdungi, based on their reproductive structures, which can
remain microscopic, such as conidiophores, or form large and macroscopic structures, such as
sporocarps (Arnolds, 1992).

This work is mainly focused on macroscopic Wood Decay Fungi (WDF), organisms that utilize
the main components of the plant cell wall for their metabolism. WDF are saprotrophic and/or parasitic
organisms of plants. In forest ecology, they play a crucialirotlegrading organic and lignocellulosic
matter, promoting the recirculation of nutrients and elements, especially nitrogen and carbon (Lonsdale
et al, 2008).

The type of degradation they carry oatt the expenses of the host plastwhat distinguishes
them into three macroategories: brown rot, white rot and soft rot fungi. The first one denotes a
selective degradation of cellulose and hemicellulose, leaving a crumbly dark brown residue, the second
one performs a complete degrada of all wood components, making the substrate bleached, spongy
and frayed and the last one carries maistly a superficial degradatiors¢hwarze, 2007; Goodedt
al., 2008). The type of degradation and aggressiveness of the fungus, with associated damage towarc
the host, varies greatly from species to species and depends on different factors such as their enzymati
production, conditions for secretion, alternative{emzymatic pathways and environmental conditions
(Giromettaet al, 2020). Two main enzymes categories involved in wood degradation are hydrolyses
and oxidereductasesof which the former is involved in the degradation of cellulose and
hemicelluloses, antthe latter in the degradation of lignin (Bucktal, 2004; van den Brink, 2011).

Cellulose, composed by-D| uc os e uni tl4gysosidia borkle are degraded by
cellulases, a class of enzymes that could link to different and specific sites of cellulose fibers through
acarbohydrate binding modul e. Cell ul ases- ar e
glucosidasesEndoglucanasesict upon the amorphous regiors e v e r-1,4glycoidic bonds
releasing chain endsyhile exoglucanaseeemoves tetrasaccharides or disaccharides from exposed
chains b-glucosidaselydrolyseglucose dimers to glucose.

Hemicellulose forms a complex matrix with other components of the cell wall, so the joint
action of different types of enzymes is requif@dts degradationxylanases (endd,4-b-xylanase and
exo-1,4-b-xylosidase), mannanases (erz®,4mannanase and exXwl,4mannosidase) and a series
of accessorial enzymes.

Lignin degradation occurs thankslignin-peroxidases, manganegeroxidases and laccases.
Lignin peroxidases can oxidize a wide range of compounds in the preseng@.dh i t canoét
directly to lignin due to its size being too large for the active site of the enzyme. In order to attack
lignin, peroxidases generate small radicals capable to enter lignin matrix and oxidize it. Manganese
peroxidases, in the presence o) oxidize a Mri+ ion into Mr*+, that is stabilized by organic acids.

The Mri+ion can penetrate the lignified cell wall where it oxidizes phenolic anephenolic lignin
components.

Laccases are monomeric, dimeric, or tetrameric glycoproteins, containing multiple copper
atoms that oxidize phenolic compounds (in defined conditions alsepmamolic compounds),
polyphenols, methoxgubstituted phenols or diamines, forming radicalsdhatrepolymerize or cause
depolymerization (Andlagt al, 2018; Hofrichter, 2002).

In addition to those already mentioned, furgithmicro and macro, are capable to produce a
13



wide variety of other enzymes, which constitute about 50 % of the enzymes on the market. Enzymes
can be classified into six main groups (El Gesidal, 2022)

1 Oxidoreductases: catalyse oxidation/reduction (redox) reactions and play a key role in
hostspecific virulence and in protection against host defences and environmental
stresses (Yet al, 2020). Lignin peroxidases and mangarngsexidases are two of the
most important enzymes, especially for whité fungi that use them for lignin
degradation.

1 Transferases: catalyse processes essential for amino acids and protein synthesis in cells.
Glutathione transferases is particularly important for fungi thanks to its wide substrate
specificity and the potential to detoxify a wide range of toxic compounds.

1 Hydrolases: catalyse the hydrolysis of the substrate through the addition of water. Fungi
produces many hydrolases such as proteases, amylases, lipases, and cellulases. The latte
is fundamental for WDF for cellulose degradation togethere¥thand endeglucanasi
and cellobiohydrolases. Another important enzyme of this category are chitinases due
to the fact that, after cellulose, chitin is one of the most widespread polymers in nature.

1 Lyases: catalyse the addition or elimination reaction with the formation of a new ring
structure or new double bonds. Fungal pathogenicity depends also on lyases, in
particular on pectin lyase, that is involved in plant cell wall degradation.

1 Isomerases: catalyse the conversion of two isomers of the same compound.

Most important fungal isomerases are glucose/xylose isomerase that corgkrtege
and DXylose into Dfructose and EXylulose.

1 Ligases: catalyse the formation of a new bond between two molecules to form a new
compound and their main role is to modify the cellular nucleic acid content.

Thanks to their enzymatic and metabolic activity, new application frontiers have opened to the
world of fungi such as industrial, environmental and biomedical. In industry, mushrooms find
application in1) food industrieso reduce acrylamide formation in some production lines or to improve
yield and/or extraction of products for bevera@g@gloiting mostly species of genusspergillug; 2)
pulp and paper industries use mainly species of géspsrgillus Fusariumand Trichodermato
improve quality and properties of pulp and detoxify and remove undesired elements fronB8paper;
textile industries, mainly genusspergillusandTrichoderma for the bioscouring, use of pectinases to
remove pectine and waxes from fibres, cotton fibres and cellulose fabrics and to remove or recover
certain substances. Fungi find application also in biomedical field for the secretion of enzymes with
antimicrobal, anticancer and antioxidant effects or for their usdénproduction of substances with
such properties (El Gendt al, 2022).

The use of fungi for environmental applications is a topic that has captured enormous interest,
with the number of publications on the subject nearly tripling in the past 5 years. Wood Decay Fungi
(WDF), in particular, are employed for the bioremediatiot hiodegradation of undesired compounds
and pollutants, including pharmaceuticals, heavy metals, hydrocarbons, and dyes€i&hta020).
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PhD project aims
The objective of this PhD project is to apply the concept of Mgooediation to sewage sludges
and wastewater, aiming to improve their quality by removing heavy metals and/or degrading
pharmaceuticals.
To achieve this goal, several steps will be taken:
1) Collect and acquire different fungal species and strains to obtain a diverse pool of fungal
strains for selection based on performance.
2) Test the strains for their ability to grow on sludge and remove heavy metals.
3) Evaluate the strains for their capability to degrade pharmaceuticals under controlled
laboratory conditions.
4) Select the begierforming strains capable of functioning in real matrices, such as wastewater,
and conduct tests to determine the optimal conditions for the fimagald treatment.
5) Test the best strains at a pilot plant scale.
A graphical abstract of the PhD project is provide#igure 3.
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The present PhD project was supported by Regione Lombardia, POR FESR02(4Call
HUB Ricerca e Innovazione, Progetto 1139857 CE4WE: Approvvigionamento energetico e gestione
dellar i sorsa idrica nell ottica dell 0Economila Ci
steps of this PhD project, from strain collection to experiment design and analyses, were done in
collaboration with two wastewater treatment companies: CAP Holdirg arul A2A Life Company.
The two companies, leaders in the water treatment sedtombardia (Italy) not only provided their
knowledge and experience on the topic but also provided the substrate (wastewater, sewage sludge
etc.) for each experimenthey also provided funds to perfortine analyses gbharmaceuticals in
wastewaters.

To do so several goals were set for each year of PhD:
1styear objectives
1 Collection of fungal strains from two wastewater treatment plants: Mycofloristic analysis
morphological and DNA identification of isolated stra#gsconservation in the MicUNIPV
researcHungalculturecollection
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Growth tests osewagesludgesAp Initial fungal strains selectipn
Heavy metals biosorpticiests

Pharmaceuticals degradation tests

Choice of substrate and analytes on which to focus research

E N

Collection, isolation and identification of fungal samples has continued throughout all three years of
the PhD project Collection and characterization of some W8&iRinsused in this PhD projecteve
performedin collaboration with Marco Cartabia PhD projeMOGU S.rlandpr oj ect- A MY (
ADVANCED LEATHER MATERfuAdeddy KohAzibfeROarplo & Regione
Lombardia, grant n° 2018765.

2" year objectives
1 To test WDF strains in discharge watesm two different wastewateéreatmencompanieso
evaluate their degradation capabilitigsselect the mogiromisingspecies
1 To test selected species to understand the best contact time between fungal mycelium and
discharge wateilreated wastewat@hysicalthemicalparameters weranalysed
1 To test the best stragrselected in incoming wastewater

3 year objectives
1 To test the type of inoculum thatchievesbetter degradationesultsand higher mycelium
resistancegainst othemicroorganisms
1 To test the best strain degradation capabilitigslat plart scale
1 Erasmus Traineeship to collect new fungal strains for fugxwperiments and applicatians

20



Chapter 1. From field to laboratory: sampling and fungal strains isolation

Applied mycology establishes its foundation through research culture collections. Among their
various activities, culture collectiopseserve and utilize cultures and specimens for scientific research
and industrial exploitation. By maintaining a diverse collection of fungal strains, it becomes possible
to test different species and genera, each possessing distinct characteristigmhbilidies.

The initial phase of this PhD project involved extensive bibliographical research and the
sampling of new fungal strains, encompassing miigngi such as molds, yeasts, pseyeasts, and
Wood Decay Fungi (WDF). This sampling is complemented by essewti@ities including the
isolation of mycelium in pure culture and the identification of strains, as illustrated in Figure 4.
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Figure 4 Schematization of the whole process of collegtisolation and identification of fungal strains.

To achieve this, several sampling campaigns were conducted with the aim of supplementing the
strains available in the MicUNIPV research fungal culture collection of DSTA, University of Pavia,
with new species and strains from various taxonomical groups. TtieNVPV collection currently
comprises 600 different strains, primarily from the Basidiomycota division, with a predominant focus
on Wood Decay Fungi (WDF) within the polyporoid group. This group of fungi includes several
species suitable for myeemediaion studies due to their enzymatic potential. However, it is crucial
to consider other phyla that could also be potentially useful, such as corticioid fungi and species from
the Ascomycota division. For these reasons, multiple sampling campaigns and btdkebeen
conducted throughouie project:

1) A mycofloristic analysisto assesghe fungal communitycompositionof two wastewater
treatment plantcoupled withfungalstrainsisolation
2) A collection and characterization of WDF strainem northern Italy in collaboration with

Marco Cartabid@hD project;

3) A collection and characterization @blyporoid and corticioid fungal strains from Spaim
collaboration with Salamanca University

The initial step involved understanding the extent of fungal presence within wastewater
treatment plants (WWTPs). This process, known as mycofloristic analysis, is essential for
comprehending the fungal groups commonly found in WWTPs and identifying spelaipted to this
artificial environment. By obtaining a comprehensive understanding of the fungal communities in each
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tank and treatment phase, the feasibility of applying nmgooediation without altering the community
composition is assesseks an examplelrichoderma asperelluiSamuels, Lieckf. & Nirenbeng the
most common species found in baWTPs analysed Utilizing this species for bioremediation
purposes would not significantly disturb its already prevalent presence within the tanks. Conversely,
the use of underrepresented or potentially pathogenic species to humans or plants could disrupt the
fungal commuity or cause environmental damagdée mycofloristic analysis also facilitates the
collection and isolation of the sampled organisms. In the case of-faiegg the sampling process
begins with collecting the matrix they are expected to inhabit, such as wastewater and sludge. Multiple
samping campaigns were conducted between late 2019 and early 2021 at various locations along the
water and sludge line and during different seasons. This approach ensures observing variations in the
fungal community not only spially but also over timeWater and sludge collected were diluted and
spread onto petri dishes containing culture medium (malt extfadsZa common culture medium for
fungi as itcontairs a lot of nutrients for their growthRilutions are a fundamental practice with micro
fungi that enables the observation of the growth of both slow andrasing species. Once fungal
colonies appear on the plates, an initial morphological identification is conducted. Macroscopic
characterigcs of the colony make ieasy to distinguish moulds from yeasts and pseedsts.
However, an observation under an optical microscope is necessary for an initial identification.
Subsequently, a sterile fragment of the colony is collected and placed in a glass tube containing new
growth culture medium, sealed with a cotton cap to maintain sterility while allowing gas exchanges.
These labeled glass tubes are incubated at 25°C. phesedures ensure the acquisition of a pure
culture of the fungus of interest starting from its ogicfree from contaminations by other organisms.

The samplingand isolation of fungi that possess a macroscopical fruiting,mah as the
previously mentioned WDHFollows different procedureom those of micrdungi. If micro-fungi
have soil or water as their natural growth environment, WDF gimoplants and/opn plant material.
For this reason, fieldwork related to fruiting bodsasnplingstarts with the identification of suitable
environments to host these organisms: forestgyralparks, and in some cases urban environments.
The search for specimensiigne simply by walking within the designated area of interestomating
basidiomata odiving and deadireesand logs/vegetal remains. Once a specimen is found, if the
condition is such that isolation can be performed (not visibly compromised or rotting), it is collected
and information such as the habittite geographic coordinates, and thest speciesis recorded.
Informationregarding thehostis particularly important because some species of fungi growamly
particularhostspeciesHost informaiton can be critical for an accurate morphological identification of
the fungal specimenMorphological identification, performed with manuals and dichotomous keys,
must beconfirmed by a molecular DNA identification based on the ITS region, the barcoding region
for fungi (Harnellyet al, 2022)

After collection and initial morphological identification, the crucial step in applied mycology
occurs: mycelium isolation in pure culture. Isolation in pure culture entails obtaining a culture, either
in petri dishes or glass tubes, that contains onlyntigeelium of the species of interest, free from
contamination. Obtaining the strain in pure culture is fundamental for mycological collections and
serves as the starting point for any application based on fungi.

Isolating Wood Decay Fungi (WDF) in pure culture can be achieved in various ways. If the
basidiomata is thick enough, as seen in specie$bkees fomentariug..) Fr. orPleurotus ostreatys
direct isolation is possible. This process is carried out under sterile conditions, either under a biological
hood or near a flame. A piece of basidiomata is taken from its context, the interior of the fruiting body,
and transferred into a petri dish taiming Malt Extract Agar culture media + Chloramphenicol
(antibiotic). The section of basidiomata must be obtained from a part of the fruiting body not in direct
contact with the environment, such as the hymenophore, to prevent contamination by other organisms.
On the other hand, if the basidiomata is thin and does not allow for direct isolation, as is the case with
corticioid fungi, isolation from spores is performed. In this study, spores from corticoid fungi were
obtained using two different methods explaine€hapter 1.3

Following collection and isolation, another fundamergtdpis conservation. Conservation
allows the strains to remain vital and ready for use even after long periods of time. First of all, the
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mycelium of each strain is transplanted from the plate in which the first isolation occurred into new
and numerous petri dishes, to ensure to have multiples and identical copies of the same strain. This
procedure iperformedperiodically to refresh theulturesbut also for applications purposes. A newly
transplanted mycelium will be in an active growth condition and will therefore perform much better
compared to an older mycelium. For these reasons in this study, before every experiment, new
transplarg weremade for each strain involved.

Once obtained different copies of a strain, they can be conserved in different ways:

1 Short tomediumconservation at 4°C: this type of conservai®fast and simple andig used
to keep the strains vital and ready for use from a few months to one year,

1 Long conservation aB0°C:this type of conservation requires an initial sample preparation to
avoid damage due toeezing butallows the biological material to remain viable for several
years.

All strainsused in theoresent PhD project aoeirrentlyconserved irtwo mycological collections:

1 MicUNIPV Research Fungal Stra@ultureCollection of DSTA, University of Pavia;

1 Mogu Research Fungal Strain Collection (MRFSC)

The scientificarticles presented later in this chapter describe the sareplingcampaigns that were
carried out.

In Buratti et al, 2022 (Chapter 1.1) the first samplingcampaignin the two wastewater
treatment plantss describedlIn this work a total of 151 fungal straif®longing to 107 different
morphotypesvere isolated from the watgeatmentine. Almost all of the isolated strains are miero
fungi, with Penicillium TalaromycesAspergillus Trichoderma Trichosporonsensu latdoeing the
most frequent genera. Among them, two strains of species belonging to the WDF group were also
found: Bjerkandera adust@Willd.) P. Karst.(not mentioned in the paper) alrgex latemarginatus
(Durieu & Mont.) C.C. Chen & Sheng H. Wited in the manuscriptlso by its previous name
Oxyporus latemarginatuDurieu & Mont.) DonR. B. adustais an already known species for its
potential in the field of mycoemediation(Aydin et al, 2016; Covincet al, 2016; Dhimaret al,
2020).

Most of the WDFs used in the PhD project were either already available in the MicUNIPV
collection or were collected during the sampling campaign described in Catabje2022 (Chapter
1.2). In this study, a total of 96 different strains belonging tdliférent species were sampled and
identified through morphological and molecular means.

Between October 2022 and January 2023, another sampling campaign was conducted in
collaboration with Salamanca University (Spain). The objective of this work was to expand the
selection of strains potentially useful for applications in the field of Amigewdiation. While many of
the species tested in this field belong to the polyporoid group, those in the corticioid group are still
relatively understudied, despite being equally interesting for their enzymatic potential. Therefore, with
this work, we aimedo broaden the selection of available strains for future applications, with the goal
of testing and discovering new species for the degradation and/or removal of pollatdngsstudy,

120 basidiomata were collected from two biogeographic areas of Spain: the Mediterranean zone in the
center of Spain and the Eurosiberian oceanic climate zone in the north of the Iberian P@rimsea

4). These samples were morphologically identified, and, wherever possible, the isolation of mycelium
in pure culture wa performed from spores or directly from basidiomata. The mycelium of 55 strains
was successfully isolated and further confirmed by-b&Sed molecular identification of DNA. The
results of this research are reported in the third paper presented in Ghapiurattiet al, 2023b,
currently in draft form and submitted to the pegriewed scientific journal 'Forests' (MDPI).

Each of the two sampling campaigns is accompanied by a description of the mycelium obtained
in pure culture. Each strain was characterized by observing the macroscopic features of the colony (e.g.,
color and appearance of the aerial mycelium), the micpdsdeatures of its hyphal component (e.g.,
size and peculiar structures), and the growth rate.
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1.1Fungal Diversity in Two Wastewater Treatment Plants in North Italy
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Abstract: In urban wastewater treatment plants, bacteria lead the biological component of
the depuration process, but the microbial community is also rich in fungi (mainly molds, yeasts and
x Ul UE O1 ahoselthkodoi@al diversity and relative frequency depend on several factors, e.g.,
quality of wastewater input, climate, seasonality, and depuration stage. By joining morphological
and molecular identification, we investigated the fungal diversity in two different plants for the
urban wastewater treatment in the suburbs of the two major cities in Lombardia, the core of
industrial and commercial activities in Italy. This study presents a comparison of the fungal diversity
acrossthe depuration stagesby applying the conceptsof Y1 @@ and ¢ E D Y | ELtbEaldsi(fainly
with Aspergillus and Penicillium), Trichosporonales (Trichosporon sensu lato Saccharomycetales
(mainly with Geotrichum and Hypocreales (mainly with Fusariumand Trichodermare the most
represented fungal orders and generain all the stagesand both the plants. The two plants show
different trends in Y1 @@ WE®EDYT UUPUAOQuwE] lheypd) shar® & drashi dirlegithe0 1 E O
secondary sedimentation and turnover across the depuration stages. This study provides an insight
on which taxa potentially contribute to each depuration stage and/or keep viable propagules in
sludges after the collection from the external environment.

Keywords: urban wastewater; fungi; diversity; depuration

1. Introduction

Wastewater treatment technology has a long story; the first tests on depuration by
activated sludges were attempted by Ardern and Lockett in 1914 [1].

According to Italian law (Decreto Legislativo 3 Aprile 2006, n. 152) [2], currently,
wastewater depuration discriminates among urban wastewater (domestic
wastewater possibly mixed with industrial wastewater and rainwash water),
domestic wastewater (from do mestic activities and human metabolism only) and
industrial wastewater (from any productive and/or commercial activity, different
from domestic activity and rainwash water).

As schematized by ISPRA (Istituto Superiore per la Protezione e la Ricerca
Ambientale) [3], a typical treatment plant for urban and domestic wastewater
treatment is composed of different sectors basically referred to as preliminary
treatment (debris and oil removal), primary treatment (reduction of total suspended
solids), secondary treatment (reduction of biodegradable organic matter and colloids
by activated sludge), tertiary treatment (reduction of nutrients, mainly nitrogen and
phosphorous, which have not been removed yet by microbial metabolism), and
disinfection (to reduce microbes before final discharge in stream/river). The plant
sectors are therefore different from each other as concerns the quantity and
composition of suspended solid particles, pH, microbial competition, dissolved O »,
C/N ratio, fluid perturbation/agitation, residence time of the water and sludges [4 ¢
6].

Basedon the above, wastewater depuration plants can host different microbial
(and fungal) communities in different environmental conditions depending on the
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peculiar structure of the plant itself, climate, land cover and human activities in the
catchment areaand number of inhabitants [7 ¢ 10]. The latter variable is related to the
EI T DPOPUPOOWOI w?xOxUOEUDPOOwWI UDPYEOI OU?28 w wx Ox
201 1T wOUT EOPEWEDOEI T UEEEEOI wOOEEwWTI EYDPOT wEwWI |
(BODS5) of 60 g of oxygenper E E 211]. The population equivalent is a basicunit to
size a treatment plant and to provide it with the most suitable technology; this also
affectsthe composition and structure of the whole microbial community.
To date, the depuration stagesthat significantly involve abiological activity, i.e.,
the activated sludges, rely on selected bacteria strains naturally mixed with
autochthonous ones. Bacteria are assumed to be the most efficient and easily self
sustainable microbes that are able to crash the dissolved nitrogen in the enormous
volumes of wastewater to be treated daily in urban and metropolitan areas [12,13].
. OwlT 1T wOUT 1T Uwi E AEDO™IOH IDrtdhalgies Hav@ beBriapplied yet
beyond laboratory scalesdespite their great potential [14].
%UOT Pw EUI w Ew Pl 001 Ul xUI Ul O0I Ew EOOxOOI 60w
community that can prove to be very useful and exploitable organisms thanks to their
multiple capabilities [15]. Fungi can easily adapt to hostile environments and rapidly
changing conditions, for instance different types of municipal and industrial
wastewaters, sitesstrongly polluted by hydrocarbons, acid substrates,or low level of
oxygen[4,16,17].Fungii EY1T wET 1 OwUUUEDI EWEOEwWI RxO0O0PUIT Ewi C
cellular enzymes (e.g., laccase and peroxidase) capable of degrade complex and
potentially hazardous molecules as pesticides, hydrocarbons, dyes, and
pharmaceuticals [18t1 + ¢ 6 w2 OO0l wUx1 EPI UWEEOWEOUOWEEEUOU
heavy metals and other elements [24 27].
Even if many studies are still needed, mycoflora in wastewater treatment
plants could help the denitrification process, the removal of nutrients and the
reduction of suspended solids. Hyphae of filamentous fungi tend to strengthen
sludge flocks, making them larger and with irregular shapesand thus improving the
active sludge process[28]. The fungal community in wastewater environments is
highly variable, but a core of common shared generais reported [5,29% 31]. Penicillium,
Candidaand Geotrichumspecies are the most represented followed by a more
variable group with  Trichoderma Trichosporonand Rhodotorula Fungal taxa
variation in treatment plants also depends on season and temperature: fungal
diversity seems to differ between summer and winter season. Some taxa such as
Penicillium, Trichoderma Acremoniumand Aspergillus are more represented in the
warm months [32,33].
Taking all of this into consideration, the aim of the present work was to
qualitatively characterize the fungal diversity at different stages of the depuration
process in an area never investigated before. Two plants for the treatment of urban
wastewater located in Lombardia, the most densely populated region and the core of
productive and commercial activities in Italy, were chosen. The treatment plants in
metropolitan and x 1 WnBtropolitan areas thus receive remarkable inputs throughout
the whole year [34] and provide significant study cases for highly inhabited areas.
Besides, the study area has a subcontinentatlimate with a sharp difference between
summer and winter seasonsthat can influence fungal diversity as well.
Such a characterization aims therefore to provide a scenario of the variation in
diversity patterns across the different environmental conditions in the depuration
process, pointing out which taxa are the most represented or unexpected instead.
This work on ecologicaldiversity in Italian plants is preliminary to subsequentstudies
on the possible functional role of the fungal species present.

Materials and Methods
1.1. Structureof Wastewatef reatmentPlants

The following treatment plants for urban wastewater were examined (the full
names are notavailable due to security reasons):

1/ OEOUWNOWOEOGET 1 EwEaw" / w OOCEDPOI Owli PUwx OEOU
the Metropolitan City of Milan; it caters for a population equivalent of 320,000
people and treats an average wastewater volume of 100,000 n$ dayN h

1 Plant 2, managedby A2A Ciclo Idrico; this is located in EasternLombardia; it caters
for a population equivalent of 296,000people and treats an average wastewater

volume of 70,000 m3 dayN Hu
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A basicschemeof the water treatment processis reported in Figure 1.
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Figure 1. Basicscheme ofwater treatment in the plants. Only the water treatment stream is
shown in detail.

The structures of Plant 1 and Plant 2 are slightly different from each other;
therefore, the two sampling transects do not perfectly overlap and only some stages
(namely, the activated sludge) are properly comparable. The two plants were
consequently analyzed separately; the codes corresponding to each depuration stage
in the Plants are schematized in Table 1.

Table 1. Treatment stagesexamined in this study.

Scheme Plant Code in this Study
Primary sedimentation of input wastewater 1 hi/21E
Activated sludget denitrification 1 h1#l OPOUO
Activated sludget oxidation 1 hi. Ra
Filtration inputtdischargex OU U1 U1 &Sediddbttion 1 hur %BpGeU 8
Postozonation 1 h1s$OE
Equalization of input wastewater 2 1 1$QUEO
Activated sludget denitrification 2 |l 1#1 OBPUUO
Activated sludget oxidation 2 l1.Ba
Filtration input 2 |1 1$0E

1.2.SamplingandIsolationin PureCulture

Samples of water and samples of sludge (i.e., water with 5t8 g LN hsolids
suspension) were collected between November 2018 and May 2020. Samples were
manually shaken for at least1 min per bottle in order to resuspend all the particulate
and homogenize the propagules distribution. Serial dilution in physiological solution

(NaCl 0.9%) was axenically performed by using 1 mL as the basic unit according to
the scheme in Table 2.

Table 2. Dilution schemefor wastewater and sludge samples.

Stage Bulk 1:10 1:100 1:1000 1:10,000
hur/ 21 E X X X X
hur #1 6P O X X
hur . Ba X X X
hur %BpitU & X X X
tur $ OE X X
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|l 1 $0UEO X X X X
l1#1 6PO X X
II.@E} X X X
| 1 $0OE X X X

Bulk and diluted sampleswere spread in triplicate onto PDA (potato dextrose
agar, Biokar Diagnostics), 15 cm diameter Petri dishes and incubated in the dark at
instructions (Biokar Diagnostics, 3.9%)and 150ppm chloramphenicol (Fagron) were
added beforeE U U O1 wtéilzationl Mycofloristic surveys were performed weekly
to allow the propagules to overcome any latency period.

(Owl Yl Uawpkl il 00awUUUYI aOw Ul EOr1 UPOT wExxUOR
approach) basedon morphology was carried out by meansof stereomicroscope(Zeiss
Stemi 2000C)and optical microscope (Zeiss Axioplan). The morphotype approach
representsa first, basicstepto organize the identification workload when dealing with
apparently numerous taxa and little survey time, either for fungi or other organisms
[35,36].

At leasttwo cultures per morphotype were isolated in a glasstube containing
PDA (as above), corked with raw cotton and incubated at room light and
temperature. Pure cultures were morphologically checked to validate the
morphotype.

1.3. Molecularldentificationof Selecte®trains

Basedon the strain set obtained asabove, at least one isolated morphotype per
each plant was selected for further molecular identification.

#- wl ROUEEUPOOWPEUWOEUEDOI EwEawlOl EOUWOI wE L
mycoflora, PCR amplification concerned the ITS region only; on the other hand, the
ITS region is regarded asan efficient barcode for most fungal taxa [37¢39]. ( 3 2 hut ( 32 K
primers were used for filamentous fungi (including mycelia sterilia too), whereas
(32k1 (32KuwxUDP O ygastsahd x Wil WUEWI 1 [20]. Ratther Wetails of the
complete identification protocol are reported in Girometta et al. (2020) [41].

1.4.Estimationof EcologicaParameters

The wastewater flow in the treatment plants under examination is mainly
unidirectional andthe two plants shareonly onesignificant U1 1 x U QimeBrér Oxy
to Denitro. The most water proceeds from the discharge of the activated sludge to the
i POEOuw EI x staget) ah& digchaéye in the stream. This allows for the
approximation of the data structure to aspatial environmental gradient whose sample
selection schemeis directional
from a point source[42].

Basedon the General conceptsof YI ¢ @ and or E D Y | thelt@mpasifion and
structure of the communities in each depuration stage were investigated and
compared along the depuration process, i.e., stage by stage.

In order to estimatethe Y1 E B Y linJeddh dépuration stage,2 B O x Uddéhgeks
and/ B1 O@dulariyuwere compared as suggested by Mouillot et Leprétre (1999)
[43] and calculated as summarized by Bullini et al. (1998) [44].

E=1 siapa /S @

where: pi =fraction of individuals of the speciesi in the overall individual
population; S= overall number of species in the populatin = wdiversity

context. The ¢1 E D Y I garitirilhg was investigated based on pairwise (nearest

neighbor) x UT Ul OET1 1 wEEU] OEl wOOEI OUwEaw) EEEEUEZ7z UwE
EEOQUEDOT wOOw' UDP wE OE qu,EBE&I1T QWANDUR! wbRUKWW @ KuOgI@u

shared by a given number of sites and provides a measure of turnover for each

combinationof iUDUIT U? d w QEDHDY G E#mWDOUW P Ua wPEUWOOUOEOD
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2DO0xUOBOzUWOUUBOYI Vuw
61t WAWPEEWNWOUDPET (4)

-OUOEOPATl EwobPI EPYI UUDPUA
pPDwl wl Awld wol wl WE ¥ PE WHWE wHWE A (5)

where: ais the number of taxa (cardinality) in setA ={BUC}, i.e.,a=Car (A); b =
Car {B NA}; and c = Car {C NA}, given two neighbor sites A and B (Figure 2).
Figure 2. Basicgeneric example schemeof the data structure asapplied in ¢1 E D Y 1 addlop U a
EDYI Ur wUPUawi OUOUOET dw3i 1 wi axOUi 1l UPEEOwI REOXx Ol wE/(
eight species, respectively.

Set B =1{1,2,3,4,5,6,7,8,9,10}

Set A ={BnC}
1 2 353 4 5 6] 7 8 9 10
7 8 9 10|11 12 13 14
Car{B-A}=b Car(A)=a Car{C-A}=c

Set C =1{7,8,9,10,11,12,13,14}

2. Results and Discussion
2.1. Sampling,Isolationin PureCulture andldentification

From the whole pool of fungal taxa sampled, 60 morphotypes from Plant 1 and
47 from Plant 2 were successfully isolated in pure culture.
The morphotype approach generally fails in discriminating most yeast species
i UOOwI EET wOUT T UOWEOEWUT I wUEOT wi Exx1 OUwi OUWEL
EOQOEwxUI UEOr al EU0UwWOUUUWET wlOT 1T UI i OUI wUEOxOI Eu
( 3 2 1 Eroléduldr identification of the selectedstrains resulted in acceptable
EPUI WEUDODPOEUDPOOWI OUWEOOWOI wlOT 1T wddOUxT OOOT BE
Ux OUD1 dilbmefidhs) thyoelia sterilia).
All fungal taxa sampled in this study are reported in Table 3: genera
identification was carried out by morphological approach, and species identification
PEUWEET Pl Y1 EwEaw( 321 EEUI EwOOOI EUOEUWEOEOGaUDL

Table 3.Sampled fungal taxawith referenceto the depuration stageof provenance.

Fungal Taxa Author Depuration Stages of Provenance
Acremoniumspp. Link 1-Psed, XDenitro, 1-End; 2-Equal, 2-Denitro, 2-Oxy
Alternaria spp. Nees 1-Denitro, 2- Equal

(Sugita, A. Nishikawa &

Apiotrichum domesucunShinoda) Yurkov & Boekhout 2-Oxy
Apiotrichum (L.A. Queiroz) Yurkov &

montevideense Boekhout 2-Equal
Apiotrichum laibachii  (Windisch) Yurkov & Boekhout 1-Psed, tDenitro, 1-Oxy
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Aspergillus flavus Link
Aspergillus fumigatus Fresen.
Aspergillus niger Tiegh.

Aspergillus tubingensis Mosseray
Aspergillusspp. P. Micheli ex Haller
Candida pseudolambicaM.T. Sm. & Poot

Cladosporiurnrspp. Link

Chaetomiunsp. Kunze

Chrysosporium tropicurrJ.W. Carmich.

Cosmospora butyri (J.F.H. Beyma) Grafenhan
(Beurm., Gougerot & Vaucher
bis) Xin Zhan Liu, F.Y. Bai, M.
Groenew. & Boekhout
(Fragner) Xin Zhan Liu, F.Y.
Bai

(E. Guého & M.T. Sm.) Xin
Zhan Liu, F.Y. Bai, M.
Groenew. & Boekhout
Debaryomyces hansenii(Zopf) Lodder & Kreger
Dipodascus fermentans (Diddens & Lodder) P.M. Kirk
(Paredes, Deanna A. Sutton,
Cano & Guarro) Khunnamw.,
Jindam., Limtong & Lachance
de Hoog

Cutaneotrichosporon
cutaneum

Cutaneotrichosporon
jirovecii
Cutaneotrichosporon
mucoides

Diutina neorugosa

Engyodontiumsp.

Exophiala lecanicorni

de Hoog
Fusarium fujikuroi Nirenberg
Fusarium oxysporum  Schitdl.
Fusariumspp. Link
Fusicladiumsp. Bonord.
Geotrichum candidum Link
Geotrichum fragrans  Morenz
Geotrichumspp. Link
Graphiumsp. Corda
Mucor spp. Fresen.

Oxyporus latemarginatu(Durieu & Mont.) Donk

Phialophoraspp. Medlar
Phycomycesp. Kunze
Phomaspp. Sacc.

Penicillium albocoremiui(Frisvad) Frisvad
Penicillium crustosum Thom
Penicillium expansum Link

Penicillium griseofulvumDierckx
Penicillium olsonii Bainier & Sartory
Penicillium verrucosum Dierckx

Penicillium spp. Link

(Thom) Luangsa-ard,
Houbraken, Hywel -Jones &
Samson

Purpureocillium
lilacinum

(Benedek & G. Specht) Haase ¢

1-Psed, tDenitro, 1-Oxy, 1-Filt. Input; 2 -Equal, 2-Denitro, 2-
Oxy
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-
Denitro, 2-Oxy, 2-End
1-Psed, Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-Denitro, 2-Oxy
1-Oxy
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input; 2 -Oxy, 2-End
1-Denitro
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-
Denitro, 2-Oxy, 2-End
2-Oxy
1-Denitro, 1-Oxy, 1-Filt. Input
2-Equal

1-Psed, tDenitro, 1-Oxy, 1-Filt. Input; 2 -Equal, 2-Oxy

1-Oxy; 2-Equal, 2-Oxy

1-Psed, tDenitro, 1-Oxy

1-Psed
1-Denitro

1-Psed

2-Equal
2-Equal, 2-End

1-Oxy
2-Denitro
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input; 2 -Equal, 2-Denitro, 2-
Oxy, 2-End
2-Equal
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-
Denitro, 2-Oxy, 2-End
2-Oxy
1-Psed, tDenitro, 1-Oxy 2-Equal, 2-Denitro, 2-Oxy, 2-End
1-Psed
1-Psed, tDenitro, 1-Oxy; 2-Equal, 2-Denitro, 2-Oxy, 2-End
1-Oxy
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input
1-Psed, EDenitro, 1-Oxy, 1-Filt. Input
1-Denitro, 1-Filt. Input; 2 -Equal
1-Oxy
2-Equal
2-Oxy
1-Oxy, 1-Equal
1-Psed
1-Oxy
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-
Denitro, 2-Oxy

1-Oxy; 2- Equal, 2-Denitro, 2-Oxy, 2-End
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Rhizopus oryzae
Rhodotorula glutinis

Went & Prins. Geerl. 1-Psed, tDenitro, 1-Oxy; 2-Equal, 2-Denitro, 2-Oxy
(Fresen.) F.C. Harrison 1-Psed, tDenitro, 1-Oxy, 1-End; 2-Equal, 2-End

Rhodotorula mucilaginoy(A. Jorg.) F.C. Harrison 1-Oxy

Sampaiozyma ingeniose

Scedosporium dehoogi

(Di Menna) Q.M. Wang, F.Y.
Bai, M. Groenew. & Boekhout
Gilgado, Cano, Gené & Guarro 2-Oxy
(Ahearn, Yarrow & Meyers)

1-Psed

Scheffersomyces Spart"Kurtzman & M. Suzuki 1-Denitro
Scopulariopsidrevicaulis(Sacc.) Bainier 1-Psed, tDenitro; 2-Equal, 2-Denitro, 2-Oxy, 2-End
Sporobolomycespp. Kluyver & C.B. Niel 2-Equal 2-Denitro
Talaromyces flavus (Klocker) Stolk & Samson 2-Equal
Talaromycespp. C.R. Ben;. 2-Equal

Trichoderma asperellumSamuels, Lieckf. & Nirenberg 1-Psed, tDenitro, 1-Oxy; 2-Equal, 2-Oxy
Trichoderma citrinovirideBissett 2-Oxy

Trichoderma harzianumRifai 1-Psed

Trlcho_derma Hammill 2-Denitro

saturnisporum

Trichoderma virens (J.H. Mill., Giddens & A.A. 1-Denitro

Trichodermaspp.

Trichosporon asahii
Verticillium sp.

Yarrowia lipolytica
Zygoascus polysorboph

Other yeasts

Sporigenous fungi
Mycelia sterilia

Foster) Arx
Pers 1-Psed, tDenitro, 1-Oxy, 1-End; 2-Equal, 2-Denitro, 2-Oxy, 2-
' End

Akagi ex Sugita, A. Nishikawa 1-Psed, 1Denitro, 1-Oxy, 1-Filt. Input

& Shinoda

Nees 2-Oxy

(Wick., Kurtzman & Herman) .
2-Denitro

Van der Walt & Arx

(Kurtzman) Nagats., Kiyuna & .

(Kurtz ) Nag yu 2-Denitro

‘Sugiy.
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input, 1 -End; 2-Equal, 2-
Denitro, 2-End
1-Psed, tDenitro, 1-Oxy, 1-Filt. Input
1-Psed, :Oxy, 1-Filt. Input; 2 -Denitro

Certain fungal taxa were found in almost every stageof depuration: generasuch
as Acremonium Aspergillus Cladosporium Fusarium Mucor, Penicillium and
Trichodermaare generally found in water and soil and their spores are constantly
presentin the air [49,50]. Thesefungi follow the stream acrossthe depuration stages
and their availability asenvironmental contaminants canexplain why sometaxa are
present even after the oxidation and disinfection process, as they are easily sampled
by chance.

Family Trichosporanaceaes also well represented by species of the genera
Apiotrichum, Cutaneotrichosporoand Trichosporononce all are grouped in the latter
[51]. These fungi are yeastand a 1 E U (brgénirasigenerally isolated from soil and
environment and some species also from human and animal skin [52]. Species such
as Apiotrichum domesticumApiotrichum montevideenseCutaneotrichosporomucoides
and Trichosporomasahiiare potentially pathogenic and of clinical importance [52,53]
but from this study it emerges that even if these fungi are found in different
depuration stages, they are successfully eliminated by the depuration process, as
OTT AawEU] wOOwWOOOT 1 Uwi OUOEwWDPOwWxOUU01I 6aOOEUDPOO W

2.2.Diversity Patternsat FungalOrder Scale

By merging morphotypes with results from molecular identifications, the
isolated strains show the diversity pattern reported in Figure 3, giving us the
composition of the fungal community throughout both treatment plants. The single
data were grouped at the taxonomic level of order to better compare the mycoflora
present both in the different depuration stages in the two plants and during the four
seasons.
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n° of isolated strains

Uwi Bx1 EUI EQWEDPYI UUPUawbOwPEUUI PEUT UwbOwUI
Equalization) is more affected by external propagule sources, both from the urban
areas and agricultural systems. Eurotiales, Hypocreales, Saccharomycetalesand
Trichosporonales are the Orders mainly sampled.
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Figure 3. Diversity pattern of the isolated strains at an Order scalein Plant 1 (a) and Plant 2 (b)
with reference to the depuration stage of provenance.

Among all isolated strains, Eurotiales is the most represented in both the
treatment plants and in almost all depuration stages.In this study, Eurotiales include
Aspergillusand Penicillium or Talaromycesas well as Paecilomycedt should be noted
that the nomenclatural distinction between Penicillium and Talaromyceshas been
adopted, despite the fact that they are the anamorph and teleomorph of the same
taxon, respectively. This decision was taken to preserve the information about the
occurrence of specieswhich are known to reproduce sexually as well.

Furthermore, Hypocreales constitutes the baseof the fungal community in this study,
asspeciesbelonging to this order have beensampled in three out of five depuration
stagesin Plant 1 and in all stagesin Plant 2. Fusariumand Trichodermawhich are very
common in agricultural systems and soils, are the most represented species. A special
mention is deserved by Trichodermawhose speciesplay animportant role in soil
ecology due to their competition and hyperparasitism versus phytopathogens (mainly

fungi and nematodes).

Moreover, Trichodermaspecies stimulate plant defense induction [54]. Here, five
species were detectedT. harzianumand T. virens T. citrinoviride and T. saturnisporum
and T. asperellum(the most common species in the present sampling) [55]. The
widespread T. asperellumis particularly interesting becauseonly in 1999 it was
recognized to beadifferent speciesfrom T.viride; however, sincethen T.asperellunihas
beenincreasingly detected in agricultural soils. This is likely to also be due to its
above mentioned application as a biocontrol agent [56].

Despite the fact that a quantitative approach is out of the scope of the present
work, it can be noted that Fusarium species are less represented than its major
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antagonists in the soil, i.e., Trichodermaspecies; this is important since both F.
oxysporumand F. fujikuroi are severe phytopathogens [57].

Cosmospora typically developing an Acremoniumt ODO1 w O0OUxT 6OOT

phylogenetically close to Fusarium Here, the genus is represented byC. butyri, which

According to the recenttaxonomic revision of the genus Paecilomyceshe species
P. lilacinus now is named Purpureocillium lilacinum and it has switched from
Eurotiales to Hypocreales [59].

Saccharomycetales includes fungi that are b1 OO1 O (e Gommon in
wastewater, where they degrade simple polysaccharides and fatty acids. In the
present work, eight genera belonging to Saccharomycetaleswere detected: Candida
DipodascusDiutina, GalactomycesGeotrichum Scheffersomycegarrowiaand Zygoascus
Geotrichum which is found worldwide in air, soil, water, sewage,aswell asin plants,
besides being found in human feces, was the most representative, as it concerns
morphotype frequency and spatial colonization in a Petri dish, displaying most
xUl UEOr al EU0wOOUxT OOOT as

The order Trichosporonales resulted in three Generaphylogenetically very close
to each other and belonging to Trichosporon sensu lgtoi.e., Apiotrichum,
Cutaneotrichosporoand Trichospororsensustricto. Trichosporors.l. morphotype proved
to be very common and displayed both budding and arthrospore formation. As for
Saccharomycetales,Trichasporors.|.is also commonly representedin soil and in water;
however, its trophic spectrum also includes keratinolysis and thus degradation of
hair(s) and skin in wastewater [9,60,61].

As a whole, yeasts and x Ul UE O1 gehdealiyUdde OY1T U1 Ul x Uhl
wastewater treatment plants asthey are favored by the abundance of organic matter
and, compared to filamentous fungi, arefacilitated in growth by the asexualmode of
reproduction (buds and arthrospores). Filamentous fungi in continuous wastewater
flow are often hampered in sporulation and mycelia can produce forms of resistance
suchaschlamydospores [62].

2.3.Season&Variation

Fungal community composition at the Order scale shows a seasonalvariation,
with similar results between the two plants (Figure 4).
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n° of isolated
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Plantl Plant2 Plantl Plant2 Plantl Plant2 Plantl Plant2
WINTER SPRING SUMMER AUTUMN
W Chaetothyriales Cladosporiales Dothideales
Eurotiales ¥ Hypocreales ¥ Micorascales
B Microbotryomycetes W Mucorales M Pleosporales
H Polyporales B Saccharomycetales W Trichosporonales

Figure 4. Seasonalvariation of the isolated strains at an Order scale.

A higher number of isolates was found in summer and autumn compared to
winter and spring. Orders follow this trend as well.

Eurotiales (mainly Aspergillusand Penicillium species) and Hypocreales (mainly
Fusariumand Trichodermaspecies) are confirmed to be the most represented in the
two plants acrossthe whole year. Saccharomycetaleswith Geotrichumspeciesand
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Trichosporanales are also frequent, especially in autumn. Other orders are less
represented and were sporadically isolated compared to the others.

As a whole, the wastewater environment seemsto host a wider and more
diversified community in summer and autumn compared to the other seasonsthese
results confirm what is as also reported in other works [32,33].

Seasonal variation of isolated strains is probably related to conditions of
humidity and temperature, with rainy and warmer months characterized by a more
diverse fungal community. This relation is also supported by the metereological data
of Lombardia: April, May, June, September,October and November are the months
with most average millimeters of precipitation and with average temperatures
between 15°C and 20°C [63].

2.4 Diversity Indices

Since a wastewater treatment plant is composed of different systems and
1 OY b néritat eanditions, different community structures are expected in each
depuration stage.

2PpO0OxUO0O0zUwW Il YI 001 UUw EGEwW / PI OOUzUw UI T UOGEUD
representative within the community basedon the ratio betweenthe taxon individuals
andtheOY1 Ut WEOOwWOUOET UwoOi wbOEBDYDEUEOUS

Evennessindices by Simpson (1949)[64] and Pielou (1966)[65] are compared in
%D 1 1 & Thelisubstantial disagreement between the two indices suggests that
informative in this case since the small sample size highlights the bias [43]. As the
community structure evolves towards increasing diversity loss, zero inflation is a
bias factor to take into account [66].
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Figure 5.2 DOx UO Oz Uwi Yi O Géglldnityat &nEQrderldal®ibdifferent depuration
stagesof Plant 1 (@) and Plant 2 (b).

Concretely, the different structure of the two plants and sedimentation pools in
particular may explain the differencesin the taxa occurrenceand repartition along the
depuration stages.The final stagein Plant 1 losesdiversity 2 B O x @v@rdes£100)
with only few speciesrepresented, while Plant 2 appearsto befavoured in preserving
more propagules until the final stages.

As mentioned, ¢1 EDYI UUPUaw EiI UEUDPET Ew UT 1T w EOGOx OUH
community. The above discussed data suggest that o1 EDYIT UUPUaw xEUUPUE
turnover, i.e., normalizations of raw o1 E B VY | [42]JdPelaported in Figures 6 and 7
for Order and genus scale,respedively.
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Figure 6. Pairwise distance and directional turnover basedon) E E E Ebdelg atan Order
scalein different depuration stages in Plant 1 (a) and Plant 2 (b).

Basedon the order scale,) E E E HiSkngakdity ¢cc increasesin Plant 1 by a
xEPUPDPUI WEOOXxEUPUOOWOI WEI xUUEUDOOWWHET T UOw
EEUI EwWOOWEEUOOUUI wUx1 EPI UwOUOET UWEOI UOz OwUT
stage. The dissimilarity trend in Plant 2 is less regular. In Plant 1, the severe
constraints before the final discharge provoke a dramatic increasing in turnover.

Input, despite the turnover, is null, as the number of isolated strains is higher
compared to the previous stage; however, it is not the same in Plant 2, where the
distance is less variable.
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scale in different depuration stages in Plant 1 (a) and Plant 2 (b).

As expected,the genus scaleis more informative than the order scale,although
only four orders are represented by three or more genera. Based on genus scale,
) EEEE®Bz WU BpScin®iEd Ppadiaularly increases when crossing from hut
Oxy to hur %D O U Gand Bhérx furthedy increases to final discharge. More
interestingly, Plant 1 has a constantly low ) E E E BumBverUp:3 except when
crossingto the final discharge, whereasthe turnover in Plant 2is always around 0.5.
The) E E E HistdhgeJrich is similar among the stages in both the plants, except
f OUWUTT WUUETT wi UOOwhi . RawlOwUOwht »POUswbHO>
dissimilarity observed by ¢EEAWEOEwWUT 1T wUUET T wi UOOw2 1 #1 OPU
(although the communities are qualitatively different due to turnover). In Plant 2,
turnover has a remarkable role in preserving the diversity.
The activated sludge seems therefore to be a critical stage that imposes
environmental constraints with particular concern to oxygenation. In many
depuration plants there aretwo backward Ul 1 x U Qired:@hk first is from the
oxidation pool to the denitrification one (this is both the case of Plant 1 and Plant
2), and the second is from the final filtration to the denitrification one (this is the
case of Plant 1 only). Such a partial ED 1 E B U Ifl&w) VOIS Eh® community
homogenization at least betweenthe activated sludge and the sedimentation stage.
Notwithstanding this, the stage from the activated sludge to the secondary
sedimentation provokes, as mentioned, a dramatic decline in microbial richness,
particles. As expected, and most important in the depuration process, the final
discharge furtherly destroys the microbial community in the water. As a whole,
such a loss can be seenboth as the result of microbial quantitative reduction and
consequent qualitative sampling bias.
This is consistentwith normalized ¢or E B Y |ataldeDus scalethat clearly shows
similar dynamics in Plant 1and Plant 2. The stagefrom the initial input to the activated
sludge represents a first bottleneck more in Plant 2 than in the Plant 1. The q1
diversity is in fact lower when passing from thel 1 $ GWIEO# 1 Q@ EWY 1 UUDUa
0.33)than from tux / DiOkutur # ¢ EBHWO A Ua wy 6 k k A8 w3 i PUwbP E U w
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OT 1 whbEUUI PEUIT U wBitilarl tal $12# ECEneEERI0Y | Uksda frther
intermediate stagebetween the initial input and the denitrification.

In both the treatment plants the output from the activated sludge gptu1 aritlé 1
Oxy) encounters a bottleneck where the number of shared taxa (i.e., ot EBY1 UUDUa K
crashes(Plant 1¢1 E B Y 10U &)Madt2 o1 E D Y 10014).8 Blant 1the output from
the activated sludge undergoes secondary sedimentation; the resulting supernatant
ophut %apud) U therefore significantly depleted of particles as well as fungal
propagules. As a whole, ot EDY1T UUPUa wETI Ubl 1 Owhi. RawEDE wh
sharing taxa in Eurotiales (Figure 3).

In Plant 2, the output from the activated sludge undergoes two different
processes whichresult in similar valuesof or E B Y | WHarbpdssidgfrom | 1 . ® &
| 1 $ @EE b Yity Udliesi on sharing taxa in Hypocreales and Eurotiales (i.e., true
moulds), which are very common in the environment and may therefore be
represented evenat the exit of the depuration process.

Actually, the taxa sampled after the ozonation process are to be meant as
sampled by chance due to the environmental availability of propagules outside the
04 6O E U b poind Esiinstead of the failure of the depuration process.It should
bekept in mind that g1 E B Y 1idakimildrlly measurebasedon diversity instead of
population size, therefore it does not at all imply considerations about the
depuration success.

The depuration principle asmeant by Italian law [2,6] aims at? EPUD O |
instead of ? U0 1 U D O mearingd Ehéx GnicObial contamination is accepted on
condition it is below the safety threshold indicated by the law itself. Nevertheless,
it is noteworthy that such thresholds concern bacteria only (namely the coliforms
Escherichia coli, Enterococcusspp., Clostridium perfringens and Pseudomonas
aeruginospwhereasno fungal propagules are monitored by default [67]. This is due
to the fact that the depuration processbasically relies on the bacterial activity more
than the fungal one. Moreover, there is another issue hampering the ability to apply
to the fungi the same qualitative and quantitative surveys routinely applied to
bacteria: filamentous fungi grow much slower even in optimal conditions [68].
However, as previously discussed, filamentous fungi show a severely limited
reproduction in sludges and slurries of depuration plants, whereas yeasts and
x Ul UE O1 uara mérd) favdured but their populations are crashed by the
conventional disinfection methods [6] aswell asthe bacterial ones,particularly when
adopting sieving biomembranes[34,69]. This meansthat the discharged water from
adepuration plant provides a negligible fungal inoculum into the receiving stream.
Nevertheless, periodic surveys on the fungal propagules in the discharged water
may suggestwhat is the most efficient disinfection method when projecting future
plants or restructuring/adjusting the existent ones.

m
(@)
V]
(@]
(@]}

3. Conclusions

Wastewater treatment plants are composite systems where different fungal
communities are hosted depending on the specific conditions of each depuration
stage. The diversity pattern in input strongly affectsthe community in first stages
(primary sedimentation and activated sludge), but is radically changedin secondary
sedimentation, i.e., after the activated sludge stage and the separation of spent
microbial particles and residual nutrients from the supernatant. As expected, the
cyclic flow between denitrification and nitrification systems contributes to
homogenize the communities in activated sludge despite the difference in
oxidation conditions.

From a qualitative mycofloristic perspective, Eurotiales, Hypocreales and
3UDPET 01 wUaswdl GBacEharbntycetales are the most represented orders
inall the El x1 WOUEUDOOWUUET I UOw OE b OReaicilliinOd OUE B OT
TalaromycesAspergillus TrichodermaTrichosporon sensu latnd several yeasts and
xUl UEO1 al E & Gionud Bdspité&thkeufact that Plant 1 and Plant 2 show
different diversity patterns, the above mentioned taxa are basically represented in
both.

The ITS region approach resulted in acceptablediscrimination basedon E U O U U 1
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check on the output by Mycobank Molecular ID. ITS is regarded as a suitable
barcode region when dealing with surveys on a wide spectrum of fungi. Further
selected markers may be introduced to confirm specific identification within
complex Genera suchas Penicillium or Talaromycesand Trichodermaas well as to
pOYI UUPT EUIl wUUEI UxIi EPI PEWEPYI UUDPUAG

Thewastewater fungal community isanoftenignored, but equally represented,
xEUOwWOl wOi 1 uOPEUOEDPEOQWEOOOUODPUaABbwW#1 1 x1 OPOT w
presence and fluctuation across depuration stages and seasons can help in better
understanding their role in the depuration processand how to exploit them in
synergy with the bacterial component. This work also highlights the importance of
periodic sampling campaigns to monitor the fungal community not only in the
different depuration stages but also into the final water stream.
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1.2 LignicolousFungi Collectedin Northern Italy: ldentification and Morphological
Description of Isolates

The following paragraph has been extrapolated from the scientific article by Cartabia, M., Girometta, C. E.
Baiguera, R. M., Buratti, S., Babbini, S., Bernicchia, A., & Savino, E. (2022). Lignicolous fungi collected in

northern Italy: Identification and onphological description of isolateBiversity, 14(5), 413.
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Abstract: In recent years, fungi, particularly lignicolous fungi, have been re-considered as a source
for biotechnological and industrial applications. Lignicolous basidiomycetes are the most effective at
degrading wood, particularly cellulose, hemicelluloses and lignin, which a@mong the most resistant
biopolymers. This study aims to constitute a research collection of lignicolous fungal strains that are
useful for further studies and applications in different production fieldsThe basidiomata used tasolate
the strains in a pure culture were, firstly, identified through macroscopic and microscopic char
acteristics integrated with ecological data. To obtain pure cultures of dikaryotic mycelia, 96 different
strains of Agaricomycetedelonging to 76 different speciesand related to 51 genera (18 families and

5 orders) were isolated using a malt extract agar (MEA) medium enriched with hydrogen peroxide.
The identity of the isolated strains was then confirmed by molecular analysisthrough the sequencing
of the internal transcribed spacer (ITS) region of the ribosomal RNA gene cluster. All the strains are
currently conservedusing different methods, and their vitality is periodically tested.

Keywords: fungal strain isolation; lignicolous fungi; research fungal strain collection

1. Introduction

Fungi are an essential, fascinating and useful group ofganisms with biotechnological
potential for pure and applied research as well as for industrial exploitation]]. Filamentous
fungi have been used for more than a century as versatile and highly productive organisms.
Nowadays, fungi, especially basidiomycetes, can be used in many different applications:
in the medicinal field asimmunostimulants and food supplements;in pharmacology as
a source of bioactive compounds against human arahimal diseases (e.g., antibacterial
antibiotics, antifungals, antiviral agents, anticancer agents, antidiabetes, controllers of
cardio-vascular diseases, etc.); in agriculture as biocontrol agents against fungi, insects,
nematodes, weeds, etc., as leiwnpact food and protein sources and to enhance cro@sd
forestry; and for commodities such as cosmetics, preservatives, enzymes and texdyes
[1].

Both scientific research andindustrial applications require not only constant material
but alsosimple and fixed conditions. This allows for a better control of the variablesthat
can influence the output of the research, providing an understanding of which parameters
can modify the result and how.Being able to reproduce the same experiment is a key
principle of scientific research, and it is fundamental for industrial applications to have
standard production processesthat consistently produce identical products.

Fungal strain diversity represents a genetic resource that should be preserved. For this
reason,certified collections have beencreated. Fungalculture collections are of primary
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importance in order to deepen our knowledge of the taxonomy, species distribution and
officinal properties and to investigate the potential applications of fungi Z]. Moreover,
collections canplay arole in preserving biodiversity and conservingendangeredspecies
exsitu.

Culture collections are a fundamental source for researchers at an international level,
and the exchangeand availability of quality-guaranteed, authenticated pure cultures
are increasingly in demand. The World Federation for Fungal Collections has provided
detailed guidelines[3] which aim to ensurecollectionsare of high quality, from the origin
to the conservation, and the availability of each strain. In comparison to the past, this is
maderelatively easyby the increasingaccessibility of standardizedequipment (including
sterile hoods, refrigerators, freezers, etc.) and labware for the isolation, safe culturing and
preservation of strains. Nowadays, some major variables make the observation of the
culture characteristicsreproducible over time and comparableamongdifferent work and
laboratories. They are: the use of commercial culture media instead of the homeade older
ones;the useof conventional Petri dishes,vesselsand sealingtools (plastic film or paper
AAEAOEOA OAPA AT T1COEAA OEA OAOAOCOAAT S
the gasexchangeand dehydration; the use of incubators to keepthe growth temperature
constantor finely tuned.

Some major culture collections around the worldinclude the CBSKNAW, the Al
RussianCollection of Microorganisms (VKM) and the Agro-food & Environmental Fungal
Collection (BCCM/MUCL) 4z6]. In addition, the Project MIRRI (Microbial Resource
Research Infrastructure) is a tool used within the European Union to build a palBuropean
platform to coordinate the access to individual resources (not only fungal) and promote the
above-mentioned quality standards[7].

Besidesthe well-establishedfungal culture collections which canafford the require-
ments for the conformity to WFFC standards, many universities and small research centiedbs
over the world have their own culture collections [8z10]. These strains can be considereth
important source of biological and genetic material because they are geographically
widespread, and their contribution could be significantly representative of the biodiversity
of local ecosystems 11,12]. These small collections could thus represent the initial stage in
the development of an official collection accessible to the scientific community in the future.
This would allow for comparisonsamongdifferent speciesor different strains belonging
to the same species, that had been isolated from different substrates, environments or
geographical areas. This type of information is oftemequired because the biochemical
differences between them could be relevantl13z16].

The Culture Collection of theUniversity of Pavia (MicUNIPV) has its roots in the
former Laboratory of Cryptogamic Botany (the first of its kind in Italy), founded in the
19th century by Santo Garovaglio. Nowadays, the Department of Earth and Environmental
Sciencef the University of Paviais an associatedmember of the MIRRIItalian Node.By
keeping a multifocus approach, the current Laboratory of Mycology has developed a wide
collection of both micromycetesand macromycetes amongwhich there is a continuously
increasing collection of wood decayspecies|2].

The isolation and study of wood decay species has a particularly strong cultural back
ground in Asia, where the use of thes&ngi has a long tradition [L7,18]. In the Italian
landscape, only a few other culture collections have devoted part of their effort to wood
decay fungi, namely:MUT? Mycotheca Universitatis Taurinensis; SA#* University of
Palermo Mycotheca; PeruMyz Department of Chemistry, Biology and Biotechnology, Uni
versity of Perugia; AQUI 517 EOAOOEOU 1 ollechioh &f DIBTAX Mniverkity $
of Genova; and BUCCBologna University Culture CollectionThis list may not be ex
haustive, since wood decay fungi have been increasingly gaining the interest of reseanh
for different base and applied purposes (e.g., FBLFungal Biodiversity Lab, Sapienza
University of Roma).

The aim of this work was to sample as many species as possible within lignicolous
Basidiomycotafrom different environments in northern Italy in order to isolate fungal
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strains useful for further studiesandapplicationsin different fields. A consequentialgoal
of this work was to provide a detailed morphological description of each strain, which can
support both applied and pure research.

2. Materials and Methods
2.1. Basidiomat&ampling

The fieldwork was carried out in different geographical areas of northern and central
Italy (the Piemonte, Lombardia, Liguria and Lazio regions). In order to collect as many
lignicolous speciesaspossible,different environments were investigated (Table 1).

Table 1. Environments investigated for field sampling in northern Italy. Ecoregional sections and
subsections,asin Blasiet al. [19].

General Description of

Ecoregional Section Ecoregional Subsection the Environment Main Plant Species
Centraland EasternAlps Pre-Alps coniferous mixed forests Plnussylve§trls,Quercusrobur,
Castaneaativa
Centraland Eastern Alps Pre-Alps thermophilous broadleaf forest Quercuspubescens;ornusmas,

Ostryacarpinifolia

Fagussylvatica Fraxinusexcelsior,
Centraland EasternAlps Pre-Alps fresh broadleavedforests Carpinusbetulus,Quercusrobur,
Robiniapseudoacacia

PiceaabiesAbiesalba,Larix
Western Alps North-Western Alps mountain forest deciduaSalix spp.,Sorbus

montanusand Alnus alnobetula

Italian part of Ll_gunan- Italian part of Ll_gurlan- Mediterranean scrub Q.uerc.usnex., Myrtus communis,
ProvencalProvince ProvencalProvince Pistacialentiscus

urban and suburban

environments (tree lined roads, .
Centraland EasternAlps Pre-Alps ( Not applicable

parks, private and
public gardens)
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In order to obtain the greatest possible species diversity, some areas were more inten
sively sampled than otherstherefore, the effort to collect and isolate strains was not the
samefor all sites[20].

2.2. FungalStrainslsolation

In this study, the isolation effort was focused on dykariotic myceli@nly; no isolation
from basidiosporeswas attempted.

Only actively growing basidiomata were collectedWhere possible, the cleanest
sampleswere completely or partially harvested(dependingon their sizeandlocal rarity)
using a knife and touching them aslittle aspossible.

The collected portion was placed into aluminum foil to keep it clean until the
laboratory work.

In order to avoid destroying the basidiomata of Fomitopsisofficinalis its mycelium
was directly isolated in the field using asterilized scalpel and the flame of a lighter. This
precaution wastaken becausethis specieswhosegrowth is very slow and mostly restricted to
protected areas, was assessed as endangered by the Global Fungal Red List Initiafite2P].

The protocol generally used to isolate the mycelia from wild basidiomatg3z25] was
slightly modified accordingto RushWayn[26]. Toisolate the fungal strains, Petri dishesof
90 mm diameter were prepared using 2% malt extractagar(MEA)with 6 mL L' * of asolution
of 3% hydrogen peroxide in order to reducethe spore germination of the contaminants.

Based on the references above, the classic withdrawal of a piece of context under
sterile conditions was applied for thick-context species(with thicknessesgreater than
2 mm). For treating thin-context species, the humid chamber method was appliedo
establish a humid environment where the mycelium could regrow for a couple of days, the
harvestedbasidiomatawere placedat 10 ®in the dark inside small plastic boxes(humid
chambers) on soaked paper. The fresh mycelium that developed in the humid chambers
wastransferred in sterile conditions under alaminar flow hood into the Petri dishes.

2.3. BasidiomatandFungal Strainsldentification

Theidentification of the collectedbasidiomatawas carried out by macro- and micro-
morphological identification through dichotomous keys P7z33]. Microscopy was executed
using a Paraluxmonocular microscope.

Furthermore, the main microscopic characteristics of the isolated mycelia were eb
served based on Stalpers et al2B], with reference to colony colour, colony edge, mat
morphology, clamps andhe presence/absence othlamidospores.

Besides the morphological investigations, the molecular identification of isolates was
needed to confirm the species identityFirstly, to produce a sufficient amount of dry
biomass, each strain was put into a 200 mL Erlenmeyer flask containing 50 mL of 2% malt
extract (ME) solution and grown for 10 days at 25€ in the dark and in static. The biomass
was then collected with forceps in sterility, placed in glass tubes a8 ®and freeze dried
(Buchi lyovapor L-200). The DNA was extracted following the NucleoSpin Plant I
protocol and then amplified by a Polymerase Chain Reaction (PCR) using the DreamTaq
PCR Green Master Mix and the primer pair ITS1 and ITS4. The PCR was performed as
follows: denaturation (95 ®) 5 min + 30 s; annealing (5&) 45 s; elongation 72 &) 1 min.All
the steps were repeated for 35 cycles, after which the final elongation (A#,10 min)was
carried out [2].

The PCR products were purified using the Wizard SV Gel and PCR GManSystem
(Promega) and sent to Macrogen (The Netherlands) for sequencing. The obtained sequences
were assembled, corrected and subsequently analysed by BLAST and Molecular ID searches
by respectively using the GenBank (NCBI3{l] and MycoBank (CBS)J5] databases.The
taxonomic assignmentswere basedon similarity to reference sequencesof these databases.

MycoBank[35] was used as the reference for the taxonomy and systematics.

2.4. Fungal Strain Conservation

The isolated strains were stored under different environments: storage in Petri dishes
andtubeswith 2% MEAat 4 ®;storageon colonisedfilter paperdiscssubmergedin sterilised
and demineralized water in water vials at 4 ®2[36]; and cryopreservation atT 80 &.
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2.4.1.Conservationon PaperDiscs

For the disc preservation, the sterilised paper filter discs of 5 mm diameter were
placed into a 2% MEA Petri dish and consequently colonised by tlggowing mycelium
(Figure 1a,b). The colonised discs were then moved in sterile polypropylene vials containing
demineralized water and stored at 4 ®in the dark.

To verify the vitality of the strains, after 18 months, colonised discs were removed
from the water under sterile conditions and back-cultured in the MEA Petri dishesat 25 &
in the dark. Analogous bacikcultures were set up to test the vitality of the strains in the
Petri dishes and tubes at &. For cultures kept &80 &, vitality was tested for random
strains only.

2.4.2.Cryoconservation

The cryoconservation protocol has an initial step in which the strains are inoculated in
a flask with a liquid medium (ME 2%).After 7 days, or after good mycelium production, the
biomass can be storedOperating under sterile conditions, the mycelium was withdrawrfrom
the flask and placedin a 10 mL tube containing a 15% solution of glycerol. The mycelial
suspension inthe glycerol solution was then homogenisedby vortexing at 3000 rpm for 30
s.Mycelium homogeneouscutting was obtained by adding broken microscopy coverslides
which had previously been autoclaved. Then, 1 mL of the suspensionwas placedinl.5mL

sterile cryotubes. Foreachfungal strain, four replicateswere stored at1 80 .

(b)
Figure 1. (a) Petri dish with paper discs before the mycelium growth; (b) the paper discswere
colonised by the mycelium and canbe movedto vials for storage.

All the strains are currently maintained in the research fungal collections of Mogu S.r.|
(MRFC)and of the University of Pavia(MicUNIPV).

2.5. MorphologicaDescriptionof Pure Cultures

The mycelia of each strain were described based on MEA cultures in 90 rPwtri dishes,
incubated at 25 ® in the dark and checked every 48 h. The inoculum came from a 10-
day-old mother colony and was placed at the edge of the plate to allow the colonyto
expand over the whole dish diameter [37]. The radius was measured using a calliper(0.1
mm resolution). The growth rate (mm day 1) was calculated for each strain on day 7 of
growth and reported as the average of the three replicates. The uncertainty from random
error (the absolute uncertainties of the individual measures) was calculated according to
Harris [38].

Besides the basic visual inspection of macromorphology, the main micromorphological
characterswere examinedon day 7 of growth (or day 15 for very slow growing strains) by
a Zeiss Stemi 2006C stereoscope and by Bikon LABOPHOT2 microscope.The myceliawere
mounted in lactophenol cotton blue or lactophenol-acid fuchsin for optical microscopy.
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3. Results
3.1. Basidiomat&ampling

The main purpose of this study was not to carry out ablind scanof different ecosystems
but, instead, to precisely identify certain species known to grow in a particular habitat type
or in a specific place. This was possible thanks to lortgrm data which have been collected
and registered by a local mycological group concerned with mushroom species growing in
the Vareseprovince (Italy) since 1990 [39].

The principal types of habitats that constitute the landscapes in northern Italy, and
those present in the province of Varese, were investigated during specific sampling cam
paigns.Fresh broadleaf forests are the most represented habitat, and 38 strains (40%)
were isolated from the species collected there. Urban and suburban environments also
contained many lignicolous species, leading to the isolation of 27 strains (28.4%) (Figuzg.
Even if there are fewer trees in urban areas than in natural environments, many species of
lignicolous basidiomycetesgrow in urban settings. Treesn public parks, private gardens
and along roads canhost fungi asthey are older and generally in poor health due to the
low-quality growing conditions, over-pruning and wounds causedby carsor root cutting
for excavations, etc. Furthermore, in these urban areas, the species of tree that usually grow
in different environments can coexist.

M fresh broadleaf forests
O Mediterranean scrub

W mixed coniferous forest
Omoorland

O mountain forest

Othermophilous broadleaf forest

@urban and suburban environments

2.11%

Figure 2. Distribution of the isolates amongthe explored habitats where the basidiomata originated.

In total, 26 generaof trees on which the fungal specieswere growing could be identified
(Figure 3). In particular, the majority of the collected basidiomata were growing oiQuercus
spp. (12%).
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W Abies

O Actinidia
@ Alnus

W Betula

W Carpinus
B Castanea
O Cedrus

O Celtis

@ Corylus

W Euonymus
B Fagus

B Fraxinus
Olarix

M Liriodendron
B Morus

@ Ostrya

O Picea
11.70% 0 Pinus

O Populus

O Prunus

O Quercus
OSalix

W Sorbus

O Tilia

§ ) ' O Unknown /
Figure 3. Tree generahosting the original basidiomata from which the strains were isolated.

12.77%

3.19%

3.2. FungalStrainsCollection

The mycelium in pure culture has been successfully isolated from 96 out of the 103-ba
sidiomata collected (93.2%). The molecular confirmation of the morphological identifi
cation showedthat all the isolated strains belongto Agaricomycetesiamely, 76 different

species from 51 genera, 18 families and 5 ordersA@aricales Gloeophyllales
HymenochaetalePolyporalesand Russulales(Table 2).
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Table 2. Taxonomyof the isolated strains and referenceto the codewithin the MoguS.r.Iresearch

fungal collection (MRFC).Taxonomyrelies on MycoBank[35].

Order Family Species MRFC Code

Mycenaceae Panellusstipticus (Bull.) P.Karst. 183-21
Agaricales Strophariaceae CyclocybeylindracegDC.)Vizzini & Angelini 187-21
Gloeophyllumodoratum(Wulfen) Imazeki 077-18
Gloeophyllales Gloeophyllaceae NeolentinuslepideugFr.) Redhead& Ginns 132-19
Neolentinusschaefferf\WWeinm.) 190-21
Fomitiporiamediterraneav. Fisch. 079-18
Fomitiporiamediterraneav. Fisch. 082-19
Fuscoporiacontigua(Pers.) G.Cunn. 085-19
Hymenochaetales Hymenochaetaceae Fuscoporiacontigua(Pers.) G.Cunn. 130-19
Fuscoporiaorulosa(Pers.) T. Wagner & M. Fisch. 063-18
Inonotus radiatugSowerby) P.Karst. 053-18
Phylloporiaribis (Schumach.)Ryvarden 049-18
Dacryobolaceae PostiatephroleucdFr.) Julich 211-21
Antrodia sp. 074-18
Antrodiacfr. alpina(Litsch.) Gilb. & Ryvarden 134-19
Cyanosporuslni Niemelda& Vampola 071-18
Daedaleajuercina(L.) Pers. 089-19
FlavidoporiapulvinascengPilat) Audet 193-21
Fomitopsidetulina(Bull.) B.K.Cui,M.L.Han & Y.CDai 042-18
FomitopsisbericaMelo & Ryvarden 004-18
FomitopsisbericaMelo & Ryvarden 104-19
Fomitopsidaceae Fomitopsisofficinalis (Vill.) Bondartsev & Singer 143-19
Fomitopsiginicola(Sw.) P.Karst. 087-19
Fomitopsiginicola(Sw.) P.Karst. 117-19
Polyporales Fomitopsiginicola(Sw.) P.Karst. 124-19
Neoantrodia seriali§Fr.) Audet 111-19
Niveoporofomespra_gue(Berk. & M.A. Curtis) B.KCui, 156-19

M.L.Han& Y.CDai
Osteinaobducta(Berk.) Donk 147-19
Osteinaundosa(Peck) B.K.Cui,L.L.Shen& Y.CDai 162-19
Grifolaceae GrifolafrondosaDicks.) Grey. 210-21
) Skeletocutimmorpha(Fr.) Kotl. & Pouzar 171-19
Incrustoporiaceae TyromyceshioneugFr.) P.Karst. 158-19
IrpexlacteuqFr.) Fr. 076-18
Irpicaceae Irpexlacteug(Fr.) Fr. 160-19
IrpexlatemarginatugDurieu & Mont.) C.CChen& 109-19

Sheng HWu

Ischnodermataceae IscnodermdenzoinumWahlenb.) P.Karst. 195-21
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Table 2. Cont.

Order Family Species MRFC Code

Laetiporussulphureus(Bull.) Murrill 188-21

Laetiporaceae Phaeoluschweinitzii(Fr.) Pat. 136-19
Abortiporusbiennis(Bull.) Singer 064-18
Bjerkanderadusta(Willd.) P.Karst. 101-19

Merunaceae Vitreoporusdichrous(Fr.) Zmitr. 083-19
Phlebiarufa (Pers.) M.P.Christ. 186-21

Antrodiella fagineaVampola & Pouzar 169-19

Phanerochaetaceae Porostereunspadiceun{Pers.) Hjortstam & Ryvarden 102-19
TeranacaerulegSchrad.ex Lam.) Kuntze 177-19

Cerrenaunicolor (Bull.) Murrill 145-19

Coriolopsigyallica(Fr.) Ryvarden 086-19

Coriolopsidgrogii (Berk.) Domanski 027-18
Daedaleopsisonfragos#Bolton) J.Schrot. 155-19

Daedaleopsisicolor (Bull.) Bondartsev & Singer 028-18

Daedaleopsisicolor (Bull.) Bondartsev & Singer 148-19

Dichomitus campestrigQuél.) Domanski & Orlicz 168-19

DichomitussqualengP. Karst.) D.A.Reid 012-18

FomedomentariugL.) Fr. 066-18

Polyporales Fomedomentariug(L.) Fr. 091-19
FomegomentariugL.) Fr. 179-19
Ganodermadspersun{Schulzer) Donk 106-19
Ganodermadspersun{Schulzer) Donk 007-18
Ganodermadspersun{Schulzer) Donk 036-18

Polyporaceae Ganodermadspersun{Schulzer) Donk 097-19
Ganodermadspersun{Schulzer) Donk 112-19
Ganodermapplanatum(Pers.) Pat. 045-18

GanodermaarnosunPat. 161-19

GanodermaarnosunPat. 191-21

Ganoderméducidum (Curtis) P.Karst. 037-19

Ganodermducidum (Curtis) P.Karst. 137-19
GanodermaesinaceunBoud. 046-18
GanodermaesinaceunBoud. 120-19
GanodermaesinaceunBoud. 209-21
GanodermavalesiacunBoud. 196-21

Irpiciporus pachyodor{Pers.) Kotl. & Pouzar 175-19

Lenziteshetulinus(L.) Fr. 088-19
Perenniporidraxinea(Bull.) Ryvarden 122-19

PicipesmelanopugPers.) Zmitr. & Kovalenko 159-19

Polyporusalveolaris(DC.) Bondartsev & Singer 096-19

Polyporusbadius(Pers.) Schwein. 093-19

Polyporuscorylinus Mauri 192-21
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Table 2. Cont.

Order Family Species MRFC Code

PolyporussquamosugHuds.) Fr. 094-19

Pycnoporusinnabarinus(Jacq.)P.Karst. 174-19

SarcoporigolysporaP. Karst. 172-19

TrametegibbosdPers.) Fr. 054-18

Trametesirsuta (Wulfen) Pilat 067-18

Trametesirsuta (Wulfen) Pilat 144-19

rolyporales rolyporaceae Trametesuaveolend_.) Fr. 061-18
TrametesuaveolenfL.) Fr. 070-18

Trametesversicolor(L.) Lloyd 139-19

Trichaptumabietinum(Pers. ex J.F Gmel.) Ryvarden 133-19

Truncosporaatlantica Spirin & Vlasak 078-18

Yuchengianarymica(Pilat) B.K.Cui,C.L.Zhao& Steffen  176-19

HeterobasidiormabietinumNiemel& & Korhonen 069-18

Bondarzewiaceae Heterobasidiomnnosum(Fr.) Bref. 065-18

Russulales Hericiaceae Laxitextum bicolor(Pers.) Lentz 166-19
Peniophoraceae Peniophorajuercina(Pers.) Cooke 090-19

Stereaceae Stereumhirsutum (Willd.) Pers. 073-18
Stereumsanguinolentum(Alb. & Schwein.) Fr. 127-19

Asreported above,MycoBank|35] wasusedasthe only referencein this study. However,
in comparison with Index Fungorum §0] and part of the literature, nomenclaturalssues are
still being debated, mainly for the following species:Polyporus badiugPers.) Schwein., also
known asPicipes badiugPers.) Zmitr. & Kovalenko, andPolyporus squamosysiuds.) Fr., also
known asCerioporus squamosiiiduds.) Quél according to Mycobank andBernicchia& Gorjon
(2020) [28].

The family of Polyporaceais the most represented in the collection: almost 50% of the
isolated speciesbelongto it (Figure 4). For orders, Polyporaless by far the most represented:
55.6% of the isolated families belongto it (Figure 5).

Among all of the species listed in Tablé, 80% are considered white rot agents, while
20% are brown rot.

3.3. Basidiomatand Fungal Strainsldentification

The molecular identification of the strains confirmed the morphological identification
of the collected basidiomata and disentangled the uncertain identity of poorly differentiated
samples (primordia of Fomitiporia contigua085-19, Ganoderma adspersuf07-18, Daedaleopsis
tricolor 028-18) or speciesthat are very similar to each other (Fomitiporia mediterranea
Cyanosporusini, PostiatephroleucaDichomitussqualensPorostereunspadiceu

The identifications of two strains (Antrodia sp.and Antrodia cfr. alpind were still
uncertain, and these could not be unequivocally identifiedin particular, the basidioma
macrocharacteristics and the host tree suggest that the strain was alpina(e.qg., its changéo
red in KOH and its growth orLarix decidug, but the molecular analysis on the ITS regiodoes
not exclude A. xantha Therefore, the strain 13419 is referred to asAntrodia cfr. alpina
Further molecular markers (e.g., factor 4 and LSU) are needed to confirm the identities of
thesestrains [41].
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Figure 4. Families represented in the set of isolated strains included in this study.
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Figure 5. Orders represented in the set of isolated strains included in this study.

The molecular analysis was important for-omitiporia mediterraneavhich can only be
distinguished from Fomitiporia punctataising ITSsequencessince all the microscopicaland
macroscopical elements are the same. MycoBank reported the Laetiporus genus in
FomitopsidacedsecauselLaetiporaceais considered invalid. NeverthelessPhaeoluss placed
in Laetiporacea&Ve decided to follow Justo et al. (2017)}1P] and considerLaetiporaceadulic
1989 [33] valid, so Laetiporuscould be included in this family alongwith Phaeolus

The genus GanodermeP. Karst. is a taxonomical group whose strains are among
the most difficult to distinguish [27]. Nevertheless, the reported strains in Tabl@ have
beenunequivocally identified. In particular, the morphological discrimination between
G. applanatunand G. adspersurbasidiomatacould be difficult if the collected specimensre
too young. However, G. adspersuntould be identified from mycelium layers amongtube
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strates, but if thebasidioma is less than two years old, this feature cannot be observeéd this
case, molecular analyses are always required to be sure of their exact identification.
Ganoderma resinaceummhen grown on Salix or Alnus close to water, sometimes has long
stipes and presents a thinner context when compared to the specimens usually growing on
Quercusspp. This can mean that it resembless. lucidum morphologically, but these two
species arewell separatedby molecular analysis.On theother hand, for the identifi cation of

G. carnosumit was more critical to use molecular methods over morphological identification
because different but equally supported (>97%) identification alternatives were producetyy
the comparative analysis of the ITS sequencesin both Mycobank [35] and NCBI[34].The
molecular analysis failed to discriminate the isolated strain fromGanoderma valesiacum
(which has a white context and grows orlLarix deciduaonly) as well as from Ganoderma
oregonensand Ganoderma tsugad€two North American species) 43,44]. In addition, G.
valesiacunand G. carnosunpresent quite different myceliaon MEA: the first pigments quite
quickly and forms athin layer of hyphae, whereas the second forms a white, thickand faster
growing mycelium. Further studies are ongoing to clarify whether they can baeated as a
single speciesor whether they should be considered different entities

Finally, for Cyclocybe cylindracedhe identification of the taxonomic situation is still
uncertain. As shown in Vizzini et al. [45], two well supported clades exist. Furthermore,
two names are acceptedCyclocybe aegerit®y. Brig.) Vizzini andCyclocybe cylindrace@C.)
Angelini & Vizzini, but no typus is assigned to them (according to personal communication
with Vizzini). It is probable that the two accepted names will be assigned to the two existing
cladesof this collective species.

Asit canbe observedin Table 2, only asmall number of corticioid strains havebeen
isolated, eventhough they are abundantand occur frequently in nature. It is particularly
difficult to isolate them properly sincethey not only haveavery thin context but are also
rarely found clean and actively growing.Among the corticioid species, the mycelia of
Terana caeruleand Porostereum spadiceumere isolated with success. The basidiomata of
these two species are quite common in nature, but thegre thin and close to the ground, so
the strains in pure culture are not socommon. It is difficult to maintain thesetwo species
on artificial media. Storage using papefilter disks at 4 ® has proven to be effective, as the
two species were able toegrow after 18 months ofstorage.

Among the isolated strains, Dichomitus squalens Fomitopsisiberica Niveoporofomes
spraguejGanoderma carnosu@anoderma valesiacyfomitopsis officinalig?olyporus corylinusand
Sarcoporia polyspoi@e considered uncommon or rare species with a scattered distribtion,
at least in Italy, as reported in theChecklist of Italian fungi Basidiomycotg46] and in
Bernicchia & Gorjon[29].

Some species are hostpecific, such asG. valesiacumand F. officinalis which are strictly
associatedwith Larix decidua Onthe contrary, other strains, even if hot common, showed
a very large spectrum of hosts: in particular, F. ibericacould grow on both angiosperms
and gymnosperms.Notably, this specieswasfound exclusivelyin urban parks. Other species
that grow preferably in urban areas areF. mediterranegP. fraxinea G. adspersunand
G. resinaceumGanodermaarnosumwhich usually grows in Abiesalbaforests, was found in
two different public parks on decayedconiferous stumps.

Due to the decision to isolate the mycelia from fresh anaictively growing basidiomata,
only a small number of collected samples could not be isolateBistulina hepatica, Pleurotus
dryinus, Serpula himantioides, Meruliopsis taxicola, Dendropolyporus umbe]lRiggdoporus
sanguinolentus, NeofavolusiavissimusFavolaschia caloceaad Hericium cirrhatum This was
because molds or bacterial contaminations were always present, overgrowing the target
mycelium evenwith the addition of hydrogen peroxide.

3.4. MorphologicaDescriptionof Pure Cultures
The main characteristics of the myceliain pure culture are reported in Table 3.
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Table 3. Morphological description of the strains in pure culture andthe averagegrowth rate of the three
replicates calculatedat 7 daysafter inoculation (absolute uncertainty from random error £ 0.17 mm).

MRFC Mycelium Description Average Growth Rate  cojony Morphology

Code (mm day’ 1) on MEA (2%) References

Species

Colony colourwhite. Colony
edge appressed, edge line
fringed, marginal hyphae

fimbriate. Mat cottony. Aerial
064-18 mycelium < 1.5%5 um 8.1
wide, submerged
mycelium <1.5z3 umwide.
Clampspresent.
Chlamydosporespresent.

Abortiporusbiennis

(Bull.) Singer [23]

Colony colour white to
yellowish-ochraceous.
Reverse darkenedColony
edge appressed, edge line
Antrodia alpina fringed, marginal hyphae
(Litsch.) Gilb. 134-19 fimbriate. Mat downy-felty. 0.7
& Ryvarden Aerial mycelium 1.53 um
wide, submerged
mycelium <1.5z3 pm wide.
Clampsabsent.
Anastomosispresent.

Colonyuncoloured to white.

Reversebleached.Colony

edgesubmergedto appressed,

edgeline fringed, marginal
Antrodiellafaginea hyphae fimbriate. Mat

169-19 . .

Vampola& Pouzar farinaceousvelvety. Aerial

mycelium 1.5z3 pm

wide, submerged

mycelium < 1.5z3 umwide.

Clampsabsent.

1.4

Colony white.Reverse
bleached.Colony edge
appressedto raised,edgeline
Bjerkanderadusta 101-19 fringed, marginal hyphae
(Willd.) P.Karst. fimbriate. Mat cottony-
woolly-floccose.Aerial
mycelium 3z5 um wide.
Clampspresent.

10.3 [23]

Colony white. Colony edge
raised, edge line fringed,
marginal hyphae fimbriate.

145-19 Mat woolly-floccose. Aerial 8.3
mycelium 1.5-3 pm wide,
submergednycelium3i 5 um
wide. Clamps absent.

Cerrena

. 23
unicolor [23]

Colony uncoloured to white.
Colony edgeappressed, edge
Coriolopsigallica 086-19 line fringed, marginal hyphae
(Fr.) Ryvarden fimbriate. Mat felty. Aerial
mycelium < 1.5z3 um wide.
Clampspresent.

4.9 [23]
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Table 3. Cont.

MRFC

Species Code

Mycelium Description

Average Growth Rate
(mm day' 1)

Colony Morphology

on MEA (2%) References

Coriolopsidrogii

(Berk.) Domanski 027-18

Colonycolour white to cream.

Colonyedgeraised, edgeline
fringed, marginal hyphae

fimbriate. Mat silky to felty.
Aerial mycelium <1.5z5 pm
wide, submerged

mycelium < 1.5z5 um wide.
Clampspresent.

4.8

[23]

Cyanosporuglni

Niemela& Vampola 071-18

Colony uncoloured.Colony
edge appressed to raised,
edge line compact, marginal
hyphae dense. Mat downy.
Submergedmycelium 1.523 um
wide. Clampsabsent.

0.3

Cyclocybe
cylindracea(DC.) 18721
Vizzini & Angelini

Colony white to brownish.
Colony edge raised, edge line
fringed, marginal hyphae
fimbriate. Mat silky-woolly.
Aerial mycelium < 1.5-5 pm
wide. Clamps present.

3.3

Daedalea

. 089-19
quercina

Colony white to cream.
Colony edge appressed to
raised, edge line fringed,
marginal hyphae fimbriate.
Mat felty. Aerial

mycelium < 1.5-3 pm wide.
Clamps present.

3.0

[23,48]

Daedaleopsis
confragos#éBolton) 155-19
J.Schrot.

Colonywhite to brown.
Reversedarkened. Colony
edgeappressed to raised,
edgeline compact,marginal
hyphaedense.Mat

woolly -floccose,zonated.
Aerial mycelium 1.53 um
wide, submergedmycelium
3Z5 pm wide. Clampspresent.

3.1

[23,48,49]

Daedaleopsis tricolor
(Bull.) Bondartsev ~ 148-19
& Singer

Colonywhite to brown.
Colonyedgeappressed,edge
line fringed, marginal hyphae
fimbriate. Mat cottony. Aerial
mycelium 1.5z73 pm wide.
Clampsabsent.

5.2

[49]

Dichomitus
campestrigQuél.) 168-19
Domanski& Orlicz

Colony white. Colonyedge
raised, edgeline fringed,
marginal hyphae fimbriate.
Mat downy, zonated Aerial
mycelium 1.523 um

wide, submerged

mycelium 1.5z7.5 pm wide.
Clampspresent.

1.9
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MRFC

Species Code

Mycelium Description

(mm day' 1)

Average Growth Rate

Colony Morphology
on MEA (2%)

References

Dichomitussqualens

(P.Karst.) D.A Reid 012-18

Colonywhite -cream. Colony
edge appressed to raised,
edge linefringed, marginal

hyphaefimbriate. Mat
floccosefelty. Aerial
mycelium 1.5z3 pm wide.
Clampspresent.
Chlamydosporespresent.

54

[23]

Flavidoporia
pulvinascengPilat)  193-21
Audet

Colony uncoloured to white.

Colony edge raised, edge line

fringed, marginal hyphae

fimbriate. Mat woolly. Aerial 0.7
mycelium 3-7.5 pm wide,

submerged mycelium 1.5-3 pm

wide. Clamps present.

Fomedomentarius

(L) Fr 179-19

Colony white.Colony edge

appressedto raised,edgeline

fringed, marginal hyphae

fimbriate. Mat woolly -felty. 6.6
Aerial mycelium 1.5z3 pm

wide, submerged mycelium

1.5z3. Clampspresent.

[23,48250]

Fomitiporia
mediterranea 079-18
M. Fisch.

Colonyyellowish-ochraceous.
Colonyedgeraised, edgeline

fringed, marginal hyphae

fimbriate. Mat cottony,

zonated. Aerial 2.30
mycelium <1.5z3 pm wide,
submergedmycelium 3z5.

Clampsabsent. Hyphae with

someoil drops.

[51]

Fomitopsidetulina
(Bull.) B.K.Cui,
M.L.Han&
Y.CDai

042-18

Colonywhite. Colony edge
appressededgeline fringed,

marginal hyphae fimbriate.

Mat woolly -floccose.Aerial 4.4
mycelium 1.5z5 um wide,
submergedmycelium 1.5z3 um

wide. Clampspresent.

[23,48]

Fomitopsigberica

Melo & Ryvarden 104-19

Colony white.Colony edge
raised, edgeline fringed,
marginal hyphaefimbriate.
Mat silky-floccose.Aerial
mycelium < 1.5z3 um wide,
submergedmycelium 1.523 pm
wide. Clampspresent.
Hyphae with some oil drops.
Chlamidosporespresent,

but rare.

6.0
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Mycelium Description

Average Growth Rate
(mm day' 1)

Colony Morphology
on MEA (2%)

References

Fomitopsisofficinalis

(Vill.) Bondartsev
& Singer

143-19

Colony white.Reverse
bleached.Colony edge
appressedgedgeline fringed,
marginal hyphaefimbriate.

Mat woolly-floccoseplumose.
Aerial mycelium 1.53 um
wide, submerged mycelium
1.5z3 pmwide. Clampspresent.
Chlamydosporesresent.

13

[23,48]

Fomitopsiginicola
(Sw.) P.Karst.

117-19

Colony white. Colony edge
raised, edgeline fringed,
marginal hyphae fimbriate.
Mat woolly -floccose.Aerial
mycelium <1.5z5 pm wide.
Clampspresent.

35

[23,48250]

Fuscoporiaontigua
(Pers.)G.Cunn.

085-19

Colonybrownish. Colony
edgeappressed,edgeline
compact,marginal hyphae
dense.Mat silky-crustose.
Aerial mycelium 1.5z25 um
wide. Clampsabsent.

0.9

[23]

Fuscoporidorulosa
(Pers.) T.Wagner&
M. Fisch.

063-18

Colony yellowish.Reverse
darkened.Colony edge
appressed, edge line fringed,
marginal hyphae fimbriate.
Mat cottony. Aerial mycelium
1.5z5 um wide, submerged
mycelium 1.55 pm wide.
Clampsabsent. Mycelium
with skeletal hyphae.

0.3

[23]

Ganoderma
adspersum
(Schulzer) Donk

036-18

Colonywhite to
yellow-ochraceous. Reverse
bleached.Colony edge
appressededgeline fringed,
marginal hyphae fimbriate.
Mat downy. Aerial
mycelium < 1.5z5 pm wide.
Clampspresent. Mycelium
with skeletalhyphaeand

oil drops.

3.7

[23,50]

Ganoderma
applanatum
(Pers.) Pat.

045-18

Colony white.Reverse
bleached.Colony edge
appressed, edge line fringed,
marginal hyphae fimbriate.
Mat silky-velvety-crustose.
Aerial mycelium 3z5 um wide.
Clampspresent. Saline
crystals present.

4.8

[23,48,50]
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Table 3. Cont.

MRFC

Species Code

Mycelium Description

Average Growth Rate
(mm day' 1)

Colony Morphology
on MEA (2%)

References

Ganoderma

carnosunPat. 161-19

Colonywhite to
yellowish-ochraceous.
Reverse bleached. Colony
edge appressed, edge line
fringed, marginal hyphae

fimbriate. Mat cottony-
floccosecrustose.Aerial
mycelium 1.5z3 pum wide,
submergedmycelium 1.5z3 um
wide. Clamps presentSaline
crystals present.

4.8

Ganodermaucidum

(Curtis) P.Karst. 13~

Colony white.Reverse
bleached.Colony edge
appressededgeline fringed,
marginal hyphae fimbriate.
Mat cottony. Submerged
mycelium 1.5z3 pm wide.
Clampspresent.

2.6

[2348505253]

Ganoderma

. 046-18
resinaceunBoud.

Colony white.Reverse
bleached.Colonyedgeraised,
edgeline fringed, marginal
hyphaefimbriate. Mat
farinaceous.Aerial
mycelium<1.5z3 um

wide, submerged
mycelium <1.5z3 um wide.
Clampspresent.
Chlamidosporesabundant.
Anastomosis present.

7.5

[23,50]

Ganoderma

. 196-21
valesiacunBoud.

Colony white-ochraceous.

Colony edge appressed, edge

line fringed to bayed,
marginal hyphae fimbriate.
Mat downy-farinaceous.
Aerial mycelium<1.5z5 um
wide, submerged
mycelium <1.53 um wide.
Clampspresent.

0.8

Gloeophyllum

odoratum(Wulfen) 077-18
Imazeki

Colony white-cream.Reverse
darkened.Colony edge
appressedraised, edge line
fringed, marginal hyphae

fimbriate. Mat downy-woolly.
Aerial mycelium 1.55 pym
wide, submergedmycelium
1.5z3 um wide.
Clampspresent.

0.2

Grifolafrondosa

(Dicks.) Grey. 210-21

Colony white.Colony edge
raised, edgeline fringed,
marginal hyphaefimbriate.

Mat cottony-woolly. Aerial
mycelium < 1.5%3 pm wide,
submerged mycelium 1.3 um
wide. Clampspresent.

58
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[2348,53]
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Species Code

Mycelium Description

Average Growth Rate
(mm day' 1)

Colony Morphology

on MEA (2%) References

Heterobasidion

abietinumNiemela  069-18

& Korhonen

Colonywhite -yellowish.
Colony edge raised, edge line
fringed, marginal hyphae
fimbriate. Mat

farinaceousgranular to
floccose.Aerial mycelium
1.5z7.5um wide. Clamps
absent.Chlamidospores
present. Numerousbasidia.

2.4

Heterobasidion

annosum(Fr.) Bref. 065-18

Colonywhite to
yellow-ochraceous.Colony
edge submerged, edge line
fringed, marginal hyphae
fimbriate. Matsilky-floccose.
Aerial mycelium <1.5z5 um
wide, submerged

mycelium < 1.5%7.5um
wide. Clampsabsent.
Chlamidosporespresent.

13

[2348]

Inonotusradiatus

(Sowerby) P.Karst. 053-18

Colony brownish.Colony
edgesubmerged,edgeline
fringed, marginal hyphae
bayed.Mat downy. Aerial
mycelium 1.5z5 pm wide,
submerged mycelium 1.3 um
wide. Clampsabsent.Hyphae
with oil drops.

11

[2348]

IrpexlacteugFr.) Fr. 076-18

Colony white.Reverse
bleached.Colonyedgeraised,
edgeline fringed, marginal
hyphae fimbriate. Mat

silky-woolly. Aerial mycelium
1.5z7.5 um wide, submerged
mycelium 1.527.5 pm wide.
Clampsabsent. Mycelium
with skeletal hyphae.

8.0

[23]

Irpex latemarginatus

Durieu & Mont. 109-19

Colony white.Colony edge
raised, edgeline fringed,
marginal hyphaefimbriate.

Mat cottony to floccose.
Aerial mycelium 1.53 pm
wide, submergedmycelium
325 um wide. Clampsabsent.
Hyphaewith oil drops.
Anastomosispresent.

9.8

(23]

Irpiciporus
pachyodorfPers.)
Kotl. & Pouzar

175-19

Colony white.Reverse
bleached.Colony edge
appressedto raised,edgeline
fringed, marginal hyphae
fimbriate. Mat cottony to
floccose.Aerial

mycelium < 1.5z5 umwide.
Clampspresent. Skeletal
hyphae present.
Chlamidosporespresent.
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Species Code

Mycelium Description

(mm day' 1)

Average Growth Rate

Colony Morphology

on MEA (2%) References

Ischnoderma

benzoinum
(Wahlenb.)
P.Karst.

195-21

Colonyuncoloured to white.
Colonyedgeappressedto
submerged,edgeline fringed,

marginal hyphae

fimbriate -bayed. Mat 3.3
downy-velvety. Aerial

mycelium 1.5z3 um wide,
submergedmycelium 1.5z3 um

wide. Clampspresent.

(23]

Laetiporus
sulphureug(Bull.) 188-21
Murrill

Colony creamColony edge
appressedto submerged,edge
line fringed, marginal hyphae
fimbriate. Mat farinaceous
granular-floccose. Aerial
mycelium 1.5z5 um wide,
submergedmycelium 5z7 um
wide. Chlamydosporesabundant.

2.6

[2348,53]

Laxitextumbicolor

(Pers.) Lentz 166-19

Colony white-cream. Reverse
darkened.Colony edge
appressedto raised,edgeline
fringed, marginal hyphae
fimbriate. Mat woolly -
floccoseto farinaceous. Aerial 3.4
mycelium 1.5z3 um

wide, submerged

mycelium <1.5z7 pm wide.
Clamps present. Mycelium
with skeletal hyphae.

[23]

Lenzitesbetulinus

(L) Fr 088-19

Colony white.Colony edge
raised, edgeline fringed,
marginal hyphae fimbriate.
Mat cottony-floccoseto felty.
Aerial mycelium 1.5z23 um
wide, submerged mycelium
1.5z3 pm wide.

Clamps present.

3.1

[23,48,54]

Neoantrodisserialis

(Fr.) Audet 111-19

Colony uncoloured to white.
Reversebleached.Colony
edge appressed, edge line
fringed, marginal hyphae
fimbriate. Mat downy-
cottony-floccose. Aerial 2.3
mycelium < 1.5z3 um wide,
submerged mycelium 1.3 pm
wide. Clampsabsent. Saline
crystals present. Hyphaewith
someoil drops.

[23,48]

Neolentinudepideus
(Fr.) Redhead 132-19
& Ginns

Colony white.Reverse

darkened.Colony edge

appressedto submerged,edge

line fringed, marginal hyphae

fimbriate. Mat cottony- 3.3
woolly -felty. Aerial mycelium

1.5z3 pum wide, submerged

mycelium < 1.5um wide.

Clampspresent.

[48]
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Colony Morphology
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References

Neolentinus

schaefferfweinm.)
Redhead& Ginns

190-21

Colony white.Reverse
darkened.Colony edge
appressedto raised,edgeline
even,marginal hyphaedense.

Mat farinaceous.Aerial
mycelium < 1.53 pm wide,
sumberged mycelium 1.3 um
wide. Clampspresent.
Chlamydosporespresent.
Hyphaewith oil drops.

2.5

Niveoporofomes
spragueiBerk. &

M.A. Curtis) B.K.

Cui,M.L.Han &
Y.CDai

156-19

Colonywhite. Colonyedge
raised, edgeline fringed,
marginal hyphae fimbriate.
Mat cottony-floccose.Aerial
mycelium 1.5z3 pum wide,
submergedmycelium 3z5 um
wide. Clamps present but
scarce.Chlamidosporesabundant.

3.1

Osteinaobducta
(Berk.) Donk

147-19

Colonyuncoloured to slight
brownish. Colony edge
appressededgeline fringed,
marginal hyphae fimbriate.
Mat absentto downy. Aerial
mycelium <1.5z27 um wide,
submergedmycelium <1.5z3 pum
wide. Clampspresent.

0.3

Osteinaundosa
(Peck) B.K.Cui,
L.L.Shen&
Y.CDai

162-19

Colony uncoloured.Colony
edgeraised,edgeline fringed,
marginal hyphaefimbriate.
Mat downy. Aerial mycelium
1.5z3 pm wide, submerged
mycelium 1.5z23 pm wide.

Clampspresent.

0.2

Panellusstipticus
(Bull.) P.Karst.

183-21

Colony white.Reverse
bleached.Colony edge
appressed, edge line fringed,
marginal hyphae fimbriate.
Mat downy-cottony-floccose.
Aerial mycelium < 1.5z3 um
wide, submergedmycelium
1.5z3 um wide. Clamps
absent.Salinecrystals present.
Hyphaewith oil drops.

15

Peniophorauercina

(Pers.) Cooke

090-19

Colony white.Reverse
bleached.Colony edge
submergedappressed, edge
line fringed, marginal hyphae
fimbriate. Mat downy to
cottony-woolly -floccose.
Aerial mycelium %5 pm wide,
submerged mycelium 1.3 um
wide. Clampspresent. Saline

crystals present.

4.0

[23]
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MRFC

Species Code

Mycelium Description

Average Growth Rate
(mm day' 1)

Perenniporia
fraxinea(Bull.)
Ryvarden

122-19

Colonywhite, with a pink
gradient. Reversebleached.
Colonyedgeappressed,edge
line fringed, marginal hyphae
fimbriate. Mat cottony-felty.
Aerial mycelium 1.53 um
wide, submergedmycelium
1.5z3 um wide. Clamps present.
Chlamidosporespresent.

3.4

Colony Morphology
on MEA (2%)

References

[23,48]

Phaeolus
schweinitzii
(Fr.) Pat.

136-19

Colonyyellowish-ochraceous.
Reversedarkened. Colony
edge appressed, edge line
fringed, marginal hyphae
fimbriate. Mat woolly -
floccose.Aerial mycelium
1.5z5 um wide. Clampspresent.

2.4

[2348]

Phlebiarufa (Pers.)

M.P Christ. 186-21

Colony white-cream.Colony
edgeappressedto submerged,
edgeline fringed, marginal

hyphaefimbriate. Mat
woolly -floccoseplumose.

Aerial mycelium 1.53 pm
wide. Clampspresent. Saline
crystals present.

8.5

[23]

Phylloporiaribis
(Schumach.)
Ryvarden

049-18

Colonyyellow-ochraceous.
Reversedarkened. Colony
edgeraised, edgeline
compact, marginal hyphae
fimbriate. Mat cottony. Aerial
mycelium 1.5z3 pm wide.
Clampsabsent.
Anastomosispresent.

0.1

[23]

Picipesmelanopus
(Pers.)Zmitr.
& Kovalenko

159-19

Colonywhite. Reverse
bleached.Colonyedge
appressed.edgeline fringed,
marginal hyphaefimbriate.
Mat cottony-woolly -floccose.
Aerial mycelium 1.5z3 um
wide, submerged mycelium
1.5z5 pm wide. Clamps
present. Salinecrystals present.

0.7

[23]

Polyporusalveolaris
(DC.)Bondartsev
& Singer

096-19

Colonywhite. Reverse
bleached.Colonyedge
appressedto submerged,edge
line fringed, marginal hyphae
fimbriate. Mat cottony-woolly.
Aerial mycelium 1.5z3 um
wide, submerged mycelium
1.5z3 pmwide. Clamps
present. Salinecrystals present.

4.3

[23.48]
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Polyporusbadius
(Pers.) Schwein.

093-19

Colony white.Colony edge
appressedto submerged,edge
line fringed, marginal hyphae

dense.Mat downy to
cottony-woolly. Aerial
mycelium 1.5z3 um wide,
submergedmycelium 1.5z3 um
wide. Clampsabsent.

3.0

[23]

Polyporuscorylinus
Mauri

192-21

Colony white.Reverse
bleached.Colonyedgeraised,

edgeline fringed, marginal

hyphaefimbriate. Mat felty.

Aerial mycelium <1.5z3 um 4.9
wide, submerged

mycelium < 1.5%3 um

wide. Clampspresent.
Chlamidosporesabundant.

Polyporus
sguamosus
(Huds.) Fr.

094-19

Colonywhite to brownish.
Reversebleached.Colony
edgeraised, edgeline fringed,
marginal hyphaefimbriate.
Mat farinaceousfloccose.
Aerial mycelium 3z5 pm wide,
submerged mycelium 1.5 pm
wide. Clampspresent.

11

[23,48,55]

Porostereum
spadiceuntPers.)
Hjortstam &
Ryvarden

102-19

Colony white.Reverse
bleached.Colonyedgeraised,
edgeline fringed, marginal
hyphaefimbriate. Mat
plumose. Aerial mycelium
<1.5z3 pm wide, submerged
mycelium <1.53 um wide.
Clampspresent.

6.0

Postiatephroleuca
(Fr.) Julich

211-21

Colony white.Reverse
bleached.Colony edge
appressed, edge line fringed,
marginal hyphae fimbriate to
slighty bayed.Mat farinaceous
felty -velvety. Aerial mycelium
1.5z5 pm wide, sumberged
mycelium 1.5z5 pm wide.
Clamps presentSaline
crystals present.

1.2

[23]

Pycnoporus
cinnabarinugJacq.)
P.Karst.

174-19

Colonywhite to

orange-reddish. Reverse

bleached.Colony edge

appressedto submerged,edge

line fringed, marginalhyphae 4.3
fimbriate. Matwoolly -velvety.

Aerial mycelium 1.53 pm

wide, sumberged mycelium

1.5z3 um wide. Clampspresent.

[23,48]
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Table 3. Cont.

MRFC

Species Code

Mycelium Description

Average Growth Rate
(mm day' 1)

Colony Morphology
on MEA (2%)

References

Sarcoporigolyspora

P.Karst. 172-19

Colonyuncolouredto whitish.
Colonyedgeappressed,edge

line compactbayed,marginal
hyphae denseMat silky. Aerial
mycelium 3z5 um wide,
sumberged mycelium 1.3 um
wide. Clampspresent.

0.3

Skeletocutimmorpha
(Fr.) Kotl.
& Pouzar

171-19

Colony uncoloured.Colony
edgeappressed, edge line
fringed-bayed,marginal
hyphaefimbriate. Mat downy.
Sumbergedmycelium 5z7.5um
wide. Clampsabsent.

0.2

[23,48]

Stereumhirsutum

(Willd.) Pers. 073-18

Colonywhite to orange.
Colony edge raised, edge line
fringed, marginal hyphae
fimbriate. Mat cottony-
floccose Aerial

mycelium < 1.57.5 pm wide,
sumberged mycelium < 1.5um
wide. Clampspresent.
Skeletalhyphaepresent.

9.6

[23,49,55]

Stereum
sanguinolentum
(Alb. &
Schwein.)Fr.

127-19

Colony white to ochraceous.
Colonyedgeraised, edgeline
fringed, marginal hyphae
fimbriate -bayed.Mat downy.
Sumbergedmycelium 1.5z3 pm
wide. Clampsrare.

0.9

[23,48]

Terana caerulea
(Schrad.ex
Lam.) Kuntze

177-19

Colonywhite to blue. Reverse
bleached.Colony edge appressed
to submerged, edge line fringed,
marginal hyphaefimbriate.
Mat woolly-floccose. Aerial
mycelium 3z7.5 um wide.
Clampspresent.

4.3

Trametegibbosa

(Pers.)Fr. 054-18

Colony white.Colony edge
appressedgedgeline fringed,
marginal hyphaefimbriate.

Mat floccose. Aerial
mycelium < 1.5%3 pm wide,
sumbergedmycelium< 1.53 pm
wide. Clampspresent.

6.6

(23]

Trametesirsuta

(Wulfen) Pilat 067~

Colonywhite to cream.
Colony edge appressetb
raised, edgeline fringed,
marginal hyphae fimbriate.
Mat woolly -floccose.Aerial
mycelium <1.5z5 um wide.
Clampspresent.

4.7

[23,48,55]
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Table 3. Cont.

MRFC Mycelium Description Average Growth Rate  cojony Morphology

Code (mm day’ 1) on MEA (2%) References

Species

Colony white. Reverse
bleached.Colonyedge

appressededgeline fringed,
070-18 marginal hyphae fimbriate. 75
Mat cottony-woolly -floccose.
Aerial mycelium 1.53 pm
wide. Clampspresent.

Trametesuaveolens

(L.)Fr. [23.48]

Colonywhite. Reversebleached.
Colony edge appressed to
raised, edge line fringed,
Trametesersicolor marginal hyphae fimbriate.Mat
(L.) Lloyd 139-19 downy-floccose. Aerial
mycelium < 1.5z3 um wide,
submergedmycelium<1.5.
Clampspresent.

6.9 [23,48,55]

Colony uncoloured.Colony
edge appressed, edge line
Trichaptum fringed, marginal hyphae
abietinum(Pers. 133-19 fimbriate. Mat cottony. Aerial
exJ.FGmel.) mycelium <1.5z5 pm wide,
Ryvarden sumbergedmycelium <1.5z3 pm
wide. Clampspresent.
Chlamydosporespresent.

0.9

Colony white.Colony edge
raised, edgeline even,
marginal hyphae dense. Mat
Truncospora farinaceous.Aerial
atlantica Spirin 078-18 mycelium < 1.573 pm wide, 0.8
& Vlasak sumbergedmycelium 1.5z3 um
wide. Clampspresent.
Chlamydosporespresent.
Hyphaewith oil drops.

Colony white.Colony edge
appressedgedgeline fringed,
marginal hyphae fimbriate.

158-19 Mat cottony-floccose.Aerial 2.7
mycelium 1.5z5 pum wide,
sumberged mycelium 1.§3 um
wide. Clampspresent.

Tyromyceghioneus
(Fr.) P.Karst.

Colonywhite. Reversebleached.
Colony edge appressed to
raised, edge line fringedMat
downy- farinaceousgranular to
176-19 floccoseplumose. Aerial 2.0
mycelium 1.5z5 pm wide,
sumbergedmycelium 1.5z3 pm
wide. Clampsabsent.
Chlamydosporesabundant.

Yuchengianarymica
(Pilat) B.K.Cui,
C.L.Zhao&
Steffen

Colony uncoloured.Colony

edge submerged, edge line
Vitreoporusdichrous (o o bayed,marginal hyphae
(Fr.) Zmitr. fimbriate. Mat sumberged.

Submergedmycelium 1.5z3

pm wide. Clampspresent.

3.8 [2348]
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Besides the morphological characteristics reported in Tabl8, some additional features
could be observed later (i.e., when the colonies were over 15 days old) and are reported
asfollows:

- Phylloporia ribisshowed thin, up to 1 cm long, crystals. The nature of these peculiar
structures is unknown and could be worthy of further investigation (Figure 6);

- Thebrown rot agentsGloeophyllunodoratum NeolentinuslepideusFomitopsifficinalis
Antrodia cfr. Alpinaand Fomitopsis ibericand the white rot agentsFuscoporia contigua
and Polyporussquamosugroduced a non-localized MEA colour changeto darker hues;

- Neolentinuslepideuspure cultures developed a strong and pleasant anisate smell,
similar to the basidiomata;

- Abortiporushbiennisand Peniophoraguercinaproduced dark-reddish exudates.

[ 5

Figure 6. Pure culture of Phylloporiaribis showing white 1 cm-long crystals, a number of which are
indicated by the greenarrows.

Exudatesare recurrent in A.biennis and P.quercinaaccordingto both the literature [23]

Regarding the mycelium characteristics, all of the strains related to th@anoderma
genus had a very compact and thitayered mycelium. On the other handAgaricaleshad a
fluffy and inconsistent myceliumwhen compared toPolyporales.

The strains belonging toHymenochaetaced&uscoporia, Phylloporia, Fomitiporia, Inonojus
produced a coloured mycelium in the Petri dishfFuscoporisand Fomitiporia showed a
brownish, thick mycelium, whereaslnonotusand Phylloporiapresented a thin, yellowish
mycelium with extrusions in agar darkbrown compounds. A number of other strains
present a coloured mycelium:Antrodia cfr. alpinahas a sulphuryellow mycelium; Stereum
hirsutum has a mycelium that is light orangeTerana caerulehas a mycelium that starts
out white before becoming an intense blue colour; an®ycnoporus cinnabarinubas an
orange-reddish myceliumreflecting the colour of its basidiomata.

The important characteristics for the biotechnological application of fungal strains
are the consistency of the mycelium production and the growth rate in cultureA few
strains presented thin (or transparent), inconsistent mycelia [ latemarginatus, Polyporus
squamosusStereumsanguinolentum Teranacaerulep Othersshowedavery slow growth
rate: Antrodia cfr. alpina, Fomitopsisofficinalis, Osteinaobductaand Cyanosporuslni among
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brown rot agents;and Fuscoporidorulosa,inonotusradiatus,Phylloporiaribis and Skeletocutis
amorphaamongwhite rot agents.

The cultures of Laetiporussulphureusand Fomitopsifficinalishave a dusty surfacedue
to the production of asexualspores.

Some other species, such asbortiporus biennis, Coriolopsis gallica and C. trogii, Daeda
leopsis confragosa, Fomes fomentarius, Fomitopsis iberica and F. pinicola, Ganoderma carnost
and G. lucidum, Irpex lacteus, Irpiciporus pachyodon, Lenzites betulinus, Polyporus alveolaris,
Stereumhirsutum, TrametegyibbosaT. hirsuteand T. suaveolenpresented a fast-growing and
homogeneoustough colony.

3.5. Fungal StrainsConservation

Todate, all ofthe isolated strains have resulted in successful conservation thank® the
application of combined storage methods.

Based on the bacicultures, all of the strains are maintained alive after the classic
storagein MEA (Petri dish or tube) at 4 .

It has been demonstrated that all the isolated strains are maintained alive for at leak®
months in water vials on papefilter discs at 4 &, but not all regrew immediately when
transferred to a new MEA Petri dish. Of particular note is the case @fsteina undosan
162-19 colonized filter paper discs. After 18 months of storage in water vials at®, the
discs were placed on MEA Petri dishes for strain refreshment. The mycelium started to
grow againonly after 7 months of total inactivity at 25 .

All the randomly back-cultured strains removed fromi 80 ®were ableto regrow
on MEA.

4. Conclusions

Strains isolated in pure culture from lignicolous fungi are a powerful tool for both
pure and applied research.

The successful isolation ratio was verhigh in the developed method. In total, only
9 out of 103 strains could not be isolated (lessthan 10% of the total).

From the perspective of taxonomy and systematics, this work has achieved a remark
able stock of new strains from both common and rargpecies; such strains will be available
for future studies and collaborations. The main outcome to be highlighted is therefore the
possibility to fill a geographic gap by introducing strains from northern Italy in such future
studies; this is particularly true for the rare/uncommon species that are often excluded or
poorly represented in the experimental setsdue to the lack of strains in pure culture.

Among the many possible applications of fungi, the characteristics of the myce#iee
particularly important in the case of the formation of mycematerials. Mycenaceae,
Strophariaceae, Dacryobolaceae, LaetiporacehBondartzewiaceaguggest their inadequacy
for producing materials based on fungi, as their colonies on artificial media are thislow-
growing and formed of an inconsistent mycelium.The strains belonging to the
Fomitopsidacead¢lymenochaetaceakpicaceagcMeruliaceag Phanaerochaetaced®lyporaceae
and Stereacedengal families seemto be the most suitable for myco-materials due to the
high growth rates, homogeneity and stiffnes®f their mycelial colony.

This study provides the first step for further work on the selection of suitable fungal
strains in order to obtain pure fungal materials orbiocomposites based on fungi. Consistent
with the results of this study, 21 different strains belongingto 20 specieswere selectedfrom
the strain set described above and examinedasdescribedin Cartabiaet al. [38].
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1.3 An Example of the Conservation of Wood Decay Fungi: The NeResearchCulture
Collection of Corticioid and Polyporoid Strains of the University of Salamanca (Spain)

The following paragraph has been extrapolated from the scientific article by Buratti, S., Girometta, C. E.,
Savino, E., & Gorjon, S. P. (2023). An Example of the Conservation of Wood Decay Fungi: The New
Research Culture Collection of Corticioid and Polypad Strains of the University of Salamanca (Spain).
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Abstract: Over the last decade, fungal conservation has become an increasingly important topic,
especially for species tied to forest ecosystemsAmong these, wood decay fungi are a group of
interesting speciesfrom ecologicaland applicative points of view. Culture collectionsrepresentan
important tool for the conservation of species and research material. The aim of this study was to
establish the first research culture collection of wood decay fungal strains, mainly corticioid and
polyporoid species, at Salamanca University (Spain}rom two areas of the Iberian Peninsula, a
total of 120 basidiomata were collected and morphologically identifiedFrom these, 55 strains were
successfully isolated in pure culture and their identity was confirmed by DNA molecular analysis.
The averagegrowth rate of eachstrain was recorded and mycelium characteristics,suchascolony
morphology and microscopic features,were described. Notable strainsin the collection included:

(1) Botryobasidiumasperulumand Phlebiarufa for taxonomical studies; (2) Hericium erinaceusGrifola
frondosaand Pleurotus species for medicinal properties; (3)Irpex lacteusPhanerochaete sordidad
Trametes versicoldor their degradation capabilities; (4) Stereum gausapatuand Stereum hirsutumfor
their applicative and enzymatic potential. The new fungal strain culture collection representsaaluable
tool for the ex situ conservation of Mediterranean wood decay fungi.

Keywords: lignicolous fungi; corticicolous fungi; isolation in pure culture; growth rate; mycelium
characteristics; exsitu conservation; Mediterranean fungal diversity

1. Introduction

Biodiversity conservation has emerged as a driving field in biology and environmental
sciencesasamajor referencefor both scientistsand institutions, the IUCN(International
Union for the Conservation of Nature) has expanded its Red Lists to include an increasingly
diverse range of organisms in order to address the global biodiversity crisiSloday, the
IUCNestimatesthat O i | tbak 42,100 speciesare threatened with extinction, that is still
cyb T A& Al 1 ACDAbDG Hade oteDiihe Grda@st ranges of biodiversitgn
Earth, with 2.2 to 3.8 million species, many of which have yet to bidentified and
described [2]. Nonetheless, fungal conservation has only recently been consolidated as
a topic to address environmental policies, such as through the Global Fungal Red List
Initiative (GFRLI) [3]. Everyone can register with the GRFLI in order to propose species for
assessmentall the availabledata on the nominated speciesare included in aframe based
on IUCN protocols and data can be edited and commented on while under assessment;
assessment is also subjected to external review and then checked for approval by the chairs
of IUCN fungal specialist groups; the final step is the inclusion decision by the IUCN Red
List Unit.
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Just like other life forms, several fungal species are experiencing threats caused by
pollution, climate change, fragmentation and loss of habitats, loss of symbionts, over
exploitation and habitat conversion[4]. Despitethe fact that the great majority of fungal
species has yet to be assessed, 73% out of the 597 fungal species currently on the global red
list are found in forest ecosystemsH].

Fungal diversity in forests has different functions and trophic niches, including mycer
rhizals, litter saprotrophs, lichenized fungi, etc. Wood decay fungi (WDF) have a major role
since they break down the wood components and boost the nutrients cycléZ38].

WDF are a broadly defined group of taxa able to effectively colonise and degrade
different lignocellulosic substrates [9,10]. They are present at various stagesof wood
decayandinclude both pure (non-pathogenic)saprotrophs and opportunistic pathogens.
Dependingon the species(both fungal and host) and environmental conditions, the latter
cause varying severity of damage to hardwood and sapwoo&uch plasticity and variability
in degradation, as well as theirecological role, make WDF an optimal research topic in
forestry for monitoring the possible shifts in the environmental drivers that causefungal
proliferation and plant decline [11,12]. Furthermore, WDF are extensively studied in
industrial biotechnology [13] for applications encompassing medicine and nutraceutics to
biomaterials, bioremediation and the degradation of persistent organic pollutantsij4z16]. As
a result of the loss or anthropic change of forest habitats, fungal diversity is an ecological
and biotechnological resourcethat is under increasingthreat. Theex situ con- servation
of fungal strains is thus critical for ensuring the availability of basicand applied research
material. WFCC (World Federation for Culture Collections);WFCGCcertified culture
collections play an important role in this regard [L7], as well as research centreand
universities research collections, private individuals and companies who respectively
collect strains for amateur or industrial purposes[18,19]. Sincel980,the WFCChaspro-
vided standards for culture collections in order to establish a global network of collectionf®r
ex situ conservation R0]. Therefore, culture collections are essential for collecting,
characterising and studying fungal species, archiving their information and conserving
strains for basic and applied research, as well as for industrial exploitatiorFinally, col
lectionsareintrinsically representative of fungal diversity and speciesrichnessat various
spatial scales (regional, national, etc.)2[l]. The overall amount of private and institutional
culture collections containing fungal strains around the world is unknown; WFCC hd<4
partners broadly referring to O E A OlinAgdnéral, not only fungi. Analogously,the
-)22) j-EAOT AEAT 2AO01 OOAA 2A0AAOAE )1 £AOAOOO
Biological ResourceCentres(mBRCs)culture collectionsandresearchinstitutes from ten
EuropeanA 1 O1 JErEbht@fficial partnersin turn collectdatafrom further collections
owned by sub-partners. Severalprivate companiesalso hold private collections,which are
normally protected by industrial secrecy.

The periodical culture check is a major task in any culture collection in order to
ascertain the vitality of the cultures themselves, update the nomenclature and check for
changes in morphology or conflicts with previous identification. Culture checks are carried
out by two methods: morphology and DNA sequencing. DNA sequencingis costly, but
it ensures the culture is properly identified. Morphological identifications can be time
consuming but they are required to correctly identify specific cultures, especially if there is
no conspecific reference in the DNA sequence databas:3].

The Mycology Section in the Department of Botany and Plant Physiology of Salamanca
University (Spain) owns a large collection of WDExsiccat{ SALAFungi). On the other hand,
the Laboratory of Mycology in the Department of Earth and Environmental Sciences Pavia
University (ltaly) has a wide research culture collection of WDF strains [24,25]. The aim
of this work was to establish a new fungal research culture collection of WD$trains for the
exsitu conservation of forest biodiversity in two areasof central and northern Spain. Culture
morphology (including a macro and micromorphological description) and molecular
barcoding were used to identify fungal strains. Furthermore, for each strain, a brief
overview of its application potential based on literature data has been included.
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The work also includes basic guidelines for isolating corticioid fungi, which are difficult to
isolate in pure culture due to their thin, resupinate contextThe current study is the first step
towards connecting the new collection to the collection network, which will increase the
resources available for fungus conservation.

2. Materials and Methods

WDF strains are obtained by isolating mycelium in pure culture from sporophores
collected in the wild (or cultivated). Only fungi from the phylum Basidiomycota (whose
sporophores are known ashasidiomata) were consideredin this study. Thus, the initial step
was to collect and identify basidiomata in forests.

2.1. Basidiomat&gampling
Basidiomata sampling was carried out between October and December 2022 in two
areas of Spain (Figurel): (1) 2.67 km? in Salamanca province, Castilla y 68 region

(Mediterranean zone in the center of Spain); (2) 10.705 kéin Cantabria region (temperate
oceanic climate zone in the north of the Iberian Peninsulapp].

O oo s |

g
*

0 Salamanca province
&7

Castilla y Ledn region

Figure 1. Samplingareas: (1)Salamancgrovince in Castillay Ledn region (blue); (2) Cantabriaregion
(red). The dotted line within the Castilla y Lén region represents the borders of Salamanca province.
Sampling sites are marked by stars. Source: Google Satellite and Open Street Map re-elaborated by
the authors in QGIS 3.10.14.

All the samples were geolocalized by a smartphone (P30 lite, Huawei, Shenzen, China)
GPS(Google Maps, Google,Mountain View, CA USA,based on cartographic data 2023 by
the Instituto Geografico Nacional, Madrid, Spain); basic information about the host planand
environmental features was recorded.

Basidiomatawere completely or partially harvested using a knife and, inthe case
of some corticioid species, part of the woody substrate was drawn as wellhe samples were
then placed in paper packets and isolated in pure culture the sameday or stored at4 C
until processing. Basidiomatathat were not used for isolation were dried at 40 C
before being packed and stored in dry conditionsAll the exsiccatare currently deposited in
SALAFungi herbarium under the acronym of the collector Sergio Pérez Gorjon (SPG).
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2.2. Strain Isolationin PureCulture

Theisolation of mycelium in pure culture was performedby two different standard
methods (slightly modified by the authors) depending on the specimen morphology[,28].
For specimens with bulky or thick basidiomata, isolation was carried out from the
context, i.e., the internal hyphal mass lying between the upper surface and the hymenial
layer [29]. Little portions (typically 10 mm?3) of context were drawn and inoculated in Petri
dishes with 2% malt extract agar (MEA) (Biokar Diagnostics, Allonne, France and VWR
Chemicals,Milano, Italy) and 50 ppm chloramphenicol (VWR Chemicals,Milano, Italy)
under sterile conditions, e.g.jn abiological hood or in closeproximity to aflame.

For specimens with thin or very small basidiomata, isolation was carried out from
spores. Two methodswere usedto obtain spores. The first method involved hanginga piece
of basidiomata or a piece of wood colonised by the fungus onto a microscope slide with
the hymenial surface pointing downward. Wet clothing was draped over the experimental
apparatusto generatea humid environment conduciveto sporerelease.Releasedspores
fallen onto the microscope slide were subsequently drawn by an inoculating looplhe
inoculating loop was pre-soakedin sterile water to increasespore adhesion. Thespores
were finally spread out in Petri dishes with 2% MEA + chloramphenicol.

Analogously,the secondmethod consistedof: (1) cutting alittle square (usually <1 cm?)
piece of the hymenial layer or a gill from the specimen; (2) attaching it on the inside of the top
of a Petri dish using vaseline (VWR Chemicals, Milano, Italy) as described and depicted in Choi
et al. [30]; (3) incubating the Petri dish in an almost vertical position to allow spores tarop
and spread all over the medium surface (this step usually takes 1z2 days).

Petri disheswere incubatedat 25 Cin the dark (Biolog, Fratelli Galli,Fizzonasco,
Italy) to allow mycelium growth or spore germination. The transplantation of colonies in new
2% MEA Petri dishes was performed as soon as germination was observed (usually by 1
week, depending on the species), whereas colonies grown from context pieces were allowed
to colonize the whole dish.

Successfullyisolated strains are currently conservedat 4 Cin the SALADNA Plant
Biobank of the University of Salamanca(Spain) and at 4 Cand 580 Cin the MicU-
NIPV ResearchCulture Collection of the University of Pavia(ltaly). The cryopreservation
procedure atb80 Cis described in Cartabia et al.44].

Eachstrain hasbeenassignedthe samecode number asits related specimen,along
with the field data that goes with it.

2.3. Fungal Strain Morphologicaland Molecularldentification

Collectedbasidiomatawere identified by micro- and macro-morphological features
observed with an optical microscope (Leica DM750, Leica Microsystems, Wetzlar, Germany)
and a stereomicroscope(LeicaEZ4 | eicaMicrosystems,Wetzlar, Germany)and through
manuals and identification keys P9,31,32].

The morphological identification of isolated strains was further confirmed by molecu
lar analysis(ITSregion). Eachstrain wasgrown in a100-mL flask containing 50 mL of 2%
malt extract (ME, Biokar diagnostics, Allonne, France) solution and incubated at 25in
the dark (thermostat as above) until mycelial biomass was obtained. Biomass was sterilely
drawn by tweezers and placed in 1.8nL Eppendorf tubes for molecular identification;
about 20 mg of drybiomass/sample was used for DNA extraction. DNA extraction was
performed using a Nucleospin Plant Il kit (MachereyNagel, Diren, Germany) following
2000 (Thermo Fisher Scientific, Waltham, MAJUSA)and subsequentlyadjustedto 25 ng/pL
prior to PCRAmplification of the ITS region was carried out using a DreamTaqgGreen
PCRMaster Mix (Thermo Fisher Scientific) and ITS1-ITS4primers (Thermo Fisher Scien
tific). The complete PCR and purification protocol is described in Girometta et aRj].
Purified samples were sequenced by Macrogen (Milano, Italy)DNA sequences were
edited using Sequenchers.0 and comparedwith those availablein the GenBank{33] and
MycoBank [34] databases.
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2.4. Growth TestsandDescriptionofthe Fungal Strains

For each fungal strain, three 9émm Petri dishes (2% MEA) were prepared; agar plugs
with actively growing mycelium (surface of about 0.25 crf) were inoculated at the edge of
the Petri dish to allow the fungal colony to expandacrossthe entire diameter of the plate.
This also enabled us to track its growth for longer periods of time, up to the entire plate
coverageor 6 weeks(arbitrary deadline).Petri disheswere incubatedat 25 Cin the dark.
Mycelium growth wasrecorded daily with a calliper (0.1 mm resolution) as the distance
betweenthe inoculation point and the edgeof the colony, measuredover the diameter of
the Petri dish. The growth rate was calculated as the average daily growth (mm/day) of
the three replicates.

The colony macro-morphology (colour, mycelium aspect)and microscopical characters
(such as hyphal morphology, hyphal diameter and peculiar structures) of isolated strains
were described. Samples were observed in lactinichsin using aZeiss Stemi 2008C (Zeiss,
Oberkochen, Germany) stereomicroscope and a Nikon LABOPHOT2 (Nikon, Minato,
Tokyo, Japan)microscope.Descriptions are reported asa setof codenumbers corresponding
to defined characters (Tablel), adopting a comparable and simplified coding scheme as
Nobles [35] and Stalpers B6].

Table 1. Codenumbers and correspondingdescription of macroscopicaland microscopicalcharacters.

Macroscopical Characters

Code Description Code Description
. Aerial mycelium felty: with mycelium cottony or wooly woven
11
1 Colony colour white, pale or transparent to form a compactsurface
2 Colony colour yellow, o_chrac_eous, brown or others 12 Aerial mycelium floccose: with little tufts of hyphae
(even if partially)
3 Reverseof Petri dish colour unchanged 13 Colony lacunose: with depressionson the surface
- Aerial mycelium plumose: with tufts composedof acentral
4 Reverseof Petridish colour bleached 14 hypha from which smaller hyphae branch off
5 Reverseof Petri dish colour darkened 15 Aerial mycelium silky: with long and prostrate hyphae
6 Colonysmoothand/or appressedand/or pellicular 16 Aerial mycelium subfelty: coIonlet‘h_athln and prostrate mat,
usuallyhardly visible
7 Aerial mycelium cottony: with hyphaespreadingin 17 Aerial mycelium velvety: with short and erected hyphae
all directions appressedtogether
. Aerial mycelium wooly: colony mattedwith long hyphaeor
18
8 Colonycrusty, usually dark in colour groupsof hyphae
9 Aerial mycelium downy: with short erectedhyphae 19 Colony mycelium submerged
sparsely scattered
10 Colonyfarinaceousin appearance
Microscopical Characters
Code Description Code Description
20 Hyphae with clamps at all septa 28 Cystidia in vegetativemycelium
21 Hyphae simple-septate 29 Short projection or protuberanceson cell-wall
22 Hyphaesimple-septatewith scatteredor rare clamps 30 Oil or resinous drops on cell-wall
23 Hyphae with thin cell-wall 31 Hyphal knotsor tangles
24 Hyphae with thick cell-wall 32 Hyphal swellings
25 Hyphae with cells closely packed forming a 33 Absenceof conidia and/or blastoconidia and/or arthrospores
pseudoparenchyma and/or chlamydospores
Hyphaewith numerousshort branches,curved Presence of conidia and/or blastoconidia and/oarthrospores
26 : 34
branches or thickwalled nodes and/or chlamydospores
27 Encrusted hyphae or hyphae with crystals 35 Presenceof anastomosis/hyphal bridges
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3. Results and Discussion
3.1. Basidiomaté&sampling,Strainsisolationandldentification

The aim of the wood decayfungal sampling field activity wasto collect basidiomata
from as many species as possible in order to isolate them in pure culture and obtain a large
number of strains. The sample was carried out in natural and senmatural settings that
were abundant in dead wood and WDF species.

Thefirst samplingarealocation wasin Salamancarovince (Castillay Leén), which
has a Mediterranean climate and a high concentration of Pyrenean oak woods, pine forests
and holm oak forests.The most frequent host species in this area a@uercus pyrenaicVilld.
and Pinus sylvestrid..

The first sampling area location was in the SajBesaya Natural Park (Cantabria) and
in the Parque Natural Montafia Palentina (Castillay Lebn, Palenciaprovince), which has
a Eurosiberian oceanicclimate and is characterized by beechforests and pine forests
(generally distinct from eachother). The mostfrequent host speciesin this areaare Fagus
sylvatical.,Quercuspyrenaicaand Corylusavellanal.

Consistent with the above, climate data indicated different conditions in the two
examined areas over the sampling period. Namely, Castilla ¢dn recorded 13.5%7.4z4.7 C
vs. 14.49.8z7.7 C in Cantabria as average temperatures in Octolz@ovemberzDecember,
respectively. Analogouslyrainfall recorded 65756250 mm vs. 11%148z111 mm distributed
in 77776 vs. 11712711 rainy days.Asawhole, the relative humidity was 66779282 % vs.
76779778% [26].

In the two areas,120 basidiomatafrom 90 different specieswere collected.

Mycelium isolation in pure culture was tried on all acquired samples, either directly from
basidiomata or spores. The isolation of 55 strains from 50 different species was achieved
(Table 2). On all isolated strains, IT$hased genetic barcoding was performed and results
were compared to the morphological identification of the basidiomata. Tabl@ lists the

accession numbers for all ITS sequences that have been deposited in GenBank. Some species

were unable to be isolated due to basidiomata conditions, such as a lack of spore production
or deterioration.

Table 2. Isolated strains currently presentin the new culture collection. Codenumber of the collection,
topographic data, number of isolated strains and GenBankaccessionnumbers are reported.

. . . GenBank
. Specimen Code Region Geographical N° of .
Species Number (SPG) Host (Spain) Coordinates Strains Accession
Number
Corticioid Fungi
. . Quercus pyrenaica
Athelia epiphylla 5316 (on Hymenochaete Castilla y Leont Joo=muxs OR336245
Pers. ? pJnyenys
tabacina)
Botryobasidium asperulum . . ,TC¢Juvoeeqws
(D.P. Rogers) Boidin 5367 Quercus pyrenaica Castillay LeonT Jcwepos OR336246
Byssomerulius corium 5425 Quercus ilex Castillay Ledn" pJ Y aep T 1 OR336247
(Pers.) Parmasto vlJquyeet xs
ToJnxeoxs
Crustomyces subabruptus . . TJpxeqws OR336248
(Bourdot and Galzin) Jilich 5387, 5400 Fagus sylvatica Cantabria ToJmn@e|ps OR336249
TtJpoexons
T¢JuvOoeqws
Efibula tuberculata . . ,TJCwepos OR336250
(P. Karst.) Zmitr.and Spirin 5315, 5368 Quercus pyrenaica Castillay LeonT nJoo&xeu)s OR336251
oJnyenys
Gloeocystidiellum clavuligerum Corylus avellangon ) ToJTm)&eoXs
- . 5392 Hymenochaete Cantabria OR336252
(Ho6hn. and Litsch.) Nakasone TJpYeqws
corrugata)
Hericium erinaceus 5450, 5462, 5472  Quercus pyrenaica  Castillay Leon! T3 G P 2T W8 OR336253
(Bull.) Pers. oJTtoeups
Hymenochaete rubiginosa . . ,TMJooe&eu s
(Dicks.) Lév. 5312 Quercus pyrenaica Castillay Leon(p Jnwenys 1 OR336254
Hyphoderma mutatum . . ,To0JTngeops
(Peck) Donk 5372 Fagussylvatica Castillay LeonT Jcx®ups OR336255
Hyphoderma transiens 5402 Fagus sylvatica Cantabria TOoJ X 20X OR336256
(Bres.) Parmasto TJpxeqws
Megalocystidium leucoxanthum 5413, 5427,5429  Quercus ilex CastillayLegn ™ P J TW2p 108 OR336257

(Bres.) Jilich

vJquyet xB
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Merulius tremellosus

VOeaeq(ws

Schrad 5357 Quercus pyrenaica Castillay Leon 3‘ 2 e 1 OR336258

(P;erso;))rgéﬁkluercma 5311, 5318 Quercus pyrenaica Castillay Leon(p 5[ ;]T $ gefi é B OR336259

(P;n}l(c;[;?:))re}(llzpia;;esrmssa 5366 Quercus pyrenaica Castillay Leon: 3 2 z)gezeg ;)B 1 OR336260

Phanerochaete sordida . . T¢Juvoaecws

(P. Karst.) J. Erikss. and Ryvarden 5342 Quercus pyrenaica Castillay LeonT Jcwepas 1 OR336261

Phlebia rufa . . T¢Juvoaecws OR336262

(Pers.) M.P. Christ. 5323, 5370 Quercus pyrenaica Castillay LeonT Jcwxpas 2 OR336263

(PLtgst;'grlf&sdg;a:ﬁﬁ Hibbett 5344, 5363 Quercus pyrenaica Castillay Leoni 3‘ 2 Eogef)eg ;)B 1 OR336264

(Plfé?ssgeltlﬁgys;[:s(gﬁzugvarden 5356, 5358 Quercus pyrenaica Castillay Leon: 3 ‘i z)gezeg ;)B 1 OR336265

Radulomyces molaris . . T¢Juvoaeqws OR336266

(Chalillet ex Fr.) M.P. Christ. 5343, 5364 Quercus pyrenaica Castillay Leonr Jqwepos 2 OR336267

Sertulicium granuliferum . . ToJmn@eqps

(Hallenb.) Spirin and Volobuev 5378 Fagus sylvatica Cantabria tJpoxomnse 1 OR336268

Stereum gausapatum . . ,TMmJooa&u)s

(Fr) Fr. . 5419 Quercus pyrenaica Castillay Leon(p Jnwenys 1 OR336269

(Svt\cle”rlzu)n'w:grssutum 5314, 5418 Quercus pyrenaica Castillay Le(’)nfp 31 ;]T $ ;f& é 81 OR336270

gtereum subtomentosum 5379 Fagus sylvatica Cantabria TOoJTe®Gp B OR336271
ouzar _ tTJpoexeons

Ighﬁr;eggl;’r'giznd Galzin 5340 Quercus pyrenaica Castillay Lec’)nzp 1]-[ Jn fL ;?; gJ B OR336272

Vuilleminia comedens . . ,TTMJoo&u)s

(N?es) _l\/lgire . 5322 Quercus pyrenaica Castillay Leon(p Jnwenys 1 OR336273

\E{u!llt_emmla coryli . 5381 Corylus avellana Cantabria ToJmeecp 81 OR336274
oidin, Lang. andGilles TJpopexecns

E(Fi';aégrgg:? vaga 5371 Fagus sylvatica Castillay Lec’)ni g ‘c] )T([ geieg g B OR336275

Polyporoid fungi

E:He(;:c?;”)asgm‘rﬁ}fi‘ 5320 Quercugoyrenaica  Castillay Lec’mfp " fT $ ;fi X®1 OR336276

(DBaOeItdoa::)e gpgshcrg?fragosa 5386 Fagus sylvatica Cantabria i 3 ‘F]) g gf; g B1 OR336277

%ir:é?r;]glésrn(;ar\rzlze:;gSOrlicz 5306 Quercus pyrenaica Castillay Lec’mfp BI Jn $ ;fm é B OR336278

(Fsc.)vr:;tclxjpslgztmcola 5348, 5398 Fagus sylvatica Cantabria i g ‘; )T([ éeieg))é B1 OR336279

Gloeoporus dichrous . . ,TTmMJooeeuys

(Fr_.) Bres. 5307, 5308 Quercus pyrenaica Castillay Leon(p Jnwenys 1 OR336280

g;icl)(ls)frg‘rr\g;sa 5436 Quercus pyrenaica Castillay Lec’mfp BI f (Qp geieg ?B 1 OR336281

Hapalopilus rutilans 5309, 5313, 5314, . . ., TMmJoo®u)Bs

(Pers.) Murril 5315, 5316 Quercus pyrenaica Castillay Leon(p Jnwenys 1 OR336282

I(Ee)xFI?cteus 5345 Quercus pyrenaica Castillay LeonT j ‘c] Eoge;a)eg :’B 1 OR336283

I(\CBIynge;thngi)tllvescens 5401 Fagus sylvatica Cantabria i j ‘:) )’: éeieg))é 81 OR336284

giﬁ);hggg‘ﬂjgwdm" 5380, 5385 Fagus sylvatica Cantabria  © 9 g g o= hBy OR336285

(Sptzfgr;(‘e]nréur:gémbnatum 5369 Quercus pyrenaica Castillay Leon: j ‘c] 2);?2 (:B 1 OR336286

Steccherinum ochraceum . . T¢Juvo®eqws

(Pers. ex J.F. G_mel.) Gray 5360, 5417 Quercus pyrenaica Castillay LeonT Jcwxpas 1 OR336287

'(I'Lra)m;ﬁzs betulina 5384 Fagus sylvatica Cantabria I g ‘; g i?f_{ g 81 OR336288

(Tl_r"’;“ﬂleotjj versicolor 5382 Fagus sylvatica Cantabria  © 9 g g g pey OR336289

Trichaptum abietinum . . . TOoJTgeet s

(Pgrs. exJ.F._GmeR)yvarden 5406 Pinus sylvestris Cantabria TJpceet s 1 OR336290

;F;Lc;l;war?dgl:‘orme 5439 Quercus pyrenaica Castillay Leonfp E[ f ; geieg ;)B 1 OR336291

Truncospora atlantica 5390 Arbutus unedo Asturias [ 9JGO®UTS, OR336292

(Berk.) Spirin and Vlasak TtJopeuyxs

Xylodon nespori . ToJTm)X&eoxs

(Bres.) Hjortstam and Ryvarden 5396 Corylus avellana Cantabria TJpx®cws 1 OR336293

E(gc'%?gg )pgﬁ"g\%lus 5317, 5319 Quercus pyrenaica  Castillay |_echp i fI’J gefm X*®y OR336294

Xylodon spathulatus . . ) ,ITmJogaxeugs

(Schrad.) Kuntze 5328 Pinus sylvestris Castillay Leon(p Jnwxcos 1 OR336295

Agaricoid fungi
Pleurotus eryngii To0JTmoe B
var. ferulae 5411 Ferula communis Castillay Ledn P ¢ ®&cw 1 OR336296

(Lanzi) Sacc.

pJtoeous
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Pleurotus pulmonarius
(Fr.) Quél.

ToJm@ee|ps

1Jpgeons 1 OR336297

5388 Fagus sylvatica Cantabria

Schizophyllum communér.

TmJuyxeetys

Vit penms 1 OR336298

5430 Populus tremula Castillay Ledn

I AAT OAET ¢ O1 OEA AAAAPOAA AEAEAEAOAT OEAOQE
speciesin the literature [29,31], twenty-six out of the fifty isolated speciesare corticioid,
twenty-one are polyporoid and three are agaricoid.The corticioid group has a higher
representation than the polyporoid group becausethe former are more numerous at the
sampling sites. The only WDF agaricoid species sampled in this study weileurotus
eryngiivar. ferulagPleurotuspulmonariusand Schizophyllumcommune

Isolated strains belonging to nine distinct Orders; Polyporale$50%), Russulale15%),
Agaricaleq13%) and Hymenochaetalg®%) have the highest proportion (Figure 2). At the
family level, collected specimens are much more differentiated and record 25 different
families, with Polyporaceaél3%), Irpicaceagq11%), Steracea€7%), Meruliaceae(7%) and
Phanerochaetace@@b) having the highest representation; the remaining 49% is made up of
families that account for #§% of the total specimen amount (Figures).

Corticiales 4%

Cantharellales 3%

Hymenochaetales 9%

Aguaricales 13%

Atheliales 2% _ Sistotremastrales 2%  Xenasmatales 2%

Polyporales 50%

Russulales 15%

Figure 2. Division of isolated strains by Order rank.



Polyporaceae 13%

Others
24%

Irpicaceae 11%

Pleurotaceae 4%
Corticiaceae 4% I( > Stereaceae 7%
Radulomycetaceae 4%
- ~ Meruliaceae 7%
Hyphodermataceae 4% &
Cytunterearened.— Phanerochaetaceae 7%

Schizoporaceae 5% Steccherinaceae 6%

Figure 3. Division of isolated strains by Family rank.

3.2. Descriptionand Growth RateofIsolatedStrains

The average growth rate (mm/day) of isolated strains calculated on three replicates is
reported in Figure 4.
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mm/day
0.0 1.0 20 3.0 40 50 60 7.0 80 9.0 10.011.0 12.0 13.0 14.0

Merulius tremellosus
Irpex lacteus

Phlebia rufa

Trametes versicolor
Efibula tuberculata
Stereum hirsutum
Porostereum spadiceum
Phlebiopsis crassa
Fomitopsis pinicola
Trametes betulina
Pleurotus pulmonarius
Stereum gausapatum
Crustomyces subabruptus
Phanerochaete sordida
Byssomerulius corium
Gloeoporus dichrous
Schizophyllum commune
Hyphoderma mutatum
Peniophora quercina
Mycoacia gilvescens
Daedaleopsis confragosa
Vuilleminia coryli
Stereum subtomentosum
Steccherinum fimbriatum
Ceriporia reticulata
Trichaptum biforme
Vuilleminia comedens
Grifola frondosa
Tulasnella violea
Hyphoderma transiens
Steccherinum bourdotii
Gloeocystidiellum clavuligerum
Xylodon spathulatus
Trichaptum abietinum
Peniphorella praetermissa
Athelia epiphylla
Sertulicium granuliferum
Xylodon paradoxus
Hymenochaete rubiginosa
Steccherinum ochraceum
Pleurotus eryngii var ferulae
Hapalopilus rutilans
Dichomitus campestris
Radulomyces molaris
Hericium erinaceus
Xenasmatella vaga
Botryobasidium asperulum
Xylodon nespori
Truncospora atlantica
Megalocystidium leucoxanthum

"**-"-'-uuuuuuuu|II||\|\\|||U|||"|||“

Figure 4. Averagegrowth rate of isolated strains in mm/day. The bar indicates the standard error.
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The isolated strains growth rates ranged from 0.4 mm/day to a 13 mm/dayThe highest
growth rates were reported by: Merulius tremellosus(13 mm/day), Irpex lacteus(11.4
mm/day), Phlebiarufa (9.2 mm/day), Trametesversicolor(8.9 mm/day), Efibulatubercu lata
(8.6 mm/day), Stereumhirsutum (8.1 mm/day) and Porostereunspadiceurn(8 mm/day). On
the contrary, the lowest growth rates were reported by:Megalocystidium leucoxanthur(0.4
mm/day), Truncospora atlantica(0.4 mm/day), Xylodon nespori(0.5 mm/day), Botry-
obasidium asperulurf0.6 mm/day), Xenasmatella vag@®.7 mm/day), Hericium erinaceug0.7
mm/day) and Radulomyces molar{®.7 mm/day).

The growth rate on standard culture media servesasbasicinformation that charac
terises strains in a culture collection and is functional to the strain selection process for
application research.Any industrial biotechnology (including fungal biotechnology) must
rely on strains that quickly and consistently grow. Myco-materials and bio-composites,
for example,require fast-growing strains capableof producing consistent mycelium and
a predictable colour [37]. Analogously, myceremediation applications heavily rely on
enzymatic activity; thus, basic knowledge of the species ecology, trophism and degradation
type in the wild serves for further research, such as the characterization of the enzymes
they can produce and optimisation of secretion conditionsHowever, the growth rate of
a specific species is insufficient information in and of itself, because various straingy
exhibit different degradation and growth rates. Similarly, intraspecific morphological
changescanbe noticed in severalstrains, suchasvariable aerial mycelium development
or colour pattern. As a result, each detained strain can display a different potential and
should be identified and characterised.

All strains were subjected tomorphological descriptions of colony morphology and
microscopical characteristics. Table 3 contains a description of each strain. Photos of
colonieswere taken with the entire Petri dish covered;in the caseof incomplete colonisation
or slow growing strains, a deadline of 6 weeks following inoculation was established.

Table 3. Microscopical characters, colony morphology and growth of isolated straindarticular-
ities or notable OO OOAOOOAO T AGAOOAA AOA OMBSthe Phbtds aieby OE A
Simone Buratti.

. Cultural Hyphal Width L
Species Characters (um) Photos of the Colonies in MEA Notes References
. . 1,2,4,11,
At{‘;gg%gfg lla 16,22.23, 2.0¢5.0 36]
24,33,35
Presenceof brown
sclerotia
Botryobasidium 2,5,6,8,9,
asperulum 21,22,24, 5.0z8.0
(SPG 5367) 32,33
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Table 3.Cont.

Species Cizlrt:;?;rs Hyph(c-:ll mV)V'dth Photos of the Colonies in MEA Notes References
1,4,6,7,9,
Byssomeruliugorium 16,18,21,
(SPG5425) 23,24,31, 2.025.0
32,33
Ceriporiareticulata 1,2,3,6,9, -
18,21,23, 2.5z17.0 . [36]
(SPG5320) 32.33 —
&
Very noticeablehyphal
swellings
Crustomyces 1,5,12,14,
Y 18,20, 23,
subabruptus 24.96.97 1.527.0
(SPG 5387) Yo
33
Daedaleopsis 1,2,5,7,11,
confragosa 22,23,26, 1.0z2.5 [35,36,38]
(SPG 5386) 33
2,5,6,7,9,
Dichomituscampestris 19,20,23,
(SPG5306) 24,26,32, 1.5¢5.0 [24]
33
1,3,6,9,
Efibulatuberculata 22,23,24,
(SPG5315) 25.27.32, 2.0z10.0 [36]
33
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Table 3.Cont.

. Cultural Hyphal Width S
Species Characters (um) Photos of the Colonies in MEA Notes References
Fomitopsiginicola 1,4, 7,11,
(SPG5398) 18%3'23' 1.0z3.0 [24,35,36,38,39]
Gloeocystidiellum 152:’3’ 266’
clavuligerum 26; 24 26’ 2.0z3.5 [40]
(SPG 5392) 32,33
. 1,3,6,9,12
Gloeoporuslichrous DA
(SPG5307) 20,%2,32, 1.5z4.0 [35,36]
. 1,3,7,11
Grifolafrondosa b oo ony
18,22,23, 2.0z3.0 [24,36]
(SPG5436) 24.33
Hapalopilusrutilans 1,2,4,9,10,
(SPG5309) 16,%2.23. 2.0z4.0 [35,36,38]
Presenceof blastoconidia
Hericiumerinaceus 1,3,5.6,7,
(SPG5459) 12,20,23, 2.0z8.0
24,30,33
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Table 3.Cont.

. Cultural Hyphal Width S
Species Characters (um) Photos of the Colonies in MEA Notes References
Hymenochaete 2,5,7,18, [36]
rubiginosa 21,23,24, 2.0z5.0
(SPG5312) 34
IR by
Pigmented hyphae and
terminal chlamydospores
Hyphodermanutatum 1,4,6,9,18, [35,36]
(SPG5372) 20,23,24, 2.5z5.0
32,34
Formation of basidiain
vegetative mycelium
1,2,5,6,7,
Hyphodermaransiens 9,10,15,
(SPG5402) 20,23,24, 2.0z5.0
33,35
Irpexlacteus 1,3,4,7,18,
(2%5345) 21,23,24, 1.27.0 [24,36,39]
32,33,35
leucoxanthum 11,21,23, 2.0z5.0 f leadi [36]
SPG 5413) 24 32 33 rom spores leading to
( e monokaryon mycelium
Merulius tremellosus 1,4,6,7.9,
N 21,23,24, 2.07.0 [36,39
(SPG5357) 30.32.33
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Table 3.Cont.

; Cultural Hyphal Width .
Species
p Characters (um) Photos of the Colonies in MEA Notes References
Mycoaciagilvescens 1,4,6,9,14,
20,23,24, 2.0z7.5
(SPG5401) 27.34
Peniophorajuercina L1.5,7,22,
(SPG5318) 23,%3.26. 1.5z5.0 [24,39]
Peniphorella ::II-_832Z) ;‘%
praetermisse 249697 2.56.0 [36]
(SPG5366) 32.34
. 1,3,6,16,
Pha’ggg’g&%ﬁg’rd'da 21,23,24, 2.528.0 36]
27,34
1,2,4,6,7,
Phlebiarufa 9,22,23,
(SPG5370) 24,26,27, 20275 [24,36]
28,32,34
Presenceof gloeocystidia
in vegetative mycelium
. 1,4,7,16
Phlebiopsisrassa o
(SPG5363) 212'7233'??4' 1.0z7.5
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Table 3.Cont.

Species Cultural Hyphal Width Photos of the Colonies in MEA Notes References
Characters (um)
Pleurotuseryngiivar.
ferulae ;032; éé 2.030
(SPG5411) e
Pleurotuspulmonarius 13,711,
(SPG5388) 22,23,31, 1.0z3.0
34
Porostereum spadiceum 1,2,4,7,18,
(SP(35352) 20,23, 24, 1.525.0 [24]
26,30,33
1,3,5,6,7,
Radulomycemolaris 9,20,23,
(SPG5343) 24,26,32, 2.0z3 [36]
33,35
Schizophyllum 1,3,4,7,11,
commune 20,23, 24, 2.0z5.0 [24,35,36,38,41]
(SPG 5430) 29,34
Sertulicium 1,2,3,6,14,
granuliferum 20,23, 30, 2.0z7.0
(SPG 5378) 32,34
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Table 3.Cont.

; Cultural Hyphal Width .
Species
p Characters (um) Photos of the Colonies in MEA Notes References
. " 1,2,4,6,9
Steccherinunourdotii s
10,20,23, 2.0z7.0
(SPG5380) 24,33
Steccherinum 1,3,7,12,
fimbriatum 22,23,24, 2.5z5.0 [36]
(SPG 5369) 32,33
Steccherinum 1162 '230' 6237 !
ochraceum 5 4’ 26’ 30’ 2.0z7.0 [36]
(SPG 5360) 32,33
Stereunmrgausapatum 1.2,3,7,11,
(sggs 419';’ 12,22,23, 2.027.5 [36]
24,30,33
1,2,5,7,12,
Stereurrhirsutum 16,18,22,
(SPG5314) 23.24.30, 2.0z6.0 [24,36,38,41]
33,35
Stereum 1,5,7,12,
subtomentosum 22,23,24, 2.0z5.0 [36]
(SPG 5379) 30,33

86



Table 3.Cont.

. Cultural Hyphal Width L
Species Characters (um) Photos of the Colonies in MEA Notes References
. 1,3,7,11,
Trezgstgg);ézl)ma 12.17.20, 1.523.0 [24,35,36,39,41]
23,24,33
Trametesersicolor 1,4, 7,16,
(SPG5382) 18,20,23, 2.023.0 [24,3536,3941]
24,27,33
1,3,6,7,12,
Trichaptumabietinum 16, 20,23,
(SPG5406) 26.27,31, 2.0z5.0 [24,35,36]
32,33
. . 1,4,5,18
Trichaptumbiforme .
(SPG5439) 20,23,24, 2.0z5.0 [42]
33
1,2,5,7,9,
Truncosporatlantica 10,11,22,
(SPG5390) 23.24,26, 2.0z5.0 [24]
27,31,33
1,2,4,7,11,
Tulasnellaviolea 18,20,23,
(SPG5340) 24.30,32, 2.0z5.0 [36]
33,35
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Table 3.Cont.

. Cultural Hyphal Width S
Species Characters (um) Photos of the Colonies in MEA Notes References
Vuilleminia comedens 12;21322179 1.523.0 [36]
(SPG5322) ‘33’ ’ B
Vuilleminia coryli 1,3 7,11,
(SPG5381) 20,32,32, 2.525.0
Xenasmatellaaga 1,2,56,9,
10,20, 23, 1.5z4.0 36
(SPG5371) P % (36]
Xylodonnespori 1,3,6,9,
(SPG5396) 2(;533;6 2.0z5.0
Xylodonparadoxus 1,4,7,9,18,
(SPG5317) 20, gi 32, 1.5z3.0 Presenceof blastoconidia [36]
1,3,6,9, Colony almost
Xylczg?:’rggggglatus 20,23,24, 1.5z3.5 transparent; presenceof
27,34 blastoconidia

Most of the isolated strains had consistentcolony morphology acrossthe replicates
and after transplantation. However, in other cases, the following cultural variablesvere
observed:
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- The mycelium ofPhlebiopsis crasgarrned purple after a few weeks of growing in
isolation, which is also a basidiomata featureThis characteristic was lost in subse
quent cultures;

- Hericium erinaceusexhibited two distinct morphologies: one that was more compact
and consistently growing (asindicated in Table 3) and one with hyphaebundled to
form aerial mycelium;

- Truncosporaatlanticacolonies are characterized by powdery mycelium that can either
cover the entire colony, making it entirely white, or cover itpartially, resulting in a
darker-coloured zonation.

The mycological literature abounds with descriptions of basidiomata morphology,
whereas descriptions of mycelium in pure culture are sparse, if not missing.

To manage a new culture collection, each strain should be provided with a document
containing information on the original field specimen, descriptions and photographic records.
Cultural descriptions and photos are tools for comparing and checking the statd cultures
and their morphology, as well as any changes and degeneration symptoms, during regular
cultural procedures such as culture refreshing or transplantation43,44]. Further- more, such
descriptions enable crossvalidation of the response by molecular barcoding on pure cultures,
as well as optimization of the barcoding effort itself.

It is noteworthy that approximately 25% of the species reported and described in this
work still lack a description of their culture morphology. This reflects the general lack
of knowledge about corticioid fungi, which is attributable to the highly specialized skills
required for their identification. Because corticioids have oftenexiguous basidiomata and
poor macromorphological traits, reference descriptions of isolates can boost confidence and
provide an additional tool for proper identification and typification.

3.3. NotableSpecie theNew Strain Collectionof Salamanc&niversity: IssuesandPotentiality
The new WDF strain collection of Salamanca University is a remarkable asset, since
many corticioid specieshave,until now, beenoverlooked due to morphological cryptism
and isolation difficulties. Evenwhen several major culture collectionsin Europe (CBS,
MUT, MUCL, LE-BIN/VKM) [45z48] are used as a reference, most corticioid speciesare
only represented by a few strains, while others are completely absent. Compared to these
references,this study isolated pure culture strains of BotryobasidiunasperulumCrustomyces
subabruptusSertuliciumgranuliferumand Mycoaciagilvescenshat were not present in other
significant culture collections.
Although most of the strains currently held in the SalamancaUniversity research
culture collection arecommon species according to European florae, their conservation is
crucial. According to the ex situ conservation principle, species that are common today may
becomerare and endangeredin the future (declining population criterion). For instance,
Grifola frondosaand Hericium erinaceusare fairly common speciesbut are experiencing
localised negative trends that are pushing them towards rarity. Grifola frondosadas been
assignedthe preliminary category of Least Concern (LC) at the global level and Near
Threatened (NT) in Europe. This status was assigned becauseof population decline
primarily due to habitat degradation. Similarly,Hericum erinaceusas been assigned Least
Concernbecauseit is still a common speciesin many countries, but is very rare in others.
The population of this speciesis likewise declining due to habitat degradation [4]. Once
more, it should be highlighted that most corticioid diversity is overlooked and therefore
OAAOA AAEEAEAT 66 ET OAOI O T &£ 1T OAOCATT AT TOAO
A summary of the most notable isolated speciesand the research opportunities avail-
ableto themislisted below.

3.3.1. Speciesof SpecialConcernfor Taxonomicaland/or BiogeographyStudies

Athelia epiphyllais considered a species complex and a challenging issue in taxonomy
due to its very exiguouscoloniesand basidiomata,which are difficult to examine. Thisis
why any novel strain in pure culture could be significant, especiallywhen coupled with
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