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Abstract

Fungi are a diverse and highly abundant group of organisms found in soils worldwide.
Understanding fungi is essential as they are key drivers of below-ground ecosystem functions.
Taxonomy is a fundamental discipline, acting as the initial step toward biodiversity, ecology, and
biotechnology studies. Both culture-dependent and -independent methods are employed in the
taxonomic investigations of soil-dwelling taxa. High-throughput sequencing (HTS) is a genomic-
based method widely applied in global studies that has revealed numerous unculturable soil taxa.
However, this method is limited by its inability to link physical specimens to species identification.
Culturing methods result in specimens that can be used to obtain genetic sequences and
morphological data in applied studies. Thus, combining both methods is an important trend in
taxonomic studies. This review discusses how culturing is important for soil fungal discovery and
describes the main culturing methods. It also briefly addresses the role of HTS in taxonomy and its
drawbacks, and the potential to combine both culture-dependent and -independent methods to gain
better insights into soil fungi.

Keywords — Culturing methods — fungal taxonomy — fungi — high throughput sequencing — soil

Introduction

Fungi are one of the most abundant microeukaryotes with a cosmopolitan distribution. Their
total number of species is a prolonged debate, and numerous investigations have continuously
outnumbered the estimations. The latest estimates predict up to 12 (11.7-13.2) million species (Wu
et al. 2019, Hyde et al. 2020c, Liimatainen et al. 2020, Zhang et al. 2021, He et al. 2022,
Senanayake et al. 2022, Wijayawardene et al. 2022). Below-ground ecosystems, one gram of soil
can contain between 5,000-10,000 microorganisms (Bridge & Spooner 2001, Van Elsas et al. 2019,
Wagg et al. 2019, Tedersoo et al. 2020), and among these, fungi are one of the most prominent and
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diversified groups (Bills et al. 2004, Tedersoo et al. 2021, 2022). They have an essential ecological
role as decomposers, mutualists, plant and animal pathogens, in nutrient cycling, and contributing
to the mineral nutrition of plants and supply of carbon to other organisms (Hodkinson & Wookey
1999, Tedersoo et al. 2014, Jacoby et al. 2017, Averill et al. 2021, Bahram & Netherway 2022,
Bhunjun et al. 2022). The superficial layers (up to 10-20 cm depth) “O” and/or “A” horizons
contain suitable edaphic conditions for most fungi to develop due to the many organic resources
and greater levels of moisture and aeration as compared to the deeper layers. Therefore,
communities are generally higher in the surface layers (Schlatter et al. 2018, PerSoh et al. 2018).

Fungal taxonomy in soils is becoming an emergent field worldwide (Tedersoo et al. 2014,
2021, Wu et al. 2019). The Global Soil Mycobiome consortium (GSMc) reported that fungi
represent 62.4% of OTUs (Operational Taxonomic Units), followed by Alveolata (15.1%),
Metazoa (6.5%), Rhizaria (3.0%), and Viridiplantae (2.7%) (Tedersoo et al. 2021). Of the rich
diversity mentioned in Tederso et al. (2021), 722,682 OTUs were recovered, comprising 45.7%
Ascomycota, 28.3% Basidiomycota, 5.1% Rozellomycota, 3.1% Glomeromycota, and 2.7%
Chitridiomycota. Currently, only around 800,000 world soil-inhabiting fungi are identified at the
species level (Senanayake et al. 2022). Forest soils have the highest, while mud, riverbank,
seashores, and polluted soils have a relatively lower diversity richness (Fracetto et al. 2013, Frac et
al. 2018, Satyanarayana et al. 2019).

A holistic understanding of microbial diversity and taxonomy relies on knowing the functions
of the taxa involved and how they interact with the ecosystem (Biswas & Sarkar 2018,
Maharachchikumbura et al. 2021). Thus, the correct naming will help link the versatile knowledge
of taxa worldwide. Due to technological and methodological limitations in sampling and resolution
of detection techniques, the awareness of belowground fungi is limited, and integrating a reliable
and effective method for assessing their taxonomy and diversity is an emergent challenge. Each
method contains advantages and disadvantages (Hibbett et al. 2011, Orgiazzi et al. 2016, Cameron
et al. 2018, Hongsanan et al. 2018, Wu et al. 2019, Semenov 2021). Conventionally, a polyphasic
approach based on morphology, physiology, biochemistry, or reactions to chemical tests has been
used to distinguish species (Senanayake et al. 2020). Currently, soil fungal research is based on
culture-dependent and culture-independent methods (Tedersoo et al. 2017, Dissanayake et al. 2018,
Jayawardena et al. 2018, Wu et al. 2019, Wijayawardene et al. 2021). The culture-independent
methods use genomic technology to generate, analyse and interpret data from environmental
samples. These data are extracted and analyzed using metagenetic, metagenomics (DNA-based),
and metatranscriptomics (RNA-based) approaches (Gutleben et al. 2018, Semenov 2021).
Metagenomics is used for functional profiling, and metagenetic is used for taxonomic community
profiling using high-throughput sequencing (HTS) technology. High-throughput sequencing
features next-generation sequencing (NGS) and third-generation sequencing (TGS) methodologies
to determine fungal DNA data (O’Brien et al. 2005, Carvalhais et al. 2012, Schmidt et al. 2013,
Raja et al. 2017, Sudhakar et al. 2018, Wu et al. 2019). This has spurred rapid advancements in
recent years and is used for obtaining whole-genome sequences, delineating higher taxonomic
levels, identifying closely related fungal species, describing the evolution of chemical gene
clusters, and prioritizing industrially productive strains for bioactive compounds (among
taxonomically related strains) discovery (Schmidt et al. 2013, Tedersoo et al. 2014, 2017, 2020,
2021, Raja et al. 2017, Sudhakar et al. 2018, Yang et al. 2019, Wu et al. 2019, Semenov 2021).
From a taxonomic perspective, HTS is effective for revealing the unculturable soil taxa. However,
these methods are still limited in classifying fungi to family or genus level (Tedersoo et al. 2017,
Frac et al. 2018, Vu et al. 2019, Jurburg et al. 2021) as identification based on OTUs with short
reads that lack a physical specimen cannot presently be used to accurately identify novel species
(Tedersoo et al. 2017, Nagler et al. 2018, 2021, Hongsanan et al. 2018, Jurburg et al. 2021).

Culture-based techniques are essential to understanding taxonomy at the species level
(Chambergo & Valencia 2016, Gutleben et al. 2018, Wu et al. 2019, Senanayake et al. 2020). This
is where morphological illustrations and multigene phylogenies are integrated through living and
dried cultures (Jeewon & Hyde 2007, Hongsanan et al. 2018, Chethana et al. 2020, Hyde et al.
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2020c, Aime et al. 2021). Protocols to isolate and analyse soil-living species are found in numerous
publications. Few recent soil studies have combined culture-based methods with HTS methods
(Stefani et al. 2015, Selbmann et al. 2021). Different researchers have also used various methods,
making it problematic to compare the results. For example, studies from 20-30 years ago have
limited taxonomic information, and HTS methods have made information readily available and
pertinent to initiate fungal culturing (Gutleben et al. 2018, Wu et al. 2019, Hyde et al. 20203, b).
Thus, the collection and standardization and freely available publication of protocols are needed. At
the same time, it is also necessary to establish universal standards for the collection, transportation,
and storage of soil samples (Gutleben et al. 2018, Wu et al. 2019, Senanayake et al. 2020). This is
particularly important because a great deal of current taxonomic information has been obtained,
which helps study the characteristics of miscellaneous soil fungal taxa and culture them (Wu et al.
2019, Hyde et al. 20203, b).

This review addresses the importance of soil fungal-culturing methods in the genomic era and
provides an account of existing culturing methods for studying soil fungal diversity, taxonomy, and
other applications. We also discuss the status of investigative methods for soil fungi, including
modern genomics methods in fungal taxonomy and their pros and cons. The value of fungal
isolation methods and considerations in terms of modern soil fungal taxonomy is also addressed.

Importance of isolating and culturing fungi in modern taxonomy

Cultures (living or dry) of fungi provide physical samples that can be linked to the physiology
and ecology of a species (Collado et al. 2007, Jeewon & Hyde 2007, Tedersoo et al. 2017, Aime et
al. 2021). Unlike environment sequences, cultures can be stored, reproduced, and verified by
molecular sequencing. Cultures are valuable for linking sexual and asexual morphs, and
understanding functional guilds, and can be preserved as isolates (as dry and living) in reference
collections. Cultures are also essential for screening biological activities, elucidating structures for
biosynthesis and obtaining successful inoculants (Mueller et al. 2004, Guimarées et al. 2006,
Kaewchai et al. 2009, Dorhout et al. 2011, Qiu et al. 2012, Rao et al. 2013, Knudsen & Dandurand
2014, Chambergo & Valencia 2016, Sena et al. 2018, Ramesh et al. 2019, Gurusinghe et al. 2019,
Satyanarayana et al. 2019, Hyde et al. 2020b). In addition, due to the lack of cultivation, it has been
predicted that 80% of fungal taxa in the soil are unidentified at the species level, and 20% cannot
be assigned to an order (Tedersoo et al. 2017, Libor et al. 2019, Chethana et al. 2020, Senanayake
et al. 2022).

Isolation and culturing methods for fungi

The employment of culture-dependent methods involves a series of steps, which can be
summarized as follows: (i) a pure colony is isolated; (ii) the isolate is characterized by
morphological and phylogenetic analysis; and (iii) morpho-molecular evidence is combined,
providing to identify the species (Hawksworth & Rossman 1997, Stefani et al. 2015, Wu et al.
2019, Chethana et al. 2020, Aime et al. 2021). Growth media is essential as morphological
characteristics can be produced in vitro (Hawksworth & Rossman 1997, Stefani et al. 2015). The
morphology is based on macroscopic characteristics (form, size, colour, and growth rates of
cultures) and microscopic characteristics of reproductive structures of asexual and/or sexual
morphs (Jeewon & Hyde 2007, Rosas-Medina et al. 2019). Cultures help observe and describe
specific structures not present in natural states, such as synasexual morphs, different conidia (alpha,
beta, or gamma), and chlamydospores which help document the taxa (Domsch et al.1993,
Wijayawardene et al. 2021). Morphology is illustrated through images, drawings, and descriptions
(Raja et al. 2017, Rosas-Medina et al. 2019, Senanayake et al. 2020).

Some taxa (Xylariales and macrofungi) produce fruiting bodies on plant litter or the surface
of the earth that are easy to observe. Fast-growing strains can also easily be isolated and grown in
artificial media (Jeewon & Hyde 2007). However, many species are present in soils without
forming visible phenotypic characteristics, dwell in uncommon or extreme conditions, and some
are remarkedly slow-growing (Bridge & Spooner 2001, Stefani et al. 2015, Senanayake et al.
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2022). Furthermore, some taxa are exclusively adapted to their substrates; hence, the in-vitro
conditions of isolation limit their growth. Therefore, selecting isolation methods is critical for
isolation success (Bridge & Spooner 2001). Inducing in vitro conditions similar to original edaphic
conditions enhances the isolation frequency and growth (Grossbard 1952, Kazerooni et al. 2017).

Recovering unculturable species is a major challenge in culture-dependent methods as
artificial media can inhibit growth (Grossbard 1952, Kazerooni et al. 2017). For example,
symbiotic relationships cannot be maintained in vitro, precluding the growth of these organisms
(Jeewon & Hyde 2007, Kazerooni et al. 2017). Besides, fast-growing species overgrow slow-
growing (Jeewon & Hyde 2007), and some release antibiotics, inhibiting the germination and
growth of other strains (Grossbard 1952).

The following section provides an overview of currently available isolation techniques for
investigating soil fungi (Table 1).

Table 1 Available method to isolate different fungal taxa from soil.

References

Butler (1907), Simpanya & Baxter
(1996), Giudice et al. (2012), Abu-
Mejdad (2013), Altayyar et al. (2016),
Masoudi et al. (2020), Senanayake et al.
(2020)

Waksman (1922), Brierley et al. (1928),

Fungal isolation method
Baiting method

Isolated fungal group
Ascomycota and basal fungi

Dilution plate method Ascomycota, Basidiomycota, and

basal fungi Kutateladze et al. (2016), Das et al.
(2019, 2020), Park et al. (2020), Santos et
al. (2020), Senanayake et al. (2020),
Yasanthika et al. (2020)
Soil plate method Ascomycota Warcup (1950), Parkinson & Thomas

(1965), Kazerooni et al. (2017),
Senanayake et al. (2020)

Chemical pasteurization
(alcohol and acid treatment
methods)

Coprophilous, Ascomycota,
ascosporic, and sclerotia
producing Eurotiales and
cleistothecial and perithecial
Ascomycota

Kuehn & Orr (1962), Warcup & Baker
(1963), Bills et al. (2004)

Heat treatment method Ascomycota Warcup & Baker (1963), Ali et al. (2009)

Soil steaming method Ascomycota Warcup et al. (1951)

Soil immersion tube Ascomycota Chesters (1948), Mueller & Durrell
(1957), Garrett (1981), Mukerji (2002),
Senanayake et al. (2020)

Isolation of fungal hyphae Ascomycota Warcup (1955)

attached to soil particles

Soil washing technique

Mycorrhizal, Ascomycota
Mucorales, and Basidiomycetes

Parkinson & Williams (1960), Azaz
(2003), Pacioni (1991)

Wet sieving and decanting
method

Mycorrhizal fungi and
endogenous fungi

Gerdemann & Nicolson (1963)

The Mankau method for
isolation of nematophagous
fungi in soil

Ascomycota

Mankau (1975)

Fungal highway columns
method

Arbuscular mycorrhizal fungi

Simon et al. (2015)

Baiting method

Baiting, initiated by Butler (1907), is one of the most effective methods for isolating soil
fungi (Meyling et al. 2007). The method aids in isolating substrate-specific taxa (cellulophillic
fungi, keratinophilic fungi, and entomopathogenic fungi) and establishing their trophic nature
(Mueller et al. 2004, Giudice et al. 2012, Abu-Mejdad 2013). In this method, sterilized organic
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substances are placed in soil samples and incubated. The growth of fungi on the substrates is
observed, and propagules are transferred to sterilized nutrient media.

Different baits provide various nutrient sources, and therefore it is possible to isolate a wide
range of fungal taxa (Meyling et al. 2007). Table 2 lists the various organic substrates that were
used in previous studies. To examine the biocontrol activity of taxa against target hosts, weed
leaves, other fungi, insects, and nematodes can be used as baits (Meyling et al. 2007). For example,
Galleria mellonella and Tenebrio molitor larvae are commonly used to isolate entomopathogenic
fungi from soil (Tuininga et al. 2009, Sharma et al. 2018). For this, larvae are placed in a sealed
plastic container filled with a soil sample and the resulting larvae carcass is dissected and placed on
culture media to observe mycelial growth (Tuininga et al. 2009, Sharma et al. 2018).

Furthermore, the baiting method have successfully been used as a microcosm to recover real-
time interactions of fungi and bacteria under natural soil conditions (Ballhausen et al. 2015,
Ghodsalavi et al. 2017). Bait can be treated with an antibiotic solution (20% Clorox, 0.2 g/mL
chloramphenicol -or strepto-penicillin at 1000 1U/mL) to avoid bacterial contamination (Manoch
1998, Pakshir et al. 2013). The general steps involved in the baiting method for isolating soil fungi
are given in Fig. 1.

Table 2 Baits used to isolate fungi and species recovered.

Baits Fungal genera/groups Incubation period References

Hair Mycrosporum (Kerotinophillic Poultry farm soil Shukia et al. (2003)
fungi) for 3 weeks

Hair Aspergillus, Acremonium, 3-4 weeks Altayyar et al. (2016)

Chrysosporium, Microsporum,
Trichoderma

Corn leaf, snake skin, Catenaria, Rhizoptrydiums ND Sundaram (1977)
pine pollen, and hemp
seed
Human hair and Fowl’s  Aspergillus, Chrysosporium, ND Sundaram (1977)
feather wool Microsporum
Leaves and ticks Beauveria, Metarhizium ND Tuininga et al. (2009)
Tenebrio molitor (meal  Beauveria, Cordyceps, ND Sharma et al. (2018)
worm beetle) Purpureocillium
Vegetable pieces, rice, 89 fungal genera Manoch (1998
and pine
Apple, black pepper Phytophthora ND Holliday & Mowat (1963),
leaves, black pepper Kueh & Khew (1982),
leave discs, and castor Ramachandran et al.
seeds (1986), Sastry & Hegde
(1988)
Sterilized wood pieces  Ramophialophora sp. ND Calduch et al. (2004)
(at least 2 cm?)
Hair Chrysosporium sp. ND Cilin et al. (2017)
Albizia falcafaria Phytophthora ND Anandaraj & Sarma (1990)
leaflets
Goat hair Alternaria, Aspergillus, 14 days on Ramadan & Ismael (2011)
Candelabrella, Chaetomium, sterilized Petri
Chaetomium, Cladosporium, dishes

Cunninghamella, Drechslera,
Emericella, Eurotium,
Fusarium, Fonsecaea,
Geotrichum, Geotricum,
Graphium, Gliocladium,
Giodianichiella,
Haplosporangium,
Helmithosporium,
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Table 2 Continued.

Baits

Incubation
period

Fungal genera/ groups

References

Macrophomina, Monocillium,
Neosartoria, Paecilomyces,
Penicillium, Phoma, Pythium,
Scytalidium, Stemphylium,
Sclerotium, Syncephalastrum,
Tetracoccosporium,
Thermoascus, Tricladium,
Trichosporium, Verticillium,
Rhizomucor, and Yeasts

(ND: Not determined)

amount  of
sample on
Petri dish.

/ 1. Place appropriate\

N4

/ 2. Add

soil sterilized water.
sterile

distilled\ / 3. Place the sterilized bates on

the soil surface.

4. Incubate the
sealed plate for few
days.

~

/8. Close the

dish and incub:
fungal
formation.

PetnN ﬂ Transfer the fungal propagules\

ate for on the baits to a fresh sterilized
colony media using sterile needle.

/6. observe the fungi\

growth on baits.

/SxSet the environment for\

observing baits.

hily

93.

mycelia.

9.5. Close and seal the plate.

9. Subculture the fungal colonies in a laminar flow chamber.

9.2. Cut a small piece of mycelia from
the incubated plate using sterile
needle.

Set the laminar flow chamber.

9.4. Placed the small piece of mycelia
on fresh sterilized media.

Take out the small piece of

9.6. Label and incubate the plate.

10. Pure fungal colonies obtained
from Baiting method.

Figure 1 — Baiting

technique for the isolation of soil fungi.
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Dilution plate method

Different soil samples might contain miscellaneous densities of fungal propagules. Low
densities of colonies in culture media minimize inter-colony interactions, favouring obtaining pure
fungal strains (Bills et al. 2004). The soil: water ratio is adjusted to obtain several colonies (5-30)
in a 100 mm Petri-dish plate in the dilution plate method. Waksman (1922) introduced the dilution
plate technique for soil bacteria isolation, and Brierley et al. (1928) modified it for fungal isolations
from the soil. Most of these taxa are saprobes and can withstand microbial antagonism
(Ramakrishnan 1955). This technique is widely used for quantitative and qualitative estimations of
the species (e.g., Aziz & Zainol 2018, Marin-Felix et al. 2019, Alotaibi et al. 2020, Alidadi et al.
2020, Guevara-Suarez et al. 2020). The steps of the method vary according to the study objectives
(Aghamirian & Ghiasian 2013, Aziz & Zainol 2018). The basic steps of the dilution method are

illustrated in Fig. 2.

1. Weigh 1 g of soil.

N

fz. Add 10 mL of distilled
sterilized water.

7. Separate 1 mL aliquot

from each dilution factor.

/ 6. Prepare a dilution series until tm

desired range.

\

8. Spot each 1 mL aliquot\
on a sterilized media plate.

)

/ 9. Spread the soil suspension \

on the media using sterile
glass spreader.

/13. Obtain pure fungal colonies
from soil dilution method

f 12. Subculture the fungal colonies inside the\

laminar flow chamber.

Figure 2 — Dilution method for the isolation of soil fungi.

3. Mix the soil suspension

and allows it to set for 25
minutes.

4. Take 1 mL of the soil

suspension.

(5. Transfer the 1 mL

aliquot to a 9 mL
sterilized water tube.

ﬂo. Close, seal, label, anm

incubate the plates for a few
days.

/ 11. Observe the colony \

formation.
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Soil plate method

The plating method for isolating soil-inhabiting species was introduced by Warcup (1950). In
this method, the soil is placed directly beneath the growth media to obtain cultures. Soil samples
are weighed to 0.015 g and placed in the sterile Petri-dish, and a thin layer of sterile warm melted
Czapek-Dox + yeast extract, pH 5.0 agar, or glucose ammonium nitrate (GAN) media is poured
over the soil layer. Plates are incubated at room temperature, preferably for 3-5 days, for colony
growth (Warcup 1950, Manoch 1998). In their experiments, the authors obtained hyphomycetes,
Pythium, and Mortierella species. This method was successfully used, with minor modifications, by
Parkinson & Thomas (1965) to isolate rhizosphere fungi. The steps for utilizing the soil plate
method are illustrated in Fig. 3.

/2. Place the weighed soil ina\ / 3. Add some drops of sterile\

sterile Petri dish. distilled water to the soil.

1. Weigh 0.015 g of soil.

6. Seal and label the plate and 5. Close the plate and gently rotate /4' Ac!d a thin 'fVe" of warm \
incubate it for 3-5 days. to equally disperse the soil media (35-40°C) over the

. — e =
\& )\ ez

m;. Subculture the grown strainm

in laminar flow chamber to
obtain pure fungal colonies.

4

7. Fungal colony formation
after the incubation.

/94 Pure fungal colonies obtained
from soil direct plating method.

o
\.q I“V?\‘ /7 .( Ql
T >y

Figure 3 — Soil plating method for the isolation of soil fungi.

Alcohol treatment method (Chemical pasteurization)

This method was first described by Warcup & Baker (1963). It consists of weighing
approximately 0.3 g of soil, placing it in an 18 mm sterilized dry test tube, and adding 65-70%
ethanol. After that, the solution is shaken thoroughly and left for 10-15 minutes to settle. The
excess alcohol is removed, and the soil is transferred to the sterile Petri-dish using a spatula. A thin
layer of warmed GAN media at 45 °C is then poured over the soil layer. Petri dishes are shaken
gently until soil particles are distributed well across the bottom. Plates are incubated for 3-5 days at
26-28 °C (Fig. 4). Once the hyphal growth is obtained, its tips are transferred into the potato
dextrose agar (PDA) slants and kept at 2628 °C for two weeks to allow culture growth (Warcup &
Baker 1963, Abdullah & Saadullah 2013).

Acid treatment (Chemical pasteurization)

In a study by Kuehn & Orr (1962), acid was added in 0.00015, 0.0005, and 0.00075 mg/mL
into melted PDA and poured onto the Petri-dish. A small amount of soil was added to the media
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and incubated for 3-5 days. After obtaining the hyphal growth, the hyphal tips were transferred to
PDA slants using a sterile needle. Finally, PDA plates were incubated at 26-28 °C for two weeks
until fungal colonies were obtained. The method was later adapted by Furuya & Naito (1979), in
which 3 g of soil were weighed and mixed with 5% acetic acid in a glass tube. The mixture settles
for 20 minutes, and the surface acid layer is discarded. Next, the soil is washed with 10 mL of
sterilized distilled water, and 1 mL of soil suspension is poured over the sterilized malt-extract agar
(MEA) media (Fig. 5).

CWeigh 0.3 g of soil aD /2 Pour 65-70% ethanol to 3. Shake the solution and 4. Remove the supernatant. \

add to a 18 mm test tube. the tube. ‘_—_) keep it settle for 10-15 min. —

v 8

@ y € Y,

4

7. Seal the plate and incubate 6. Pour the warm (45°C) media 5. Transfer the soil to a Petri
for the fungal growth. over the soil and shake it gently dish using a spatula.
to equally distribute —
« the soil particles. ) *
ll' Ee— Rr] ;;

S

Figure 4 — Alcohol treatment method for the isolation of soil fungi.

/ 1. Weigh 3 g of soil. \ { 2. Put weighed soil \ / 3. Shake the solution \ [ 4 Add 10 mL of water to \

into the 5% acetic and keep it settle for wash the soil solutnorn.

acid solutio,/ 50 minutes. o ]
o J
\ /

» » »

5% acetic acid
solution

/7. Seal the plate arh . Pour 1 mL of scnl n

5 Takeout the 1 mL

i suspension over the media.
|ncubatg ic] e P of soil suspension.
formation.

[ — k
\ / \ / -

Figure 5 — The acid treatment method for the isolation of soil fungi.

Heat treatment method
Warcup & Baker (1963) introduced the heat treatment method to isolate fungi from the soil.
Many heat-resistant ascomycetes demand heat activation before germination of ascospores (Katan
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1985, Ali et al. 2009); thus, this method can isolate heat-resistant strains (Ali et al. 2009). Heat
inactivates the vegetative parts and less heat-resistant sexual spores of fungi but suppresses the
activities of bacteria (Beuchat & Pitt 1992). In this method, 0.3 g of soil is placed in a sterile 18
mm test tube, and sterile distilled water is added. The soil solution is kept in a water bath at
60-80 °C for 10-15 minutes. Once the soil settles, excess water is removed, and the soil is placed
in a sterile Petri dish. Glucose ammonium nitrate media is poured over the soil layer and gently
rotated to distribute the soil in the bottom of the Petri-dish (Fig. 6). The Petri dishes are then
incubated for 30 days between 26-30 °C. The colonization begins after the fifth day, maturing after
14 days. Hence, observation of colony growth generally occurs between days 7 and 14. Once the
grown hyphae are observed, their tips are transferred to the new PDA medium to obtain isolates
(Warcup & Baker 1963, Abdullah & Saadullah 2013).

cWeigh 0.3 g of soil aD 2. Add distilled sterib mlace the tube in a water bathh ( Remove the | \

add to a 18 mm test tube. water to the tube and mix 60-80 °C and wait until it settles. supernatant.

with the soil. — i

\ _4 4 \ 4

7. Seal the plate and 6. .IP:Jur mev:(ljia h(4lf C_) overl the 5. Transfer the soil to a Petri ‘
incubate for the fungal Sl ayer. an‘ SR ggr}ty i dish using a spatula.
growth. equally distribute
« the soil particles. ' «
— | =
- Ee— 1

Figure 6 — The heat treatment method for the isolation of soil fungi.

Soil immersion tube

This method was first used to isolate other microorganisms from soils (Chesters et al. 1940,
Chester et al. 1948) and has been characterized as highly selective for isolating species that can
tolerate low oxygen levels (Chesters & Thornton 1956). The method was later modified by
Gochenaur (1964) and several other authors to reduce selectivity and permit the isolation of a
broader range of species (Thornton 1952, Parkinson & Kendrick 1960). A tube with 4-6 spirally
arranged mini-holes containing nutrient agar is placed in the soil, separated by an air gap. After 5-8
days, the tubes are brought to the laboratory, where the agar core is taken out and cut into pieces.
Pieces with mycelia are placed in sterilized media, and subsequently, colonies can be sub-cultured
in selective media (Mueller & Durrell 1957, Mukerji 2002). The basic steps of the method are
illustrated in Fig. 7. When using the original method, the core of the agar tube contains less
aeration, which makes it suitable for isolating low oxygen-tolerant, fast-growing fungi. This
method also isolates non-sporulating fungi such as Rhizoctonia solani (Chester et al. 1940, 1948,
Garrett 1981).

Soil steaming method

Soil steaming is a selective method for isolating slow-growing ascomycetes and
hyphomycetes from the soil (Warcup et al. 1951) that are likely to be overgrown by fast-growing
groups such as Absidia, Mortierella, Mucor, Trichoderma, and Zygorhynchus. The method consists
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of weighing 125 g of soil into a glass tumbler and steaming it for 2, 4, 6, 8, and 10 minutes at
100 °C. One cm from the surface soil layer in each tumbler is removed and transferred separately to
10 Petri-dishes containing Dox+yeast extract agar media (acidified with phosphoric acid to pH 4).
This is then steamed for four minutes. The most efficient duration is four minutes to reduce fast-
growing taxa, and ascomycetes resistant to a short steam treatment can also be isolated. This is
favoured by the small number of colonies grown on the plates (Warcup et al. 1951). Heavy soils or
soils with a high proportion of humus may require more extended steaming periods. However,
over-steaming can inactive colony formation (Warcup et al. 1951).
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Figure 7 — Chester’s soil immersion tube method for the isolation of soil fungi.

Isolation of fungal hyphae attached to soil particles

Most fungal mycelia in soil are attached to larger particles, and removing fine particles eases
their observation and isolation from the soil (Warcup 1955). For the procedure, 1-1.5 g of soil is
placed in sterilized water in a part-filled beaker for 4-5 minutes. After that, the crumbled soil
particles are broken using a water jet, and the suspension is left to settle for 60-90 seconds. After
sedimentation is completed, the excess suspension is removed, and the process is repeated several
times until the suspension becomes clear. Finally, a small amount of water is added to the soil
sedimentation to create a soil solution, and the solution is distributed across three sterile Petri-
dishes. The presence of hyphae attached to the soil is observed using a stereomicroscope. The
hyphal masses or parts of hyphae are removed using fine forceps. Then it is deposited on the sterile
water drop placed on sterile Petri-dishes, and melted cooled agar is poured over the hyphal water
solution. After incubation for a few days at room temperature, hyphae grown on media are
transferred to a new sterilized Dox+agar media plate. Ammonium salt, peptone, soil extract, or
hydrolysed casein yeast extract can also be added to the medium to stimulate hyphal growth
(Warcup 1955).

Isolation of rhizosphere and mycorrhizal fungi
Wet sieving and decanting method

Plant nematologists commonly use wet sieving and decanting techniques to extract nematode
cysts and larvae from the soil (Triffitt 1935). Gerdemann & Nicolson (1963) used this method to
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obtain fungal Endogone spores from the soil. This technique consists of suspending 100 g of soil in
litre of water, waiting some seconds for the heavier particles to settle, and sieving the suspension by
passing it through a 1 mm sieve to remove larger particles of organic matter. The suspension that
passes through is stirred to re-suspended. After the heavier particles settle for a few seconds, the
decanted liquid is filtered in a sieve fine enough (1-40 um) to retain the spores. Finally, retained
content of all the sieves is transferred to a Petri-dish and examined with a stereoscopic microscope.
The spores and sporocarps identified in the mixture are individually picked up using a flattened
needle and placed in a small concave dish of water for further use (Gerdemann & Nicolson 1963,
An et al. 1990, Srinath et al. 2003). Several modifications were introduced, such as the optimal
ratio as 1:10 in the soil: water proportion, stirring the suspension by a magnet stir using a water-
driven stirrer without heat for 10 minutes, the addition of 0.1-0.5% of Tween 80 and 0.1 M of
sodium pyrophosphate if the soil is clay (Pacioni 1991).

The method to isolate nematophagous soil fungi

Mankau (1975) introduced this method to quantify soil-borne nematophagous fungal
colonies. Ten grams of soil are weighed, sieved using a 2 mm mesh, soaked in distilled water for 10
minutes, and suspended in 500 mL of distilled water. The suspension is sieved through graded
sieves of 500 um, 125 pm, and 35 um. The residue on each sieve is collected into a flask and
allowed to stand briefly for the heavy mineral particles to settle, and the remaining suspension is
discarded. The residual materials are vacuum-filtered on filter paper discs. The filter paper disks are
removed, cut into halves, and each half is placed on a cornmeal agar or water agar plate to obtain
colonies (Mankau 1975, Bailey & Gray 1989).

Novel techniques introduced to isolate soil fungi

Fungal highway columns method

Fungi and bacteria are involved in many soil interactions. Fungal highways are one such
interaction in which bacteria disperse along fungal mycelium. These interactions are still poorly
studied (Simon et al. 2015). Simon et al. (2015) introduced this method to identify fungal and
bacterial species involved in fungal highway interactions. In the pilot study, Simon et al. (2015)
isolated and verified the associations between Chaetomium globosum x Acinetobacter sp.,
Fusarium oxysporum x Ochrobactrum sp. and Stenotrophomonas maltophilia, and F. equiseti x
Achromobacter spanius, and Stenotrophomonas humi.

The fungal highway column separates coexisting fungi and bacteria in their associations
(Simon et al. 2015). The device contains columns with two agar plugs containing culture media
(Fig. 8). The interior of the column is designed to be the nutritional habitat for both fungal and
bacterial growth. Within the column, the culture media is separated into two compartments.
Filamentous fungi are separately isolated into the top, and bacteria and some other fungi are
separated into the underneath compartment (Fig. 8) (See Simon et al. [2015] for more details). The
diversity of isolated fungi depends on the nutrient composition of the media in the column.

For using the fungal highway column, the bottom cap is removed, and the column is placed
on the desired substrate and left for 4-10 days. After removing the substrate, the column is
immediately closed with another sterilized bottom cap. Directly, or after 8-15 days of incubation,
the cap on the top of the column is removed in a sterile environment, and the target culture medium
is plated for the isolation of cultivable organisms or directly used for nucleic acids extraction
(Simon et al. 2015). Junier et al. (2021) modified this method to isolate soil bacterial-fungal
associations.

A brief comparison of different isolation methods

Each culture-dependent method consists of specific procedures and presents unique benefits
(Kutateladze et al. 2016). Kumar et al. (2015) obtained higher species diversity and abundant
sporulation in the dilution plate method over the soil plate method using the same soil samples.
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Abdullah & Saadullah (2013) stated that the dilution plate method isolates more colonies than the
alcohol treatment method. Several Ascomycota (Apisordaria, Chaetomium, Gelasinospora,
Neosartoria, Sordaria, and Talaromyces) were obtained using heat and alcohol treatments (Manoch
1998). The selective isolation of soil Ascomycota can be done by heat and chemically pasteurized
soils (Warcup 1951, Warcup & Baker 1963, Samson & Luiten 1975, Furuya & Naito 1979, 1980).
Moreover, heat, ethanol, or other organic solvent treatments limit fungal isolations from thin-
walled conidia or hyphal fragments and facilitate isolating strains from ascospores, sclerotia, and
thick-walled conidia or hyphae (Furuya & Naito 1980). Furuya & Naito (1980) and Bills et al.
(2001) suggested that pre-treating soil with heat or small organic molecules can facilitate ascospore
germination in some taxa.
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Figure 8 — Design and parts of the fungal highway column.

Sample collection, media selection, growth conditions, and preservation of cultures from soil
studies

Soil sample collection

Sample collection is the first step in soil fungal studies. Generally, the Al horizon is collected
for biological diversity studies. Before collecting, litter or non-soil materials should be removed
from the surface of the collection site. Depending on the purpose, tools such as a shovel, auger,
knife, spatula, or spoon can be used (Mueller et al. 2004, Senanayake et al. 2020). The tool of
choice and gloves must be sterilized with 70% ethanol and dried before use. Usually, 10-30g of
soil is collected from each location; however, this depends on the study objectives. Samples can be
separately analysed or homogenized to represent a large study area. Ziploc bags or sterilized bags
can store the samples, which should be maintained at 0-10 °C during transportation and short-term
storage. It is advisable to isolate fungi immediately from the fresh samples within a few days.
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Otherwise, soil samples can be air-dried in sterile conditions (laminar flow hood can be used) at
25 °C and placed in cold storage or freezers. Temperate soil samples can be stored at -10 to -20°C
to eliminate the effects of temporal changes (Mueller et al. 2004).

Media selection and growth conditions

The culture media is critical when growing fungi in vitro, mainly because the growth
requirements (nutrients, pH, osmotic conditions, and temperature) and patterns differ among taxa
(Basu et al. 2015). They can be present as mycelia, non-mycelial spores (chlamydospore), and
sexual/asexual spores on the soil that can have different sensitivity to growth media (Tsao & Ocana
1969). As fungi are substrate-specific, previous knowledge of the sampling location (climate, soil
type, soil temperature, and vegetation) is vital for selecting and preparing ideal media (Basu et al.
2015, Kumar et al. 2015).

Both natural media and synthetic media are used for isolation. Because of the low cost and
ease of production, the natural media, corn meal agar (CMA), PDA, and dung agar are widely used.
However, the nutritional composition range in natural media is undetermined, while synthetic
media are produced using precise amounts of ingredients, finely controlled temperature, and pH
conditions. However, media selection depends considerably on research objectives and resource
availability (Bills et al. 2004, Kumar et al. 2015). Most soil studies use PDA, which is suitable for
mycelia growth and facilitates a wide range of taxa (Kumar et al. 2015). Calduch et al. (2004) used
potato carrot and oatmeal agar to grow propagules isolated from the baiting technique. Agar
medium has been used as the isolation medium for coexisting fungi and bacteria in the fungal
highways method (Simon et al. 2015). Manoch (1998) used GAN in the dilution plate method to
obtain cultures, followed by the subculturing on PDA and Czapek-Dox agar medium to obtain
Aspergillus and Penicillium. Warcup (1950) mentioned that Czapek-Dox + 0.5% yeast extract agar
with Phosphoric acid (pH 5.0) is a suitable medium for sporulating and isolating soil fungi.

The pH of the media is critical for inducing the growth of certain taxa while inhibiting others
(Chesters & Thornton 1956). For acidification, sulphur, citric, lactic, and phosphoric acids and
alkalization NaOH are added to the medium (Warcup 1950, Azaz 2003, Kazerooni et al. 2017).
Antibiotics  (penicillin, streptomycin, chloramphenicol, chlortetracycline, oxytetracycline,
tetracycline, kanamycin, pimaricin, and vancomycin) and antimicrobial chemicals (sodium
propionate, rose Bengal, crystal violet, malachite green, gallic acid, pentachloronitrobenzene and
phenols) are used to exclude and control for unwanted organisms in the media (Tsao 1970, Hunter
et al. 1974). Fungicides or antifungal compounds can select specific taxa and help obtain pure
fungal colonies (Tsao & Ocana 1969, Tsao 1970, Hunter et al. 1974, Bills et al. 2004). Tsao &
Ocana (1969) mentioned that 100 p.p.m. (parts per million) pimaricin and 200 p.p.m.
pentachloronitrobenzene could delay or prevent germinating non-pythiaceous taxa, and
vancomycin 100 p.p.m. can suppress actinomycetes and bacterial growth in the media which can
successfully isolate soil dwelling Phytophthora species. Dodine has been used to selectively isolate
entomopathogenic hyphomycetes from soil, including some of Metarhizium and Beauveria
(Fernandes et al. 2010). For isolation of entomopathogenic fungi, glucose, Oxgall, and peptone
have been added to the media with antibiotics such as rose Bengal, chloramphenicol, and
cycloheximide (Veen & Ferron 1966). Trichoderma selective medium was introduced by Elad et al.
(1981), which was developed using chloramphenicol for bacterial inhibition and
pentachloronitrobenzene, p-dimethylaminobenzenediazo sodium sulfonate, and rose Bengal for
fungal inhibition.

Incubation conditions and storage environment of the isolates need to be set according to the
thermo-sensitivity and the photo-sensitivity of the media and the antimicromicrobial/chemical
substance (Tsao & Ocana 1969). Most polyene antibiotics are photosensitive and media containing
those substances necessary to store/incubate under dark conditions.

Nevertheless, constraints are more critical when isolating and growing extremophiles because
many media are unstable above 70 °C (Tsudome et al. 2009, Basu et al. 2015). In some successful
cases, Duran et al. (2019) isolated psychrotrophic soil fungi that grow above 20 °C and
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psychrophilic soil fungi that grow below 20 °C. Carreiro & Koske (1992) used different
temperature conditions (0 and 25 °C) for isolating extremophiles. At 0 °C, many psychrotrophic
and some psychrophiles (e.g., Mortierella and Mucor sp.) were isolated, while mesophiles were
isolated at 25 °C. Satyanarayana et al. (2019) isolated thermophilic soil fungi at 41-122 °C. A
porous solid plate made of nano-fibrous cellulose media can be stable at 260 °C in 25 MPa, which
has the potential for in vitro fungi isolation from extreme soils (Tsudome et al. 2009, Basu et al.
2015).

Preservation of soil fungal cultures

Fungal strains can be preserved as fresh materials, dried cultures, and permanent slides
(Mueller et al. 2004). Dried cultures and permanent microscope slides are stored at fungaria
(Mueller et al. 2004, Senanayake et al. 2020). These preserved strains are labelled with specific
numbers with taxonomic and biogeographical data and other metadata such as host, substrate,
collector’s name, and collected date (Dentinger et al. 2016).

For the preparation of dried cultures, the fungal strains are grown in a water agar medium
(2.5% glycerol). Properly labelled strains are subjected to warm air drying or drying in a desiccator.
Dried cultures can be stored in wax paper bags with silica gel, paper envelopes, or thin Petri dishes
for deposit in the herbarium (Mueller et al. 2004, Silva et al. 2011). These materials can be used for
DNA extractions and later morphological studies (Senanayake et al. 2020).

To preserve fungal structures, tissues containing them are mounted on microscopic slides,
which can be reused for a long time. This method is beneficial for preserving fungal-type
specimens with rare or important morphological structures (Foster et al. 2011). Kohlmeyer &
Kohlmeyer (1972) stated that the steps involved in this technique are fixation, dehydrating,
clearing, and mounting. For fixation, 70% alcohol, Bouin’s fluid, or formalin are used, and glycerin
can be used as the mounting agent finally, the slide is sealed using a coverslip and colorless nail
polish (Kohlmeyer & Kohlmeyer 1972, Senanayaka et al. 2020). Fresh culture preservations can be
submerged in 70% ethanol, Kew mixture, or Copenhagen solution with glycerol to preserve their
living phase (Mueller et al. 2004).

The value and potential of culturing soil fungi

There are significant benefits stemming from culture-dependent methods (Jeewon & Hyde
2007, Rao et al. 2013). Genomic DNA extractions from pure cultures, sequence data, and
phylogenetic analyses enhance the identification accuracy. Currently, DNA extraction from
cultures is done by commercial DNA extraction kits and CTAB methodology (Cetyl
trimethylammonium bromide) (Rao et al. 2013, Dissanayake et al. 2020, Wijayawardene et al.
2021). Thus, cultures represent a source of fungal DNA and help to preserve the DNA of the
species (Rao et al. 2013, Rincon-Florez et al. 2013, Wu et al. 2019, Chethana et al. 2020,
Wijayawardene et al. 2021). Some culture methods, such as baiting and the fungal highway column
method, help study the nutritional modes inherent among soil groups. Using different growth media
and in vitro conditions is beneficial for detecting slow-growing taxa and observing various cultural
characters. Hence, isolation methods are evidence-based research techniques that cannot be
overlooked from the toolbox of techniques used for soil fungi identification (Tuininga et al. 2009,
Gutleben et al. 2018, Libor et al. 2019).

Therefore, several factors must be considered when designing soil isolation experiments: the
number of soil samples and horizons, collection and isolation protocol(s), isolation media(s),
culture observations, and suitable preservation methods. Furthermore, the incorporation of expert
knowledge and skills of taxonomists is also an essential factor for thorough investigations (Bills et
al. 2004). A balance of the above factors will help ensure accuracy in results and minimize human
errors (Mueller et al. 2004). In addition, understanding the limitations and challenges of the culture-
dependent methods encourages researchers to develop traditional static methods in novel ways.
Finally, advanced culture-dependent methods should be initiated more in unusual niches
(Kazerooni et al. 2017, Wu et al. 2019).
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Use of HTS in soil fungal studies

Metagenetics uses metabarcoding sequencing to examine the community composition of
microorganisms. The nuclear ribosomal internal transcribed spacer (ITS) region is used as the
primary barcode marker for fungi, followed by the small (SSU) and large subunit ribosomal
ribonucleic acid (LSU) and their combinations (Taberlet et al. 2012, Ji et al. 2013, Chambergo &
Valencia 2016, Gutleben et al. 2018, Nilsson et al. 2019, Tedersoo et al. 2020, Semenov 2021).
Numerous sequences are derived from a single sample in the analysis and are present as OTUs
(Schoch et al. 2012, Lindahl et al. 2013, Nilsson et al. 2019, Tedersoo et al. 2020). As a result, the
HTS approach has been widely used in studies in the most diverse soil biomes (Tedersoo et al.
2014, Prosser 2015, Thompson et al. 2017, Tedersoo et al. 2020). Specifically, HTS methods have
become affordable and capable of recovering soil fungi from large land areas, especially in habitats
with extreme environmental conditions (Tedersoo et al. 2020), because organisms from
oligotrophic soils in Antarctica, dry valleys, glaciers in pole regions, salty lands, and hypersaline
microbial mats are difficult to be recovered in vitro (Semenov 2021). Therefore, HTS can reveal
fungi, including rare to cryptic taxa, uncultivable fungi including Archaeorhizomycetes,
Cryptomycota, Zygomycotina, and uncultivable symbiotic fungi such as mycorrhizal fungi and
nematophagous fungi (Blackwell 2011, Rosling et al. 2011, Sota et al. 2014, Wu et al. 2019). HTS-
generated data can also be used in ecological studies to map the diversity and distribution patterns
of soil communities from different environmental conditions and land uses (Lumini et al. 2010,
Salvioli & Bonfante 2013, Franzosa et al. 2015, Tedersoo et al. 2014, Wang et al. 2015,
Asemaninejad et al. 2018, Kazerooni 2017, Schlatter et al. 2018, Bonito et al. 2019, Egidi et al.
2019).

Latest HTS findings — The Global Soil Mycobiome consortium dataset and endemicity of soil
fungi

The GSMc dataset is a ready-to-use fungal HTS data derived from global soil sampling
(Tedersoo et al. 2021). It provides an overview of the worldwide soil fungal diversity and
distribution patterns, supplemented with macroecological metadata. Of all the recently published
HTS data, GSMc dataset is the largest in the number of samples and geographical breadth. It
recovered 1,157,667 OTUs and revealed the richness of the fungal kingdom. As per GSMc,
belowground fungal functional guilds determined 124,616 OTUs of ectomycorrhizal (EcM), 75,530
OTUs of saprotrophs, 49,521 OTUs of unspecified saprotrophs, and 43.758 OTUs of unspecified
pathotrophs (Tedersoo et al. 2021). In the most recent GSMc publication, Tedersoo et al. (2022)
used the dataset to study the endemicity and vulnerability of soil fungal species. It revealed that
belowground taxa are most vulnerable to droughts and high temperatures, resulting in the
prevalence of the lifestyle shifting of the pathogenic, mutualistic, and free-living fungal groups.
Biotrophic pathogens and EcM species can be highly vulnerable in case of loss of biotic niche due
to environmental changes (Tedersoo et al. 2022). The authors suggested the need for habitat
conservation, the inclusion of fungi in conservation frameworks to protect the endemic groups, and
encouraged soil diversity assessment using HTS technology (Tedersoo et al. 2022).

Limitations of the HTS methods for soil fungal studies

Despite its wide application, HTS has several drawbacks. Chemical contaminations such as
soil-inherent humic and fulvic acids can potentially inhibit enzymatic reactions affecting PCR-
based DNA amplification or cloning procedures (Lombard et al. 2011, Lindahl et al. 2013). In the
studies using HTS, the extraction aims to obtain a total DNA containing extracellular (exDNA) and
intracellular DNA (iDNA). However, iDNA provides more reliable genetic information concerning
the microbial communities than exDNA (Taberlet et al. 2012, Nagler et al. 2018, Nagler et al.
2021). exDNA can mask genetic information from the iDNA as the DNA portion from intact cells
within the total DNA pool is undetermined. Therefore, HTS methods cannot distinguish living and
dead materials or active and dormant organisms (Tuininga et al. 2009), thus reducing the reliability
of data interpretation for the taxonomic composition of soil microbes (Nagler et al. 2021).

739



The lack of reference information and sequences in public databases, available bioinformatics
tools, and higher error rates (5-13%) are the main limitation of HTS (Tedersoo et al. 2017, Mafune
et al. 2019). Likewise, short-read sequences from environmental samples generated by HTS are
challenging to align, assign and annotate for further study (Wu et al. 2019, Chethana et al. 2020),
making it tough to assign fungal OTUs to lower taxonomic levels, resulting in numerous OTUs
named under unclassified taxa (Hongsanan et al. 2018, Wu et al. 2019, Chethana et al. 2020).
Comparing the Global Fungi dataset (Vétrovsky et al. 2020) by Baldrian et al. (2022) and GSMc by
Tedersoo et al. (2021), the richness of Zoopagomycota, Entomophthoromycota,
Blastocladiomycota, and Kickxellomycota showed grater levels of contradictions as a result of
different sampling strategies and analytical biases such as the use of different primers for
metabarcoding and lack of properly annotated reference sequences (Tedersoo et al. 2021).

In taxonomic assignments, as sequences from environmental samples cannot be correlated to
a physical specimen, reproduced, or verified, there is thus a higher possibility for erroneous
sequences or dark taxa (Tedersoo et al. 2017, Chethana et al. 2020). In addition, the storage,
processing, integration, and interpretation of data using bioinformatics analysis for HTS are all
considerably complex, requiring computer power and specialized personnel (Rincon-Florez et al.
2013, Sota et al. 2014, Nilsson et al. 2019, Wu et al. 2019).

Integrating culture and “genomics” techniques to understand the taxonomy and biodiversity
of soil fungi

Combining culture-based results with molecular-based data can reduce inherent technical
errors in HTS and data interpretations and reduce bias in culturing methods (Rincon-Florez et al.
2013, Dissanayake et al. 2018, Jayawardena et al. 2018, Wu et al. 2019, Wijayawardena et al.
2021). Genomics methods recover hidden unculturable diversity and thus can potentially help
predesign isolation methodologies to obtain cultures of these taxa (Stefani et al. 2015, Chambergo
& Valencia 2016, Gutleben et al. 2018). HTS can be used to identify fungal secondary metabolite
biosynthesis gene clusters from environmental samples, but the cultivation of these strains is
essential to obtain the products (Chambergo & Valencia 2016). Thus, a combination of methods
can improve the characterization of taxa for biotechnological use. Bioactive compounds produced
by soil fungi are used in bioremediation, food production, and pharmaceutical industries (Muller et
al. 2013, Stefani et al. 2015, Gutleben et al. 2018, Hyde et al. 2019). In this regard, Stefani et al.
(2015) used HTS to recover strains able to degrade hydrocarbons, of which most were unculturable
and thus could not test their hydrocarbon degradation capacity (Stefani et al. 2015). Therefore, the
combination of culture-dependent and -independent approaches may provide better insights
(Anderson & Cairney 2014).

Conclusion and future perspectives

Fungi are abundant in soil micro-environments and have been found to be the most common
of microorganisms (Tedersoo et al. 2021, 2022). They function significantly in mediating soil
biological, chemical, and physical components and feature notably in global soil biodiversity
levels, taxonomy, and biotechnology (Tedersoo et al. 2021, Bahram & Netherway 2022). However,
exploration the diversity is a major challenge. High-throughput screening has estimated that there
are up to 12 million species of fungi (Wu et al. 2019), and Tedersoo et al. (2021) recovered 722,682
fungal OTUs from soils globally. Detection and identification methods, therefore, pose numerous
issues and challenges. Although detection by HTS has broadened the knowledge of soil fungi, most
OTUs can only be assigned to the genus or higher levels because of short-read sequences, a lack of
reference sequences, and error-prone results. Conversely, isolates from soil provide living mycelia,
facilitating morphological observation, species-level identification, and sources for biotechnology
and research. Soil plating, dilution, and baiting methods are widely used isolation methods.
However, because different taxa may have specific requirements for their growth, these methods
are not applicable for the isolation of total diversity.
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The combination of culture-dependent and -independent methods will provide a dynamic
understanding of soil dwellers (Hirsch et al. 2013, Stefani et al. 2015, Kazerooni et al. 2017, Hamm
et al. 2020). Genomic approaches, including HTS, provide molecular data for soils across a large
geographical area, which is beneficial for generating better insights and functioning as a guiding
tool to initiate isolation studies (Wu et al. 2019). The development of novel isolation methods for
uncultured soil fungi is needed to address the inherent problems and challenges of understanding
the role of soil fungi.
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