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Distribution and Origin of Major, Trace and Rare Earth Elements in Wild Edible Mushrooms:
Urban vs. Forest Areas
Reprinted from: J. Fungi 2021, 7, 1068, doi:10.3390/jof7121068 . . . . . . . . . . . . . . . . . . . . 77

Supakorn Nundaeng, Nakarin Suwannarach, Savitree Limtong, Surapong Khuna, Jaturong
Kumla and Saisamorn Lumyong
An Updated Global Species Diversity and Phylogeny in the Genus Wickerhamomyces with
Addition of Two New Species from Thailand
Reprinted from: J. Fungi 2021, 7, 957, doi:10.3390/jof7110957 . . . . . . . . . . . . . . . . . . . . . 95

LingLing Liu, WenXia Wu and ShuaiFei Chen
Species Diversity and Distribution Characteristics of Calonectria in Five Soil Layers in a
Eucalyptus Plantation
Reprinted from: J. Fungi 2021, 7, 857, doi:10.3390/jof7100857 . . . . . . . . . . . . . . . . . . . . . 119

Mei-Xiang Li, Gang Wu and Zhu L. Yang
Four New Species of Hemileccinum (Xerocomoideae, Boletaceae) from Southwestern China
Reprinted from: J. Fungi 2021, 7, 823, doi:10.3390/jof7100823 . . . . . . . . . . . . . . . . . . . . . 145
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Preface to ”Biodiversity, Distribution and
Conservation of Plants and Fungi; Effects of Global
Warming and Environmental Stress”

The estimation of global biodiversity and its conservation is an old, but still unresolved, concern

in biology. On the one hand, the number of described species is constantly increasing, especially with

the accumulation of modern morphological and molecular data; on the other hand, the existence of

many species is threatened due to environmental and anthropogenic pressures.

Plants and fungi are essential components of the ecosystem and are widely used by humanity.

However, fungi are much understudied in many aspects in comparison with animals and plants.

They are also poorly represented in national and international red lists; i.e., there are only 550 species

of fungi in the IUCN Red List, while Plantae have more than 58,300 and Animalia—more than

83,600 species. This is due to a significant lack of knowledge in fungal biodiversity and distribution,

especially in tropical areas. There are no comprehensive studies on how global climate changes affect

fungi and their interactions with plants.

The goal of this Special Issue is to highlight the research concerning subjects related to

biodiversity and the conservation of fungi and plants, plant–fungal interactions, the effects of global

warming, pollution, parasites, and other abiotic factors affecting their conservation, as well as

phylogenetic, genomic, and transcriptomic studies with the direction of biodiversity estimation and

gene expression studies related to environmental stressors.

Anush Kosakyan, Rodica Catana, and Alona Yu. Biketova

Editors
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The estimation of global biodiversity and its conservation is an old, but still unre-
solved, concern in biology. On the one hand, the number of described species is constantly
increasing, especially with the accumulation of modern morphological and molecular data;
on the other hand, the existence of many species is threatened due to environmental and
anthropogenic pressures.

Most of the articles in this Special Issue are devoted to the diversity, taxonomy and
molecular phylogeny of fungi [1–6]. Ten new species and three new taxonomic combina-
tions are described for science [1–3,5,6]. It is noteworthy that half of these manuscripts are
devoted to three genera of the family Boletaceae—one of the most remarkable and most
vulnerable groups of fungi to the destruction of ecosystems. Novel comprehensive phy-
logenetic and taxonomic analyses of Leccinum, Hemileccinum, Exsudoporus, Amoenoboletus,
and allied genera, together with descriptions of eight new species and two taxonomic
combinations, and the typification of Exsudoporus floridanus indicate that there are many
unresolved issues, even related to such a relatively well-studied group of macroscopic fungi
as Boletaceae [2,3,6]. Mešić et al. (2021) described a new agaricoid species Inocybe brijunica,
growing in the Mediterranean Biogeographical Region, one of the most prominent global
climate change hot spots [1]. Two other articles presented investigations of the biodiversity
of the Ascomycota genera Calonectria and Wickerhamomyces [4,5].

Another group of manuscripts was dedicated to the ecological, physiological, and
applied aspects of mycobiota [7–11]. Jabborova et al. (2021) studied the interactions
between biochar and arbuscular mycorrhizal fungi (AMF) and spinach. It was shown that
these fungi can promote plant growth, improve soil properties, and maintain microbial
activity [7]. A review by Boorboori and Zhang (2022) provided comprehensive up-to-date
information on the use of AMF in the phytoremediation of arsenic, cadmium, lead, and
chromium [8]. Another study was devoted to the composition of major, trace, and rare-
earth elements in 15 different species of wild edible mushrooms. The data obtained did
not indicate a significant exposure to anthropogenic influences, regardless of the sampling
location. While the contents of major elements seem to be influenced by species–specific
affinities, this is not true for trace elements, whose contents probably reflect the geochemical
characteristics of the sampling site [9].

Adamo et al. (2021) conducted a metabarcoding analysis of ectomycorrhizal fungi in
five different Mediterranean pine forests (Pinus nigra, P. halepensis, P. sylvestris, and two
mixed) and concluded that fungal communities did not differ in phylogenetic composition,
structure, or phylogenetic diversity among tree hosts [10]. Mihai et al. (2022) offered
bio-friendly solutions to reduce the waste of coconut coir, pine sawdust, and paper (as
some of the main pollutants in Ecuador) by using them as suitable growth substrates for
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the edible fungus Pleurotus ostreatus. The results showed that all waste products represent
desirable substrates for fungal growth, with an emphasis on coconut coir waste, whose
usage increased the desirable characteristics of the fungi [11].
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Arbuscular Mycorrhizal Fungi Are an Influential Factor in
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Abstract: The increasing expansion of mines, factories, and agricultural lands has caused many
changes and pollution in soils and water of several parts of the world. In recent years, metal(loid)s
are one of the most dangerous environmental pollutants, which directly and indirectly enters the
food cycle of humans and animals, resulting in irreparable damage to their health and even causing
their death. One of the most important missions of ecologists and environmental scientists is to find
suitable solutions to reduce metal(loid)s pollution and prevent their spread and penetration in soil
and groundwater. In recent years, phytoremediation was considered a cheap and effective solution
to reducing metal(loid)s pollution in soil and water. Additionally, the effect of soil microorganisms
on increasing phytoremediation was given special attention; therefore, this study attempted to
investigate the role of arbuscular mycorrhizal fungus in the phytoremediation system and in reducing
contamination by some metal(loid)s in order to put a straightforward path in front of other researchers.

Keywords: mycorrhizal fungi; metal(loid)s pollution; soil; plants

1. Introduction
1.1. Metal(loid)s Pollution and Phytoremediation

Soil is the basis of life and the most valuable ecosystem globally, which plays a crucial
role in producing food and filtering air and water, and is a good platform for building
our homes and cities [1,2]. Due to the rapid urbanization and industrialization of the
world community, agricultural land is declining day by day while the demand for food
is increasing [3]. Since chemical and physical disorders easily damage soils, thousands of
years of human activity have left many contaminated soils worldwide [1,2]. One of the
most critical soil pollutions is metal(loid)s pollution, which has become a global problem
and poses a severe threat to human health and the environment [4]. Various activities
such as mining, use of sewage sludge in agricultural lands, excessive use of pesticides and
fertilizers containing metal(loid)s, smelting of metals, and irrational emission of waste in
industrial activities increase the concentration of metal(loid)s in soil and surface water, and
also affect concentrations underground [5,6]. Although metal(loid)s of lithogenic origin
are found naturally, and in different concentrations in the soil [7], arsenic, chromium, lead,
cadmium, copper, and zinc are among the most common metal(loid)s pollutants commonly
found near industrial, mining, and agricultural sites [8,9].

The constant increase of metal(loid)s in the soil, and their non-degradability causes
changes in biogeochemical cycles (including the impact on soil microorganisms and enzy-
matic activities) and ultimately causes imbalances in ecosystems [10,11]. Since metal(loid)s
react chemically in different environments, this increases their mobility and bioavailability
in the soil [12]; therefore, their uptake by plants is increased and thus causes the accumu-
lation of metal(loid)s in plant seeds [13]. The accumulation of metal(loid)s in plants and
contaminated drinking water causes them to enter the food chain of humans and animals
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and causes severe problems for their health [13,14] (Table 1). Therefore, there is an urgent
need for the permanent removal of metal(loid)s or at least their long-term immobilization
in soils and water in the present era [15].

Table 1. Range of some metal(loid)s in terrestrial plants and regulatory standards for them in food
and drinking water in different countries.

Metal(loid)s
Content Measured
in Different Plants

(µg/g DW)

WHO *
(mg/kg)

Canada
(in Row Herbal

Materials)
(mg/kg)

China
(Herbal Material)

(mg/kg)

India

Food
(mg/kg)

Water
(mg/L)

Arsenic 0.02–7 Nil 5 2 1.1 0.05
Cadmium 0.1–2.4 0.3 0.3 1 1.5 0.01

Lead 1–13 10 10 10 2.5 0.1
Chromium 0.2–1 Nil 2 Nil 20 0.05

Nomenclature is as proposed by Gjorgieva Ackova D [16]. * World Health Organization.

Increasing soil contamination with metal(loid)s has prompted humans to think of ways
to clear and restore these marginal, toxic, and contaminated soils to their reuse cycle [3].
Various techniques that are developed for this purpose include drilling contaminants,
adding chemical regenerators, pumping contaminants, and physical stabilization by adding
non-toxic materials [3,17]. Other methods used to remediate metal(loid)s contaminated
soils include improving the soil physical and chemical traits by using mineral tailings, such
as steel slag, zeolite, limestone, and fly ash [18]. It should be noted that steel slag is an alkali
product that is a remnant of the steel industry and is composed of compounds of calcium,
silicon, phosphorus, etc. [19], and due to its cheapness and availability, it can be used as a
modifier of soils contaminated with metal(loid)s or fertilizers in agriculture [18,19].

Many methods of remediating soils contaminated with metal(loid)s are expensive and,
at the same time, reduce the ability of soil to be reused in food production [20]. Recently,
carbon-based materials to remediate contaminated soils have received more attention
because it is more environmentally friendly and cheaper [21]. Biochar is one of these
carbon-based materials produced by charring animal and plant biomass at a temperature
of 300 to 600 ◦C under anaerobic conditions [22]. Biochar has alkaline properties, is stable,
has a large surface area, high aromatic molecular structure, and can bind cations and
prevent the migration and bioavailability of metal(loid)s in soil [23,24]. The addition of
biochar to agricultural soils improves soil physical and chemical properties such as cation
exchange capacity, soil pH, mineral retention, and adsorption capacity and positively affects
plants growth [24]. Various studies showed that adding biochar to soils contaminated with
metal(loid)s improves plant biomass and antioxidant enzymes and thus reduces the uptake
of metal(loid)s by plants [25,26].

As mentioned, when soil ecosystems are contaminated with metal(loid)s, intervention
is necessary to improve soil conditions. It is usually possible to stabilize metal(loid)s in the
soil in the short term, but in the long run, it is costly [27]. Phytoremediation is one of the best
ways to stabilize metal(loid)s in technosols in the long run [28], and it is the usage of plants
to remove or move soil contaminants, in which plants are used to absorb or immobilize
metal(loid)s in contaminated soils [29]. Phytoremediation is a cheap, effective, on site, and
in general, eco-friendly process that does not require advanced engineering work and has
raised great hopes for clearing soil ecosystems of metal(loid)s contaminants [30,31]. This
technique can be conducted on vast scales and prevents metal(loid)s from penetrating
groundwater aquifers [32,33].

According to this method, plants with high accumulation power in cooperation with
soil microorganisms reduce the accumulation of metal(loid)s in soils [32]; on the other hand,
this technique increases soil organic matter and microbial activity as well as reduces erosion
processes and ultimately improves ecosystems [34]. The classification of phytoremedia-
tion involves the destruction, immobilization, inhibition, extraction of metal(loid)s, or a
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combination of these processes [35]. Most research on phytoremediation is related to plant
extraction and stabilization. In the process of plant extraction, plants remove metal(loid)s
from the soils by concentrating them in their shoots, while in plant stabilization, metal(loid)s
become immobile in the roots of the plants [36].

This technique uses plants that are resistant to metal(loid)s that can accumulate high
levels of metal(loid)s in their roots and shoots [37]. A plant’s tolerance to heavy metals
depends on various factors such as the secretion of chelating agents in the rhizosphere, in-
creased proline concentration, separation of metals, increased antioxidant enzymes activity,
and the storage of metal(loid)s in the intracellular parts of the roots [38,39]. The resistance
of plant species to metal(loid)s varies considerably between different plant families and
genera, but in general vascular plants are slightly more tolerant than metal(loid)s [40].
Plants with high resistance to metal(loid)s are the best option for phytoremediation if
they have an extensive root system and the ability to produce suitable aerial biomass
(such as sunflower) [4,41]. On the other hand, nitrogen-fixing species that can survive in
degraded environments are suitable examples of phytoremediation due to adding more
organic matter and nutrients to the soil [42]. However, tree species have more potential
to regenerate contaminated sites due to their ability to accumulate more metal(loid)s in
plant tissues [43]. In aquatic ecosystems, wetland plants such as macrophytes are suitable
tools for phytoremediation and reducing metal(loid)s pollution due to fast growth and
high biomass production [44].

Plant stabilization is one of the essential methods in phytoremediation, which due
to the accumulation of metal(loid)s in the roots of plants, prevents metal(loid)s spread
and reduces their bioavailability in the soil [45]. Numerous studies showed that the cell
walls of plants are the primary site of metal(loid)s immobilization [46]. Polysaccharides
and proteins are the main components of the cell wall of plants, and the stabilization
of metal(loid)s in the cell walls of plants can reduce metabolic damage of the cell [47].
The polysaccharide portion of the plant cell wall is composed of cellulose, hemicellulose,
and pectin, and plants can adjust their polysaccharide content to cope with the stress of
metal(loid)s [46,47]. Peroxidases are the major proteins in cell walls involved in plant
responses to stresses and cell wall dynamics [48]. Additionally, the growth of plant roots
adds secretions such as low molecular weight organic acids to the soil, which cause the
weathering of soil minerals and the release of metals in the soil [49]. With the growth
of plant roots, pores are created in the soil that provides pathways for rapid intercurrent
movement and facilitates leaching of soil solution and preferential migration [50].

One of the positive points of phytoremediation is the restoration of the structure of
the soil microbial community, which is a significant advantage over other soil remediation
methods [51], and the success of phytoremediation is highly dependent on the presence of
soil microorganisms [52]. Soil microorganisms improve plant growth and bioremediate
contaminated soils by separating or degrading metal(loid)s [53]. Other factors that increase
the efficiency of phytoremediation include the addition of cattle manure or earthworms
and other microorganisms to contaminated soils [54–56].

1.2. Arbuscular Mycorrhizal Fungi (AMF)

AMF is one of the most common probiotic microorganisms, known as the most
widespread fungi that coexist with plant roots [35,57]. About 240 different species of
AMF belong to the Glomeromycota subfamily, which are found in almost all natural and
agricultural ecosystems and coexist with most plants [58,59], to the extent that they are
reported to coexist with 90% of terrestrial plants [60]. In addition, it was reported that
various AMF, such as Funneliformis mosseae, Rhizophagus irregularis, and Claroideoglomus
claroideum exist in wetland habitats [61], and various studies have shown that AMF can
colonize the roots of plants such as rice [62,63].

Different studies showed that AMF biodiversity varies significantly in different envi-
ronments, and their presence in different ecosystems results from different factors, including
soil type, host plant, agricultural practices, and environmental conditions [64]. It should be
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noted that host plants also have a significant impact on AMF growth and efficiency [65].
AMF hyphae divide, grow, and form an extensive, dense network of hyphae in the soil [66];
in addition, AMF hyphae can drastically alter the structure and chemical properties of
aggregates by releasing compounds such as proteins and polysaccharides [67]. In addition
to creating stable aggregates resistant to wind and water erosion by binding soil particles
together, AMF can also affect soil microbial activity and communities [68,69].

According to findings, AMF creates a direct relationship between plant roots and the
substrate [70] and gives closer access to plant roots to absorb nutrients and water, among
other soil microorganisms, thus significantly improving plant growth [71]. Research has
also shown that the effects of AMF vary depending on the type of soil substrate and plant
species [72]; however, AMF causes the establishment and survival of host plants in various
environments such as saline soils, alkaline soils, agricultural lands, mine tailings, soils
contaminated with metal(loid)s, etc. [73]. As mentioned, AMF improves plant nutrition
and plant–water relationships by creating efficient coexistence with plants and increasing
the uptake level and volume of available soil for the root system, thereby increasing plant
tolerance to environmental stresses such as root pathogen damage [10,74,75].

AMF grows inside the roots of plants and allows them to get their necessary nutrients
through networks of extra-radical mycelium (ERM) that spread in the soil [76]. AMF
can dissolve, activate, and ultimately absorb nutrients such as phosphorus, nitrogen, and
zinc [76,77], and in return, it receives carbohydrates and lipids from plants [9]. Researchers
have shown that AMF has the most significant effect on plants’ phosphorus uptake [76],
and it seems that up to 100% of the phosphorus required by plants is obtained through
AMF phosphorus carriers [78]. AMF coexistence with plants causes phosphorus to be
absorbed from a distance through fungal phosphate transporters such as GiPT [79,80] and
effectively reaches plant roots through phosphate transporters (such as MtPT4) [81]. AMF
also improves plant nutrition by increasing phosphate uptake from the soil because AMF
increases the area of nutrient uptake through its hyphae [57], thus directly affecting plant
growth [82], but on the other hand, increasing phosphorus uptake by the plant reduces
this element in the soil solution [83]. Previous studies have shown that AMF symbiosis
with plants has a positive effect on S uptake through regulating the expression of sulfate
transporter genes (MtSULTR 1.1, MtSULTR2.1, MtSULTR 1.2, MtSULTR2.2, MtSULTR3.1,
MtSULTR4.1, etc.) [81,84]; on the other hand, this coexistence directly affects S uptake
through ERM activities [84].

As stated, AMF symbiosis with plants under stress conditions makes the plant more re-
sistant to stress. Different studies have shown that exposed AMF spores to different stresses
reduce ROS production with increasing antioxidant activities such as superoxide dismu-
tases (SOD), glutathione (GSH), Vitamin B6, Vitamin C, and E [85,86]. AMF also activates
plants antioxidant mechanisms such as glutathione peroxidase (GPx), ascorbate peroxidase
(APX), catalyzes (CAT), and SOD [85]. In addition, AMF mycelium releases a particular
glycoprotein called glomalin-related soil protein (GRSP), which helps improve soil con-
ditions by forming complexes with heavy metals, helping to accumulate soil particles,
increasing organic carbon content, and resulting in carbon sequestration [35,38,87]. Zhang
et al. showed that AMF significantly increased the number of aggregates more prominent
than 2 mm in contaminated soils [88]; a similar study also showed AMF-inoculation in
Calcaric Regosol under drought stress, and proper irrigation increased the percentage of
macro-particles larger than 5 mm [89].

Plants are the basis of phytoremediation, but various soil microorganisms such as
AMF can significantly improve phytoremediation efficiency in different ecosystems [45,90],
and this has shown that AMF naturally survives on high levels of metal(loid)s and helps
plants withstand these contaminants [58]. The effect of AMF on soil improvement and
phytoremediation depends on AMF species, metal(loid)s concentration, plant–metal tol-
erance, and metal(loid)s bioavailability [91]. AMF can also help the phytoremediation
system by increasing immobilization, conversion, detoxification, and extraction of heavy
metals [92]. Therefore, the use of plants that are more resistant to metal(loid)s and have
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more ability to accumulate more metal(loid)s, if they coexist with a suitable species of
AMF (Glomeraceae family), have a significant effect on reducing pollution of heavy metal
contaminated environments [85,93].

The growth of hyphae in environments contaminated with metal(loid)s is reduced [94],
but extensive growth of AMF-mycelium by affecting the surface properties of aggregates
increases the level of heavy metal uptake in phytoremediation systems, increasing the
storage of metal(loid)s in soil and roots and thus reducing the transfer of metal(loid)s to
aerial parts [95,96]. As mentioned, AMF has various solutions to reduce the bioavailability
and biological absorption of metal(loid)s in the soil, including GRSP and antioxidant
activities [86,97]. Phosphate, sulfhydryl, and other compounds in mycelium can prevent
the transfer of metal(loid)s from the roots to the soil by converting their ions into forms
such as oxalic acid extract, which have poor biological activity [98].

AMF-inoculation increases the resistance of host plants to metal(loid)s [99], which
various factors can cause. The coexistence of host plants with AMF increases the absorption
of water and nutrients such as nitrogen and phosphorus by plants and thus improves
their growth [100]. Additionally, AMF, with the help of ERM, causes the deposition of
polyphosphate complexes and the preservation of metal(loid)s in the roots of host plants,
increasing the adaptation of plants to metal stresses [101]. The detoxification ability of
AMF in plants largely depends on how AMF affects the host plant, the ability of AMF to
precipitate metal(loid)s in the plant, the type of toxic metal(loid), and the availability of the
toxic metal(loid) [25,98,99].

1.3. Arsenic (As)

Arsenic is one of the most toxic elements in nature, seriously endangering plants,
animals, and even humans [102]; As is generally found in all crustal rocks but can be
released due to natural factors or human activities in the environment [102,103]. Among the
natural factors that cause the release of As in nature are volcanic activity and weathering of
rocks [104], but the human factors that cause the release of As in the environment are mining,
fossil fuels, tannery, pesticides, herbicides, and chemical fertilizers [102–104]. The most
important cause of arsenic poisoning is contaminated groundwater found in Bangladesh,
Italy, Argentina, Hungary, India, China, Mexico, Chile, and the United States [105,106].

Gupta et al. reported that As affects growth and productivity due to the morphological,
biochemical, and physiological changes it causes in plants [104]. As in plants reduces
transpiration rate and leaf water potential, chlorophyll content (Chl), nutrient uptake, CO2
stabilization rate, photosystem II activity, photosynthesis rate, heat loss capacity, carbon
splitting, and sugar metabolism [107–112]; also, one of the most dangerous biochemical
effects of As is the production of intracellular reactive oxygen species (ROS), which causes
irreversible damage to DNA, lipids, carbohydrates, and proteins [107]. Symptoms of As in
plants include reduced germination, biomass, leaf area, number of leaves, and yield [113].
The reaction of different plant species to As is different; for example, the yield of potatoes
(Solanum tuberosum L.) decreases at a concentration of 300 mg/kg As in soil [114], while
in the case of soybeans (Glycine max L.), it is 35 mg/kg As in soil [115]. However, this
concentration for rice (Oryza sativa L.) is equal to 25 mg/kg As in soil [116], which can
significantly reduce rice yield from 7–9 tons to 2–3 tons per hectare [117] (Table 1). Arsenic
is a class 1 human carcinogen [118] that is not only transmitted to the human body through
food and drinking water but also its prolonged inhalation causes poisoning in humans [105],
which can cause skin ulcers, cardiovascular problems, lung and bladder diseases, cancer,
and eventually death [105,119]. Therefore, finding effective ways to remove more arsenic
from contaminated environments is essential.

Arsenic exists in inorganic and organic forms in nature, and its organic species are
more toxic and mobile [120]. The most common types of As that are uptaken by plants are
arsenate, arsenite, MMA, and DMA [113] (Table 2). Although different forms of arsenic
are present in the environment simultaneously, plants receive it from the soil with a
special preferential system (arsenite, arsenate, dimethylarsinate, and methylarsonate) [113].
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It should be noted that As(V) is predominant in oxidizing media, and As(III) is more
prevalent in reduced environments [120]. The most common way As enters plants is
through roots, but the distribution of As in plant organs is very different so that the highest
amount of As accumulates in plant roots and then in leaves, shoots, pods, and seeds [121].
Various studies showed that As(V) enters plants through phosphate transporters (Pht1 and
Pht4) and As(III) through silicon transporters (OsLsi1 and OsLsi2) [122,123]. Arsenic enters
plant cells mainly in the form of As(III) and As(V), but eventually As(V) is also catalyzed
and converted to As(III) by arsenate reductase enzyme and is pumped through special cells
transmitters or stored in vacuoles [124,125].

Table 2. The list of various As species in nature.

Arsenic Compounds Acronyms Chemical Formula

Arsenate As (V) As(O−)3
Arsenite As (III) O=As(O−)3

Methylarsonate MMA CH3AsO(O−)2
Dimethylarsinate DMA (CH3)2AsO(O−)

Trimethylarsin oxide TMAO (CH3)3AsO
Tetramethylarsonium ion TETRA (CH3)4As+

Arsenobetain AB (CH3)3As+CH2COO−

Trimethylarsoniopropionate TMAP (CH3)3As+CH2CH2COO−

Arsenocholine AC (CH3)3As+CH2CH2O−

Dimethylarsinoylacetate DMAA (CH3)2(O)As+CH2COO−

Dimethylarsinoylpropionate DMAP (CH3)2(O)As+CH2CH2COO−

Nomenclature is as proposed by Boorboori et al. [126].

Since AMF is naturally present in As-contaminated environments [127], it can be an
important component of increasing the efficiency of phytoremediation methods [128]. Re-
search has also shown that arsenic can damage AMF and inhibit the primary stages of its de-
velopment cycle [129], which can ultimately reduce mycorrhizal colonization [85]. Various
studies showed that the prevalence of different species of AMF varies in arsenic stress envi-
ronments [130], for example, Gonzalez-Chavez et al. found that Glomeraceae and Acaulospo-
raceae are predominant species in contaminated environments in Brazil [131]; however,
Glomeraceae and Glomus are the predominant family and genus in arsenic-contaminated
ecosystems [132].

Spagnoletti et al. reported that mycorrhiza plants are more tolerant of As toxicity,
which may be due to various factors [85], which we will address below. AMF-inoculation
increases plant biomass and dilute As in plants, and as a result, it increases the plant’s
resistance to As toxicity [85,100]. Studies showed that AMF-inoculation increases the
uptake of nutrients, including phosphorus (P), nitrogen (N), and magnesium (Mg), by
plants [104,133]. It can also result in increased photosynthetic pigment concentration,
higher Hill reaction activity, an optimum chlorophyll a/b ratio, and higher photosystem II
activity [104]. Increasing the absorption of CO2 and improving the metabolism of essential
carbohydrates are other positive roles of AMF in plants [104]. All of the above factors
increase the resistance of mycorrhiza plants in As-contaminated environments.

On the other hand, the effect of AMF on the uptake, displacement, and speciation
of As is well identified [134]. Research showed that As is absorbed by AMF hyphae
(through RiPT and GiPT gene) [135,136], AMF reduces As(V) to As(III) (through RiarsC
gene) [136], and finally, As is released through RiArsB, ATPase pump, and GiArsA into
the soil [135,136]. It was shown that AMF can evaporate and methylate inorganic As
through RiMT-11 into a wide range of organic As [134,137]; also, AMF causes more DMA
release, especially when high concentrations of As(V) are present in the environment [134].
Numerous reports showed that coexistence with AMF has increased As evaporation and
methylation as well as increased the As(III) to As(V) ratio in various crops, including rice
and alfalfa [134,138,139].
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Another AMF tool to counter As toxicity is GRSP secretion in the soil [140], and given
that GRSP has a high amount of iron, it can produce AsIII-FeIII and ultimately immobi-
lize As in the soil through bio-adsorption [85,140]. Spagnoletti et al. showed that with
increasing As concentration in soil, GRSP content in the soil also increases [141] (Figure 1).
Other benefits of AMF include helping to increase the activity of plant antioxidants in
As-contaminated environments [85]. In this case, Spagnoletti et al. reported an increase in
SOD, CAT, GPX, and GSH activities in AMF-inoculated soybeans in arsenic-contaminated
soils [85,135]. In addition, the researchers found that AMF regulated the uptake of As and
some other elements into plant roots by affecting the protein synthesis of channels related
to As uptake and other elements such as P [105,135,142]. Christophersen et al. found that
AMF reduced the expression of MtPht1 and MtPht2 genes, which are involved in the uptake
of heavy metals into the root membrane of Medicago truncatula, but instead improved the
expression of the MtPT4 gene, which carries P [142]; Li et al. Additionally, reported similar
results for alfalfa [139].
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Nomenclature is as proposed by Spagnoletti et al. [85]. AMF: arbuscular mycorrhizal fungi; As:
arsenic; ROS: reactive oxygen species; GRSP: glomalin-related soil protein; TBARS: thiobarbituric
acid-reactive species.

So far, only a handful of arsenic hyperaccumulator plants are identified, some of which
are listed below: Pteris vittata, Pteris ryukyensis, Peris biaurita, Pteris capadogramatica,
Pteris longifolia, Pteris fauriei, Pteris umbrosa, Pteris capadograma, Pteris quadriaurita,
Pteris cretica, Pteris oshimensis, and Pteris aspericanlis [132]. Therefore, recognizing more
plant species that are highly compatible with As and also suitable AMF species with
which plants coexist more significantly impacts the phytoremediation of As-contaminated
environments [45].

1.4. Cadmium (Cd)

Cd is an unnecessary element for animals and plants and is naturally present in low
concentrations in soil and rocks [143,144]. This element is stable and does not decompose,
so it is one of the most common contaminants in agricultural lands, especially in China.
If the concentration of Cd in the soil exceeds 0.5 mg kg−1, it will cause damage to plants
and animals [144–146] (Table 1). In nature, the increase in Cd pollution is mainly due to
human activities, including mining, metal smelting processes, Cd-rich phosphate fertilizers,
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industrial effluents, and fuel production [147,148]; the International Agency for Research
on Cancer categorized it as a group 1 carcinogen [149]. Due to the high solubility of Cd,
heavy rains, field irrigation, fine soil particles, and preferential flow cause the leaching
of Cd from the surface layers of the soil to the subsoil, which is a factor in increasing Cd
pollution in groundwater [150–152].

Cd is transported to plant tissues due to its common pathway with essential elements
such as potassium (K) and calcium (Ca) [153]. High accumulation of it in plant tissues
is toxic and reduces water and nutrient uptake, reducing plant growth, chlorosis, and
eventually, the plant dies [154]. Plants have several important strategies for increasing
their tolerance to Cd contamination, which can generally be divided into four categories:
reduction of cell membrane transmission, Cd attachment to the cell wall, chelation, and
compartmentalization [82]. Therefore, finding solutions to improve plant performance and
increase their resistance to cadmium can be a good way to absorb, stabilize, accumulate,
and reduce the toxicity of this element in contaminated environments and thus prevent
its penetration into groundwater or the food chain [99,155]. One of these strategies is the
coexistence of plant roots with soil microorganisms, especially AMF, which reduces Cd’s
toxicity, bioavailability, and environmental migration in the soil [49].

Although some studies have suggested that high concentrations of Cd inhibit my-
corrhizal colonization, an important part of the research showed that different Cd con-
centrations do not significantly affect AMF colonization [4,156]. Additionally, different
researches have shown that different species of AMF have different effects on the uptake of
Cd by plants or its stabilization in soil [4,157,158]. For example, Hassan et al. showed that
Rhizophagus irregularis in contaminated environments compared with Funneliformis mosseae
caused more uptake of Cd by the sunflower and, as a result, increased its accumulation
in the shoots of this plant. In contrast, Funneliformis mosseae inoculation increased the
deposition of Cd in the soil [4]. Jiang et al. also reported that Glomus versiforme significantly
reduced Cd accumulation in shoots and roots, while Rhizophagus intraradices increased Cd
concentrations in roots and decreased cadmium concentrations in shoots [159].

AMF increases the resistance of host plants to Cd toxicity by improving photosyn-
thesis, antioxidant enzymes, water and nutrition absorption, and growth [88]. Various
studies showed that AMF inoculation increased the activity of SOD, CAT, APX, peroxidases
(POD), and the total soluble protein content of plants tissues grown in Cd-contaminated
environments while decreasing malondialdehyde (MDA) content in plants under similar
conditions [160,161]. In addition, AMF helps increase the growth and biomass of the host
plant by helping to increase the root length of plants and improve photosynthesis condi-
tions, resulting in greater resistance of plants in Cd-contaminated environments [49,162].
He et al. also showed that AMF hyphae are prevented from N and P leaching in the soil,
making them more accessible to plants [49] (Figure 2). Better absorption of nutrients and
improved water absorption are other factors to increase the resistance of plants to Cd [160],
which were already mentioned.

In addition, AMF hyphae are easily intertwined on the soil particle surfaces and
reduce their bioavailability and migration by adsorption and stabilizing Cd ions [96,163].
In addition, GRSP, which is the result of the degradation of AMF mycelium, can form a
complex with Cd and significantly increase its uptake by soil particles [97,164]. On the
other hand, AMF increases the formation of coarse-grained soil, which, with other factors
mentioned above, reduced the Cd in porous water, thus reducing Cd leaching to the depth
of soil and groundwater [49,105] (Figure 2).

The researchers showed that inoculation of some species of AMF in different plants
increases the uptake of cadmium by the roots of plants, in which case, depending on the
AMF species, increases the accumulation of cadmium in the roots of plants or its transfer to
the shoot [4,49], which in any case causes reduced Cd contamination in soil and improves
phytoremediation in contaminated environments [166] (Figure 2). For example, Audet and
Charest showed that Rhizophagus irregularis inoculation allows the sunflower plant to be
used as a Cd accumulator [166].
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Numerous studies showed that inoculation of AMF with the use of biochar and
steel slag can firstly increase the resistance of plants to cadmium contamination and
secondly increase the rate of stabilization and accumulation of cadmium in the soil and
roots of plants [5,25]. In a study on the corn plant, Hu et al. found that inoculation of
three different species of AMF, including Glomus versiforme, Funneliformis mosseae, and
Rhizophagus intraradices with the application of steel slag in Cd-contaminated environments
not only increased plant growth and decreased Cd uptake into plant organs, but also
caused increased pH and total glomalin content in the soil [5]. Liu et al. also observed that
AMF-inoculation and biochar application in maize simultaneously increased plant growth,
increased antioxidant activity such as SOD, CAT and POD, and decreased Cd concentration
in different plant organs. This combination treatment also caused increased soil pH and
cadmium stabilization and finally decreased cadmium bioavailability in soil [25].

1.5. Lead (Pb)

Pb is one of the most toxic heavy metals in nature, and due to its high stability and lack
of decomposition, it pollutes nature and accumulates in plants and living organisms [167].
This heavy metal is one of the most common pollutants of the present age, which is very
dangerous due to the soil and climate pollution. The removal of this pollution helps main-
tain the health of humans, other creatures, and nature [145,168]. Pb is naturally distributed
in the Earth’s crust, and due to human activities, has become the most widespread toxic
metal in nature [169]. Among the human factors that cause environmental pollution to Pb
are mining, smelting metals, and industrial effluents [147]. Other factors that lead to the
spread of Pb pollution in the environment include the performance of small companies in
some countries, including Pakistan, which repair obsolete lead-acid batteries and, because
they are not able to comply with strict environmental regulations, discharge wastewater
directly into the soil, waterways, and the surrounding environment, which causes severe
environmental pollution with Pb. This danger is exacerbated when Pb-contaminated water
is used to irrigate fields [138].
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Increasing the concentration of Pb in the environment causes adverse effects such as
the inhibition of seed germination, slow plant growth and stunting, reduced metabolism
and photosynthesis, accumulation of Pb in plant tissues, chlorosis, and eventually plant
death [170,171]. Therefore, the increase of Pb in the environment is a serious threat to food
security [172]. On the other hand, prolonged exposure of children to Pb contamination
adversely affects the development of their nervous system and is likely to lead to mental
retardation [173]. Other side effects of Pb in humans include anaemia and kidney disease,
to the extent that research showed that human kidney cells are destroyed by high concen-
trations of Pb [174,175]. Therefore, phytoremediation can reduce Pb’s adverse effects on
human, animal, and plant communities.

Salazar et al. showed that AMF has suitable Pb accumulation mechanisms in their
spores and mycelium, but the amount of Pb uptake may depend on AMF species and host
plants, and in general, Glomeraceae is the most important diverse species of AMF present in
Pb-contaminated soils [176]. AMF, on the other hand, helps prevent the transfer of Pb to the
shoot by helping to increase the accumulation of Pb in plant roots [70]. Another important
role of AMF excretes total glomalin-associated soil protein (TGSP), which increases the
retention of Pb in soil, reduces the bioavailability of it, and thus reduces the toxicity of Pb
to plants [35,98,177].

The researchers also showed that AMF increases plant resistance in lead-contaminated
environments by increasing plant nutritional efficiency and improving the antioxidant de-
fence system [35,98]. Chen et al. showed that Populus euphratica inoculation with F. mosseae
in Pb-contaminated environments significantly increased SOD and CAT activities [178];
however, Spagnoletti et al. also reported that Cichorium intybus inoculation by R. irregularis
increased SOD and CAT activity in Pb infected environments [85]. Research also showed
that the inoculation of plants with AMF by increasing the content of polysaccharides in
the hemicellulose and pectin of the cell wall, and increasing peroxidase activities in the
cell walls and thus increasing Pb fixation in the root cell wall of host plants, makes them
more resistant to Pb toxicity [105]. Zhang et al. showed that the expression of MtPrx05
and MtPrx10 genes related to cell wall polysaccharide cross-linking was increased by
AMF-inoculation in Pb-contaminated media [105] (Figure 3).
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In recent years, scientists have noted the positive effect of inoculating plants with AMF
and adding earthworms, biochar, cow manure, lignin, and steel slag to increase uptake and
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stabilize Pb from contaminated environments [5,24,179,180]. They found that combining
AMF with other factors improves phytoremediation in Pb-contaminated environments
through increasing the uptake of nitrogen, phosphorus, potassium, and iron, reducing Pb
transfer from root to shoot, increasing root colonization, improving soil pH, further plant
growth, and increasing soil glomalin content [5,24,179,180].

1.6. Chromium (Cr)

In addition to being one of the most abundant elements in the Earth’s crust, Cr is also
one of the most dangerous heavy metals [181]. The abundance of Cr in the soil indicates
an environmental problem that is most likely originated from human activities, including
chemicals used in agriculture, paint and leather industries, alloy production, and stainless
steel [182,183]. It can be said that India’s tanning industry alone imports between 2000
and 32,000 tons of Cr into the environment annually [88]. Cr is very dangerous because it
does not decompose chemically or biologically, and its concentration in living organisms
increases as it moves along the food cycle, turning it into a dangerous environmental
contaminant in soil, water, and air [182].

Cr usually exists in two stable forms, trivalent [Cr(III)] and hexavalent [Cr(VI)], both
of which can be exchanged through the precipitation/dissolution, oxidation/reduction,
and adsorption/desorption processes [184]. Cr(III) is the most abundant and stable form of
Cr [181], which is non-toxic and is usually immobile and insoluble in water [185]. Cr(III) is
susceptible to adsorption on the soil surface or deposition in chromium hydroxide form
in slightly acidic or alkaline environments [60], which plants can not easily absorb [183].
Cr(VI), on the other hand, is a class A carcinogen substance that can kill living cells [183].
This substance, which is completely soluble in water in the pH range, is highly mobile and is
usually present in neutral to alkaline soils, mainly in the form of a chromate anion (CrO2−

4)
or relatively sparing chromate salts such as PbCrO4, BaCrO4, and CaCrO4 [60,183]. It
should be noted that Cr(III) is considered an essential human substance that can interfere
with cholesterol, glucose metabolism, and increased insulin secretion [181], but Cr(VI) is
highly toxic by inhalation and, in high concentrations, cause adverse effects such as renal
failure, hemolysis and liver failure [183,185]; therefore, the permissible dose in water is
8 micrograms per litre for Cr(III) and 1 microgram per litre for Cr(VI) [186].

Cr is the most toxic pollutant that negatively affects plants’ performance and metabolic
activity [187]. Cr(VI), as a strong oxidizing with redox potential between 1.33 to 1.38,
causes rapid production of reactive oxygen species (ROS) such as superoxide and hydroxyl
radicals [188], and its negative effects on plants include changes in membrane structure
and root damage, carbon uptake, antioxidant defence activity, nutrient uptake, DNA
damage, ion transport imbalance, reduced photosynthesis and growth, and eventually
plant death [39,186,189,190]. Plants have different mechanisms for combating the toxicity
of Cr, and the most important of which is the chemical reduction of Cr(VI) to Cr(III),
which can be carried out enzymatically and non-enzymatically [191]. The addition of salts
containing Fe(III), animal manure, or organic acids to the culture medium helps the plants
in this direction [9]. Therefore, plants that accumulate Cr, such as Prosopis laevigata, Spartina
argentinensis, and Amaranthus dubius, can convert Cr(VI) to Cr(III) and prevent chromium
erosion and leaching in the soil [32,92]. Due to the low cost, phytoremediation can be a
good strategy for improving and cleaning Cr-contaminated environments [9].

According to studies, factors such as AMF play an important role in regulating Cr
uptake and detoxification of plants [192], but the effect of this factor depends on the
type of plant, the type of fungus and soil conditions [182]. Research showed that AMF
absorbs more chromium through its various structures (such as hyphae, ERM, and spores),
and complexing Cr with histidine or phosphate prevents them from being transferred to
plants [101,182]. AMF can also use various strategies such as helping to absorb nutrients (P
and N) to increase plant resistance to Cr stress and prevent severe damage or death due to
Cr toxicity [182]. Another important role of AMF is to stabilize Cr in plant roots through
external and internal radical mycelium and ultimately help reduce its displacement to
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plant stems [101]. In addition, BGlomalin-secretion by AMF can immobilize Cr [164]. Due
to their similar chemical structure to Cr(VI) and P, these potentially compete during the
adsorption process by plants, and since AMF increases P uptake by plant roots, they can
play an important role in reducing the uptake of Cr(VI) [193]. Gil-Cardoza et al. also found
that AMF could help detoxify Cr(VI) by reducing it to Cr(III) through ERM [193].

As mentioned, plant coexistence with AMF may help detoxify Cr by improving plant
mineral nutrition and producing important metabolites such as sulfur compounds [81].
Since sulfur metabolites can combine with Cr through thiol groups to reduce the toxicity of
Cr in microorganisms and plants [194], increasing the uptake of S by plants can provide the
conditions for reducing the toxicity of Cr [195]. Among the S metabolites are glutathione
(GSH), phytochelatins (PCs), and cysteine (Cys), which can act as non-enzymatic antiox-
idants in the elimination of ROS induced Cr [81,196]. Wu et al. also showed that AMF
inoculation increases the expression of sulfate transporter genes with high affinity (Mt-
SULTR1.1 and MtSULTR1.2) in plant roots and thus increases S uptake, which ultimately
increases Cr(VI) detoxification [81,101].

2. Conclusions

As observed, AMF-inoculation in various forms increases phytoremediation efficiency
in environments contaminated with arsenic, cadmium, lead, and chromium. AMF increases
the accumulation of these metal(loid)s in the soil and roots of plants, prevents them from
washing deeper into the soil and penetration into groundwater, and increases the resistance
of plants to the high toxicity of these metal(loid)s. Increasing awareness of ways to improve
the performance of AMF in phytoremediation, especially in the case of lead, about which
there is limited information, can introduce phytoremediation as one of the most practical
and cheapest ways to improve contaminated sites in many parts of the world. It should be
noted that knowing more about plants that accumulate metal(loid)s and AMF species that
coexist better with plants will help in this way.
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Abstract: Nowadays, climate change is not the only threat facing our planet. There are also other
types of pollution such as waste that poisons soils and water and kills plants, harming humans
and animals. Sustainability represents a key issue for the actual Global Citizen. For this reason,
our article is dedicated to offering biofriendly solutions to decrease wastes, give them a positive
meaning, such as a substrate for an edible oyster fungus with nutritive and biological properties
usefully for humans. Three types of wastes such as coconut coir, pine sawdust, and paper waste—
representative symbols of pollution in Ecuador—have been tested as suitable growing substrate
for the edible fungi Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm by analyzing parameters such as
Biological Efficiency, Mushroom Yield, and Productive Rate. The influence of these “waste” substrates
on the nutritive (protein content), biological characteristic (antioxidant activity), and the content of
human-health-sustaining compounds (phenols, flavonoids) were also evaluated using the Kjeldahal,
DPPH, ABTS, FRAP, and Folin–Ciocalteu methods. The results indicate that all the waste products
represent desirable substrates for growing the edible fungi, with more focus on coconut coir waste
(one of the principal pollution problems in Ecuador), but that also achieved the increase in the fungi’s
desirable characteristics. Coconut coir waste could be an environmentally friendly solution that also
offers for humans additional nutritive and healthy benefits.

Keywords: waste; recyclable substrates; oyster fungi; antioxidants; phenolic compounds

1. Introduction

All over the world, different types of wastes are generated from different industries
and household waste, etc. Since 2014, the waste issue has been recognized as a global
environmental problem [1]. An inefficient waste management contributes to air pollution,
affecting the health and well-being of ecosystems, species, and humans. Recycling plays
important role in finding a sustainable solution, with low impact on the environment,
which improves the circular economy and protects natural resources.

An immense amount of waste was produced in the last years due to the intensification
of agricultural and industrial activities [2], being estimated at ~998 million tons/year (only
the agricultural waste) [3]. Increasing and improper disposal of agro-industrial waste
becomes a major source of pollution, affecting the population and environment health and
amplifying the global emissions of greenhouse gasses [4]. The use of agro-industrial waste
as raw materials for various products (antioxidants through solid-state fermentation) may
help to reduce the cost of production, reducing the environmental pollution [5]. Reduction
in greenhouse gas emissions, bio-energy, bio-conversion, new jobs, and new green markets
are some benefits of recycling agricultural solid wastes, which encourages future studies [6].
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In tropical areas, a large amount of unused lignocellulosic by-products is available,
being left to rot in the field or burned [7]. Ecuador is one of those areas which has an ideal
climate for coconut cultivation, Esmeraldas being the province with the highest coconut
production (77.26%), followed by Manabí (18.72%). In Esmeraldas, the cultivation of
coconut is concentrated in the border cantons: Eloy Alfaro and San Lorenzo del Pailón [8].
Coconut residue is a by-product waste rich in beneficial nutrients and available in high
quantities in Ecuador, without cost [9]. Due to its alimental characteristics, the fiber and
shell of the coconut represent wastes with great potential as a component of growing
substrates for edible mushrooms [10]. Despite its nutritional benefits (0.52% protein, 0.29%
fat, 35.44% fiber, 3.94% ash, and 20.53% humidity, low conductivity, resistance to impact
and bacteria [11]), the use of coconut waste in the country is almost null, being considered
an environmental problem [12].

Pine wood agroindustry or by-products wastes are suitable for bio-energy production
but are difficult to use due to their chemical composition [13], so an alternative for these
wastes can be as a substrate for the culture of Pleurotus [14], scarcely applied at the moment.
At the same time, the pulp and paper industry occupies the place of the third largest
industrial polluter of the environment (air, water, and soil). Chlorine-based bleaches used
during paper production result in toxic materials being released into the environment. In
addition, methane is formed during the rotting of paper waste, and is 25 times more toxic
than CO2. At the moment, the volume of global waste paper has reached 1010 million tons
in the last 25 years [15].

In the context of the high amount of different waste sources (coconut, wood, paper),
the cultivation of P. ostreatus on these waste by-products may be one of the solutions to
transform the inedible waste into an edible rich in proteins and with high antioxidant
character biomass of high market value [7].

Fungi are of interest in various bioremediation processes due to their ability to grow
and develop in different substrates (natural and synthetic solid materials) [16]. Due to their
ligninocellulite enzymes [17], fungi are able to transform the lignocellulosic biomass repre-
sented by agricultural and forestry wastes into food [18]. This capacity has a high potential
application in most industries (paper, chemical, textile, food), agricultural processes, forage
production [19], and bioenergy production from agro-industrial waste [20].

Mushroom cultivation represents a useful method to manage environmental pollution.
The oyster fungus grows on different materials as by-products or waste from agricultural
and agro-industrial activities, which brings an environmental benefit due to the impor-
tance of waste management [18]. The genus Pleurotus is recognized as species with high
nutritional value, having various biotechnological and environmental applications [16].
Pleurotus species represent not only a commercially important edible mushroom [21] but
also an important component in recycling agricultural wastes turning into protein-rich
food. Due to their attractive taste and aroma, nutritional and medicinal value, these species
are cultivated globally using numerous agricultural by-products (banana, corn, sugarcane
leaves, peanut hull, wheat, rice straw, mango fruits and seeds, leaves) with low-cost pro-
duction techniques [3]. Pleurotus species are considered an important source of dietary fiber,
contain numerous important nutrients and polyphenols, which assure their antioxidant
character and ability to inhibit free radicals [22]. Although the human body is a balance
between free radicals and antioxidants, it is still necessary as a dietary antioxidant to reduce
the oxidative stress from the environment [23]. These mushrooms are considered a cheap
source of protein since they convert agricultural waste into food [24].

Pleurotus ostreatus is member of the Pleurotus genus and represents the second most
cultivated edible mushroom after Agaricus bisporus due to its economic (edible), ecological
(bioremediation agents), and medicinal value (antioxidant activity and biocompounds
source) [25]. This fungus is able to colonize a large variety of lignocellulosic substrates and
other agricultural, forest, and food-processing wastes [26], and its cultivation is an effective
alternative to produce valuable food and nutraceuticals. As a member of basidiomycetes
group, it brings to light the presence of ribotoxin—like protein (Ostreatin), a novel specific
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ribonucleases family. Ostrein could contribute to assigning potential biotechnological
applications in agriculture (crops protection towards pathogens or pests) and in medicine
(cytotoxic effects) [27].

The advantage of P. ostreatus is that it has a shorter growth time (comparing with other
edible mushrooms), the substrate used requires pasteurization, it has high profitability
(converting a high percentage of the substrate to fruiting bodies), and it is less attacked by
diseases and pests [26].

Although there are some studies concerning the cultivation of P. ostreatus on different
substrates (chestnut, corncobs, beech, oak, linden, potatoes farm wastes, walnut, poplar,
peanut wastes, walnut and orange tree sawdust, etc.), to our knowledge, there are still
limited studies about the antioxidant character of P. ostreatus cultivated on recyclable
substrates such as pine wood, coconut coir (fiber, shells), and waste paper.

The study was conducted to evaluate different agricultural wastes (pine sawdust,
coconut coir, and paper waste), representative of contamination for Ecuador, as suitable
opportunity to diminish the pollution by their recycling into growing substrate for a bio-
friendly fungi with desirable organoleptic, phytochemical properties, and antioxidant
activity, with final human health and protective planet benefits.

2. Materials and Methods
2.1. Study Area, Experimental Substrates, and Spawn Preparation

Three different contaminant wastes (pine sawdust—T1; coconut coir—T2; and waste
paper—T3) were evaluated for biological efficiency, yield, production rate, and antioxidant
activity of oyster mushroom. In our study, coconut coir was represented by the mixture of
fiber and sawdust from dried coconut shells, collected from local coconut plantations in
Esmeraldas, localities Borbón, Limones. Paper waste was collected from the administrative
offices of the University, and pine sawdust was purchased from wood factories. It was
taken into account that each substrate must have a humidity lower than 12% for its use,
securing a predominantly dry and mold-free material [28]. The substrates were ground
into 2–5 cm length pellets and soaked in water at 60 ◦C for 24 h. Excess water was drained
off from the materials, mixed with 10% wheat bran, and 2% gypsum (calcium sulfate) as
nutrient supplement, at pH 9 [29]. Water content was attained until optimum moisture
(75%). The mixture was then filled into 9′ × 14′ polystyrene bags that were pasteurized for
6 h to eliminate bacteria or other contaminant fungi that would compete with the oyster
mushroom for the substrate.

Pure culture of oyster mushroom (P. ostreatus) was obtained from the mushroom farm
“Fungi Andino” located in the neighborhood La Morita, Tumbaco Valley in Quito, Ecuador.
Spawns were prepared in 1 kg polystyrene plastic bags filled with 600 g of oatmeal kernel,
which was hydrated with 75% of water. Each bag was supplemented with 2% gypsum, in
terms of dry weight basis and pasteurized for 6 h. After cooling at room temperature, each
sterilized bag was inoculated with 250 g of primary mycelium. The spawn was incubated
for 28 days at 25 ◦C.

2.1.1. Inoculation, Incubation, and Harvest

The sterilized bags were then allowed to cool at room temperature. The inoculation
took place in a tissue culture hood to avoid contamination, so the bags were aseptically
inoculated with a piece, 10% in weight, of mycelium culture of 14 days old. The bags
were subsequently incubated at 21 ± 3 ◦C for 28 days until the mycelium fully invaded
the substrate and then relocated to a fruiting room with light entry with a mean of 12 h
of light per day. After mycelium growth in the bags became abundant, to facilitate the
development of fruiting bodies, perforations were created in the bags. Then, the fully
colonized substrates were transferred to the growth room and placed on racks at a spacing
of 15–20 cm. Proper ventilation of the growth room was assured by opening the door
every 2–3 days. To keep the mycelium moist, the inoculated bags were watered 2–3 times a
day. Relative humidity (RH) and room temperature were monitored and maintained with
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thermo-hygrometer hydrometer, and RH was maintained between 80 and 85% by spraying
fine mist of water occasionally [30].

2.1.2. Biological Efficiency, Mushroom Yield, and Production Rate

The growth and development of mushrooms were monitored daily. The time (number
of days) required from inoculation to completion of mycelium running, time elapsed
between opening the plastic bags to pinhead formation, and time required from opening
the plastic bags to first round harvesting were recorded. One round of mushroom harvest
was made across all substrate types in the course of the experiment.

To evaluate the growth performance of mushrooms on different substrates, yield,
biological efficiency, and production rate were calculated for each experimental treatment.
The mushroom yield (%) was determined by weighing the total amount of harvested
fruiting bodies without taking the base out, which was then divided by the total weight
of the dry substrate used. Biological yield (g) was determined by weighing the whole
cluster of fruiting bodies without removing the base of stalks, and economic yield (g) was
determined by weighing all the fruiting bodies on a substrate after removing the base of
stalks. Finally, biological efficiency (%) was calculated by using the following equation:

% BE =
FWm

DWs
∗ 100% (1)

where BE—the Biological Efficiency (%); FWm—the fresh weight (g) of the harvested
mushrooms; and DWs—the dry weight of the substrate (g) [31].

The production rate (%) was determined by dividing the biological efficiency (%)
between the total number of days of the process [TP = EB (%)/number of days of the
process] [32].

2.1.3. Preparation of the Fungi Solution

The fresh oyster Pleurotus were cleaned with distilled water before oven drying at
40 ◦C. When heating to constant weight was achieved, the dried material was grinded in a
laboratory mill, and 1.0 g was critically weighed and extracted in an ultrasonic cleaner at
50 ◦C with 40 times of 80% methanol. The solution was then filtered through a Whatmann
filter, and the filter extract was concentrated into a dry powder by the rotary evaporator
at 50 ◦C, dissolved in 70% ethanol, and placed in 25 mL volumetric flasks for further
antioxidant and metabolic content analysis.

2.1.4. Determination of the Antioxidant Aptness

The DPPH free radical scavenging activity of fungi samples were determined accord-
ing to the method described by [33]. The DPPH solution was prepared as reported by [34].
After weighting 7.89 mg DPPH on a chemical balance, it was dissolved in 99.5% ethanol
to obtain a constant volume by filling 100 mL of a measuring flask (0.2 mM DPPH). The
formed solution was kept in the dark for 2 h until the absorbance was stabilized. After
this, 1 mL of DPPH solution was added into a test tube, followed by 200 µL of ethanol
and 800 µL of 0.1 M Tris·HCl buffer (pH 7.4). After mixing, the absorbance at 517 nm was
measured. A mixed solution containing 1.2 mg of ethanol and 800 µL of Tis·HCl buffer was
used as a blank. When the absorbance was in a range of 1.00, the prepared solution was
used directly for the measurements. If the absorbance exceeded 1.05, ethanol was added
to dilute the solution until the absorbance was in the range of 1.00. The solution used for
measurements was stored in the dark during the assay. Briefly, the DPPH Radical Scav-
enging Assay consists of adding an aliquot (40 µL) of fungi extract to 3 mL of methanolic
DPPH solution. The change in absorbance at 515 nm was measured after 30 min, and the
antiradical activity (AA) was determined using the following formula:

AA% = 100 − [(Abs: sample − Abs: empty sample)] × 100)/Abs: control (2)
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The optic density of the samples, the control and the empty samples, were measured
in comparison with methanol. One synthetic antioxidant represented by Trolox was used
as positive control. The antioxidant capacity based on the DPPH free radical scavenging
ability of the extract was expressed as µmol Trolox equivalent per gram of dry weight of
fungi material.

2.1.5. ABTS Free Radical Scavenging Assay

The ABTS radical cation scavenging activity was performed according to [35], with
slight modifications. The ABTS solution (7 mM) was reacted with potassium persulfate
(2.45 mM) solution and kept overnight in the dark to yield a dark-green-color solution
containing ABTS radical cation. Prior to use in the assay, the ABTS radical cation was
diluted with 50% methanol for an initial absorbance of about 0.700 ± 0.02 at 734 nm using
UV-VIS spectrophotometer. Free radical scavenging activity was assayed by mixing 100 µL
of test sample with 2.9 mL of an ABTS working standard in a microcuvette. The decrease
in absorbance was measured at exactly 1 min after mixing the solution and then at 1-min
intervals up to 6 min, when final absorbance was recorded. The inhibition % was calculated
using the formula: Inhibition% = A (control) − A (test sample)/A (control) × 100.

The antioxidant radical scavenging activity in the mushroom extract is evaluated
using DPPH and ABTS radicals. The absorbance was measured against the reagent
blank at 515 nm for DPPH and 435 nm for ABTS. Three repetitions were performed.
The radical scavenging activity is calculated according to the regression equations for
DPPH (y = −0.8033x + 0.8131, r2 = 0.9542) and ABTS (y = −0.4202x + 0.7797, r2 = 0.9903)
obtained from the TROLOX calibration curves.

2.1.6. Reducing Ability (FRAP Assay)

The ability to reduce ferric ions was measured using a modified method of [36].
An aliquot (200 µL) of the fungi extract with appropriate dilution was added to 3 mL
of FRAP reagent (10 parts of 300 mM sodium acetate buffer at 3.6 pH, 1 part of 10 mM
TPTZ solution, and 1 part of 20 mM FeCl3 6H2O solution), and the reaction mixture was
incubated in a water bath at 37 ◦C. The increase in absorbance at 593 nm was measured
after 30 min. The antioxidant capacity based on the ability to reduce ferric ions of the extract
was expressed in µM Fe (II)/g dry mass and compared with ascorbic acid as standard.

The Fe2+ calibration curve for reducing activity was used to calculate the Fe2+-TPTZ
concentration, which reveals the existence of metabolites with antioxidant capacity in the
mushroom extract. The calibration curve was calculated, obtaining the following equation:
y = 1.5431x + 0.0004 (n = 3, r2 = 0.9961).

2.1.7. Determination of Total Phenolic Content (TPC)

Obtaining the TPC content of our fungi extracts was achieved using the methodology
described by [37], based on the Folin–Ciocalteu method. Briefly, 10 mg of gallic acid was
dissolved in 100 mL of 50% methanol (100 µg/mL) and then further diluted to 6.25, 12.5,
25, or 50 µg/mL [38]. Next, 1 mL aliquots of each dilution were taken in a test tube and
diluted with 10 mL of distilled water. Then, 1.5 mL Folin–Ciocalteu’s reagent was added
and incubated at room temperature for 5 min; 4 mL of 20% (w/w) Na2CO3 was added to
each test tube, adjusted with distilled water up to the mark of 25 mL, agitated, and left
to stand for 30 min at room temperature. Absorbance of the standard was measured at
765 nm using UV/VIS spectrophotometer, with distilled water as blank. Total phenolic
content was expressed as gallic acid equivalent (GAE) in the dry sample. Results were
expressed percentage w/w and calculated using the following formula: Total phenolic
content (% w/w) = GAE × V × D × 10−6 × 100/W, where GAE—Gallic acid equivalent
(µg/mL); V—Total volume of sample (mL); D—Dilution factor; and W—Sample weight (g).

For the calculation of the TPC values, an experimental calibration curve was taken
with the equation y = 0.0157x + 0.0357 (n = 3, r2 = 0.9968), which was obtained for gallic acid,
where y represents the known pyrogallol concentration and x is the registered absorbance.
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2.1.8. Total Flavonoid Content Determination

The quantification method for total flavonoids contents followed the method in [36].
The sample (1 mL) consisting of the fungi extract was mixed with NaNO3 (0.3 mL) in a test
tube covered with aluminum foil and left for 5 min. Then, 10% AlCl3 (0.3 mL) was added,
followed by 1 M NaOH (2 mL). Later, the absorbance was measured at 510 nm using a
spectrophotometer with quercetin as a standard (results expressed as mg/g−1 quercetin
dry sample).

2.1.9. Protein Content Determination

Fresh oyster mushroom samples were cleaned of substrate residues, then dried in
a food dehydrator at a low temperature of 40 ◦C and ground to a fine powder before
sifting to remove lumps. This procedure is necessary to prevent lignin artifacts in the
powder [39]. The crude protein content in dried mushrooms was determined by the macro-
Kjeldahl method using the conversion factor of N × 4.38 [40] and using 3 repetitions for
each treatment.

2.1.10. Sensory Evaluation and Organoleptic Properties

The organoleptic properties and sensory evaluation of the oyster mushroom fruiting
bodies were conducted through a preference test. The three treatments were assessed
by means of 7 sensory attributes and 5 acceptability parameters using the 15 cm labelled
magnitude scales (LMS), described in the Table 1. Thirty untrained participants tasted the
fruiting bodies following a randomized order and were asked to assess the intensity of
each attribute. Acceptability parameters were also evaluated by the same LMS preference
test described in Table 1. The evaluated sensory attributes and consumer test were selected
by the studies of [41,42], respectively, while acceptability parameters were selected by
following the preference test conducted by [43].

Table 1. Sensory attributes and acceptability parameters evaluated in the consumer test. The fruiting
bodies were assessed by seven sensory attributes and five acceptability parameters. The 15-cm
labelled scale (LMS) was used to conduct the assessment.

Sensory Attributes Scale

Sweetness
Aroma

Astringency
Bitterness
Sourness
Umami

Chewiness

0 = not perceived at all
15 = strongly perceived

Acceptability Parameters Scale

Appearance
Flavor
Color

Texture
Overall Acceptability

0 = bad
15 = excellent

2.2. Statistical Analysis

The experiment was conducted on a completely randomized experimental design of
one factor with 3 treatments and 20 repetitions each. The statistical hypotheses were evalu-
ated according to the proposed experimental design, where the means of the treatments
are compared in a one-way analysis of variances (ANOVA). The statistics analysis was
determined using the statistics software [44].

The one-way analysis of variance (ANOVA) and Tukey post hoc test were performed
for the comparison of treatments. The principle of the method allows for a comparison
between the averages of two or more data sets, based on the same principles as the Student’s
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t test. Tukey post hoc test provides additional information to ANOVA analysis, highlighting
the significance of differences between pair groups.

Pearson’s correlation matrix was applied to establish the relationships between the
variables. Our results contain Pearson’s correlation coefficient r and p-values, presented
in the same table. It is a fast method to highlight simultaneously, through a matrix, the
interdependence relations between N variables.

The statistical significances of p-value for both the ANOVA and Pearson correlation
matrix are classified as follows: p > 0.05 is not statistically significant and statistically
significant for p ≤ 0.05 (*), p ≤ 0.01 (**); p ≤ 0.001 (***) and p < 0.0001 (****).

An easy visualization of the correlations between the variables was obtained by
principal component analysis (PCA). The PCA can establish the relationships of a large
number of variables depending on the principal components (axes or factors) resulting
in the analysis. The first identified component (F1) is assigned to the largest of the data
variants. The second component corresponds to the second variant. The analysis was
performed with [45].

3. Results
3.1. Biological Efficiency, Mushroom Yield, and Production Rate

The biological efficiency, mushroom yield, and production rate were measured for the
first fruiting. An analysis of variance was performed to determine the differences between
treatments. The statistical analysis revealed that there were significant differences (p ≤ 0.05)
in the biological efficiency and yield of P. ostreatus. The best values for the biological
efficiency and yield of P. ostreatus were obtained on the waste paper substrate variant,
almost double than the value obtained in the pine sawdust (Figure 1).
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3.2. Antioxidant Aptness
Antioxidant Capacity through DPPH and ABTS Tests

The statistical analysis revealed significant differences between means (p < 0.05)
(Figure 2). Similar results are observed between treatments in respect of the other tests. The
coconut coir substrate (T2) presented the highest antioxidant activity, followed by the pine
sawdust (T1) and, finally, the waste paper (T3), with a value similar to that of pine sawdust.
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Figure 2. Inhibition percentage (%) and µmol Trolox equivalent per gram of dry weight fungi material,
according to the substrate used in the cultivation of P. ostreatus: (A) DPPH radical scavenging test,
(B) ABTS radical scavenging test. Legend: T1—pine sawdust; T2—coconut coir; T3—waste paper.

3.3. Reducing Activity

An ANOVA test was conducted to compare the treatments’ means, obtaining signifi-
cant differences between the three treatments (p < 0.05). In Figure 3, the results of the test
are observed. A higher value for treatment 2, represented by the coconut coir substrate,
was obtained in comparison with T1 and T3 that showed almost similar results.
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3.4. Determination of the Total Phenolic Content (TPC)

Comparing the means reveals a significant difference in the values between the differ-
ent treatments (p < 0.05). The samples’ growth on the coconut fiber (T2 substrate) showed a
high total polyphenol content (586.60 ± 31.97 mgGAE/g dw), followed by T1 and T3 with
close results (397.22 ± 14.87 mgGAE/g dw and 302.95 ± 19.40 mgGAE/g dw) (Figure 4).
A One-way ANOVA (F = 38.64, p = 0.000) showed significant differences between treat-
ments. The Tukey post hoc test established that the test response was mainly determined
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by the differences between T1 vs. T2 (p = 0.003) and T2 vs. T3 (p = 0.0005). The post hoc
test confirmed that between T2 and T3 there was no significant differences.
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3.5. Determination of Total Flavonoid Content

The highest content of total flavonoids in our samples was found in samples cultivated
on coconut fiber (T2 variant) (77.54 ± 16.22 mg QE/g dw) being almost double than the
total flavonoids content of the samples from recycling paper (T3 variant) (50.79 ± 7.30 mg
QE/g dw) (Figure 5). Although a higher value was reached in the T2 treatment, this did
not significantly influence the experimental results. Using One-way Anova (F = 0.864,
p = 0.467), no significant differences were identified between flavonoid contents depending
on the different recyclable substrates.
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The relationships established between TPC, ABTS, FRAP, DPHH, and flavonoid con-
tent in our observations were assessed by a principal components analysis (PCA) (Figure 6).
The PCA revealed a particular response of flavonoid content (associated with the F2 axis)
compared to the other variables, FRAP, TPC, DPPH, and ABTS (which were associated
with the F1 axis).

F2
 (1

6.
59

 %
)

Figure 6. Principal Components Analysis (PCA) between total phenolic content, flavonoid content,
and the antioxidant properties DPPH, ABTS, FRAP. Legend: DPPH—radical scavenging test; ABTS—
radical scavenging test; FRAP—ferric reducing antioxidant power.

In order to determine the strength of the relationships between them, a Pearson’s
correlation matrix was applied, and it is presented in Table 2. All the significant results
showed positive correlations, which highlights the stimulating influences of the treatments.
The total phenolic content, in order of p significance (Table 2 in gray), was correlated
with DPPH, FRAP, and ABTS. DPPH presented the strongest influence on ABTS (r = 0.86;
p = 0.0076). Total phenolic content contributes to DPPH and ABTS activity. In addition, the
flavonoids content contributes to FRAP, and the total phenolic content contributes to DPPH
and ABTS activities.

Table 2. Correlation matrix between the phenolic content (TPC), flavonoid content (FC), radical scav-
enging test (ABTS), ferric reducing antioxidant power (FRAP), and free radical scavenging (DPPH).

Variables TPC FC ABTS FRAP DPHH
TPC 0.2798 0.0218 0.0096 0.0029
FC 0.40 0.4976 0.3074 0.3807

ABTS 0.74 0.26 0.0345 0.0076
FRAP 0.80 0.38 0.70 0.1161
DPHH 0.86 0.33 0.81 0.56

Legend: bold values are the significant results, Pearson correlation coefficients r—lower white half, p-values—
upper grey half.
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3.6. Protein Content

The dried mushroom powders were analyzed using the macro-Kjeldhal method. The
total protein content was measured and recorded in Figure 7, achieving a higher content in
T1, the pine sawdust substrate, with significant difference between the three treatments’
ANOVAs (p ≤ 0.05). Coconut coir (T2) showed a lower value than T1 but closer to paper
waste substrate (T3), which was the lowest one (Figure 7).
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3.7. Sensory Evaluation and Organoleptic Properties

After data collection, statistical analyses were performed to identify the preferences
and acceptability of oyster mushrooms grown on different substrates. A one-way ANOVA
and a Tukey test were performed to determine significant differences between treatments,
checking the hypothesis test with a p < 0.05 for each parameter. Table 3 reports the mean
value of each sensory attribute and acceptance for each treatment.

Table 3. Sensory attributes and acceptability parameters evaluated in the consumer test.

Treatment
Sensory Attributes

T1 T2 T3

Sweetness 1.933 2.267 1.867
Aroma 11.267 10.867 10.167

Astringency 2.667 2.167 2.700
Bitterness 2.767 2.766 2.967
Chewiness 11.367 11.066 11.000
Sourness 2.400 2.367 2.400
Umami 11.500 11.600 10.600

Treatment
Acceptance

T1 T2 T3

Taste 11.400 11.867 10.567
Color 11.533 11.366 11.233

Texture 11.700 11.967 11.866
Appearance 11.133 11.567 11.566

Overall 10.867 11.400 11.200
Legend: T1—pine sawdust; T2—coconut coir; T3—waste paper.
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Regarding the sensory parameters, whose comparison is observed in Figure 8, it
was found that the three treatments evaluated showed similar attributes, the coconut coir
substrate being the one to produce fruiting bodies with better sensory attributes but with
no significant differences between treatments. Some parameters are not relevant for the
analyses, such as sourness, astringency, or bitterness, since they were assessed generally by
“not perceived at all”.
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Legend: T1—pine sawdust; T2—coconut coir; T3—waste paper.

The acceptability test revealed similar results for the three treatments, with little
significant differences (Figure 9). For “Taste”, T2 (11.867) obtained a significantly higher
score than the other two treatments, T3 was the lowest one. Regarding the “Color”, there
are no significant differences. For the “Texture” attribute, T2 (11.967) shows a higher value
than the other treatments. The lowest value of “Appearance” (11.133) was expressed for
T1, grown on pine sawdust. The overall acceptability positioned the mushrooms grown
in coconut coir (T2) as the product of preference. On the contrary, the mushrooms grown
on pine sawdust showed the lowest score, although there are no significant differences
between the three treatments.
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4. Discussion
4.1. Biological Efficiency, Mushroom Yield and Production Rate

P. ostreatus, also known as “oyster mushroom”, “hiratake”, “shimeji”, or “houbitake”,
is able to grow in available waste materials. The different waste by-products of ligno-
cellulose composition tested as substrate for the P. ostreatus cultivation represented by
pine sawdust, coconut coir (fiber mixed with shell), and waste paper were found to be
a good support for the growth of the fungus, with the mycelium fully colonizing the
substrates at 28 days. A similar mycelium growth rate, however, did not correspond with
yield, indicating that the mycelium growth and yield of mushrooms have different require-
ments [46]. The results showed that mushroom yield is reliant on biological efficiency, as
overall biological efficiency determines the mushroom yield, which is in accordance with
the findings of [47], displaying that mushroom yield is dependent on biological efficiency.
In our study, the highest yield was harvested from paper waste substrate (T3) with the
most elevated percentage of biological efficiency, followed by coconut coir (T2), while the
lowest was observed in pine sawdust (T1). Similarly, the biological efficiency (BE) also
varied significantly among the different substrates used. The performance of oyster growth
and yield in the sawdust substrate was minimal, a result similar with the data obtained
by [31]. This could be attributed to the fact that the lignocellulosic materials in pine sawdust
are generally low in protein content and insufficient for the mushroom’s cultivation [46].
Therefore, the sawdust substrate for mushroom production should undergo a period of
composting to breakdown the cellulose and lignin components of the wood in order to
release the essential materials for the establishment of mushroom mycelium.

In addition, the mean comparisons (separated using Tukey test) revealed that the
biological yield from paper waste was significantly different from the rest of the substrates
at a 5% confidence level (Figure 1B). The results of this study are in line with other studies
elsewhere (e.g., [6,30]), where paper was identified as an important substrate for significant
improvement in the yield of oyster mushroom. The possible justification may be that the
paper waste is a high C-content waste material, i.e., PW (C/N = 379) [48], and is accepted
as a superior substrate over pine sawdust.

Generally, the present study confirmed that oyster mushrooms can grow on pine
sawdust, paper waste, and coconut coir, with varying growth performances. Paper waste
was identified as a suitable substrate for oyster mushroom cultivation, since it produced
a significantly higher yield, biological efficiency, and production rate compared to the
other substrates. The BE, yield, and production rate of both coconut coir and pine sawdust
proved similar values, where coconut coir have slightly higher parameters than pine saw-
dust. Paper waste proved to be better in terms of mycelium density, pin-head formation,
and the development of fruiting bodies, and it is a good recommendation as a preferred
substrate for oyster mushroom cultivation, serving as a viable solution for the environmen-
tal contamination by using the huge paper wastes available. In addition, coconut coir, a
contaminant waste product in coconut producing countries, can be used as an alternative
substrate given that the growth performance and yield of oyster mushrooms was better
than the pine sawdust.

4.2. Antioxidant Activity

Oxidation is essential for the living organisms to produce energy for the biological
processes. Free radicals are produced in normal and pathological cell metabolism. The
uncontrolled production of oxygen-derived free radicals is involved in the onset of many
diseases. The antioxidant components are responsible for defending our body against free
radicals, and it is known that low levels of antioxidants cause oxidative stress and may
damage or kill cells [49]. Numerous fungi were reported to have antioxidant components,
higher than in most vegetables and fruits, and concentrated in fruit bodies and both
mycelium and culture. For this reason, our study was also conducted to evaluate the
antioxidant activity of the oyster mushroom, depending on the waste by-product used as
substrate, using spectrophotometrically methodologies with different mechanisms, one
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that report the scavenging ability on DPPH and ABTS radicals (DPPH and ABTS assays)
and the other monitoring the reducing power of compounds as a significant indication of
its potential activity [50]. The presence of reducers (i.e., antioxidants) causes the reduction
of the Fe3+/Ferricyanide complex to ferrous form in the case of the FRAP assay.

The antioxidant activities measured in fungi ethanolic extracts were obtained using the
three DPPH, ABTS, and FRAP assays that gave a comparable ranking of antioxidant activity
among the substrates used with the highest antioxidant capacity revealed by the coconut
coir substrate (T2). So, this waste by-product used as substrate for oyster cultivation
showed the highest values of scavenging ability on DPPH and ABTS free radicals with the
range of 44% to 65%. The results of the FRAP assay indicate that the significantly highest
reducing power inhibition could be identified in the extract of oyster fungi grown in the
same substrate represented by coconut coir. This substrate has been found to significantly
reduce the power in ferric ions of oyster fungi due to its effect on the total phenolic and
flavonoid contents of the fruiting body extracts, which play an important role in antioxidant
activities. According to [51], the reducing power might be due to their hydrogen-donating
ability, and certain mushrooms contain higher amounts of reduction, which could react
with free radicals to stabilize and terminate radical chain reactions.

4.3. Total Phenolic Content (TPC)

Phenolic compounds possess a common chemical structure comprising an aromatic
ring with one or more hydroxyl substituents that can be divided into several classes, and
the main groups of phenolic compounds include flavonoids, phenolic acids, tannins, stil-
benes, and lignans [52]. It has been reported that phenolic compounds exhibit antioxidant
activity in biological systems, acting as free radical inhibitors, peroxide decomposers, metal
inactivators, or oxygen scavengers [53,54]. Phenolic compounds are present in all the mush-
rooms. These compounds can be pyrogallol, myricetin, caffeic acid, quercetin, and catechin,
among others. The fruiting bodies of Pleurotus respond dramatically to the chemical compo-
sition of the substrate where they grow and develop. The bioactive compounds, including
phenolics, can be effectively absorbed by the fruiting bodies of Pleurotus [55,56]. Our study
could register a significant difference in TPC of P. ostreatus grown on various waste by-
products substrates. The highest values of TPC were shown in fruiting bodies of the edible
fungi obtained from coconut coir containing substrate that exhibited a TPC in the range of
586.60 ± 31.97 mg GAE/g dry weight compared to the lower values of 397.21 ± 14.87 mg
GAE/g dry weight on waste paper substrate and followed by 302.95 ± 19.40 mg GAE/g
dry weight on the pine sawdust substrate. The changes in the TPC of the oyster fungi
fruiting bodies grown in different substrate formulas are explained by the difference in the
lignin composition of the substrates. The presence of lignin in substrates reduces the num-
ber of some biological active molecules, which is directly linked to a decreased biological
activity [57]. This activity also depends on how easily the substrate is decomposed by the
mycelium and the quality of nutrients assimilated by the mushrooms [58]. It was observed
that the coconut coir substrate significantly increased the TPC and antioxidant activity
against DPPH and ABTS+ radicals. It was noticed that the phenolic contents correlate well
with DPPH and ABTS assays, with correlation coefficients of 0.8601 and 0.7429, respectively,
confirming that phenolic compounds contribute to radical scavenging activity of the fungi
extracts, having a redox potential. These results are in agreement with those observed
in Camellia sinensis, Annona muricata, Zingiber officinale [59], and Syzigium aromaticum and
Allium sativum [60].

4.4. Total Flavonoid Content (TFC)

Flavonoids represent a group of natural substances with variable phenolic structures,
considered an indispensable component in a variety of nutraceutical, pharmaceutical,
medicinal, and cosmetic applications. The TFC assay was estimated to extract flavonoids,
isoflavonoids, and neoflavonoids, or collectively called bioflavonoids. Several studies
have demonstrated that these compounds may act as antioxidant by breaking the radical

36



J. Fungi 2022, 8, 274

chains into more stable products in liver microsomal membranes, with the ability to protect
low-density lipoprotein or LDL from being demolished by heavy metals and macrophages.
They also play an important role in providing instinctive protection against oxidative stress
and side effects by its contribution with vitamins.

In the present study, total flavonoid content was calculated using quercetin as a
standard and the results are expressed as mg of quercetin equivalents per gram of extract.
It showed that the fungi extract with the highest total phenolic content also exhibited
the highest total flavonoid content (77.54 ± 16.22 mg QE/g) on the growing substrate
represented by coconut coir. The changes in TFC under the influence of substrates can
also be explained by the different quantity of lignin, in the same way as it was influenced
by the TPC. It could be observed that the flavonoid content in the fungi extracts showed
a higher correlation with reducing power FRAP assay than with the radical scavenging
activity. This could estimate that the flavonoid compounds present in the extracts act as an
antioxidant directly through the mechanism of the reduction of oxidized intermediate in
the chain reaction.

4.5. Protein Content

Protein is an essential nutrient in human life activities, helping the formation, growth,
constitution, or repair of human tissues. The fungal ones provide a healthy new protein with
a low environmental impact [61]. P. ostreatus is generally considered to be a good source
of digestible proteins, providing all the essential amino acids required by an adult [62].
Protein content of Pleurotus depends on the composition of the substrates and mushrooms
species [63]. The protein analysis of the fruiting bodies from each growing substrates
indicate that pine sawdust substrate offered the highest protein content (24.02%) for the
oyster fungi followed by 15.64% on the coconut coir substrate and 12.04% on the waste
paper. Nutritional value, in particular the protein content of P. ostreatus cultivated on pine
sawdust substrate, was higher than those exhibited by another popular edible mushrooms
Pioppino (A. aegerita) with 20.5% and Champignon (A. bisporus) mushrooms with 13.4% [41],
the last one being slightly similar with P. ostreatus cultivated in coconut coir and waste
paper substrates. The amount of nitrogen supplied in the growth media may be used to
control the protein content of the mushroom mycelium. The carbon/nitrogen influences the
protein content in the mushroom mycelium [64]. The obtained data corroborate the results
of [65], which reported that Oyster (Pleurotus) mushrooms are considered to be one of the
most efficient producers of food protein, producing 30% of its dry weight. Carbon is readily
available from cellulose, hemicelluloses, and lignin, so pine sawdust represents a good
source of carbon [66]. Sharma et al. [67] noted that the C/N ratio significantly influences
the values obtained from the protein composition of the fungus P. ostreatus. The C/N ratio
of the substrate is critical to the initial development of the fungus, given the value of carbon
for the formation of new cells; a low C/N ratio in the substrate will influence the fungus
negatively during the mycelium growth stage.

4.6. Sensory Evaluation and Organoleptic Properties

The sensory attributes of P. ostreatus cultivated in different substrates were analyzed
through a consumer test, assessed by seven sensory attributes and five acceptability pa-
rameters. Mushroom samples were hygienically and neatly prepared to be presented
for consumption. Panelists gave similar preference scores for all samples from different
substrates, which indicated that all were highly satisfactory as judged by appearance, color,
taste, and texture, with an overall liking and acceptance for all three. Nonetheless, panelists
showed some significant (p < 0.05) preferences at taste for the coconut cultivated oyster
mushroom, which could be due to the impact of growth substrate on the oyster mushroom
fruiting bodies composition, yield, biological efficiency, and nutritional profile [68]. The
flavor experienced from eating mushrooms, or any other food, comes from a combination
of taste, texture, temperature, spiciness, and aromatic qualities [41].
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Our findings showed that consumer acceptability of the fruiting bodies was largely
influenced by their sensory characteristics, as well as by their visual appearance. It is well-
documented that sensory characteristics such as taste, appearance, freshness, texture, color,
and smell are essential motivating factors to lead consumers towards the consumption
of food products [69]. Overall, one of the unconventional tools for sensory evaluation of
mushrooms is the smell, which is important for both the identification of species and for the
oro-sensory sensations one experiences while eating them, among several issues regarding
gustation and olfaction [70].

In our study, recorded sensory attributes were similar for the harvested fruiting bodies
from three different substrates. As stated in literature, flavor-related characteristics predict
the best the consumer preferences for overall eating quality, and therefore, consumer
preferences are affected primarily by sensory characteristics [42]. For the present study,
aroma, astringency, bitterness, chewiness, sourness, sweetness and umami, flavors found
in mushrooms, were evaluated by the panelists. As Du et al. [71] explain, in mushrooms,
carboxylic acids contribute to sour taste, while sweetness can be perceived by the presence
of sugars, polyols, and several amino acids, and umami taste is elicited by 5′-nucleotides,
monosodium glutamate (MSG), and several other free amino acids and nucleotides. As for
texture parameters, chewiness was assessed with a high value and so were liked by the
panelists. This feature is related to the mushroom state at which fruiting bodies are
harvested, and it is related to good texture and flavor which receive high demand from
costumers [72]. Astringency was not perceived at all along with bitterness, sweetness, and
sourness; its mouthfeel, as the literature states, is an event induced by tannin interaction
and the precipitation of salivary proline-rich proteins (PRPs) in the oral cavity [73].

5. Conclusions

Our study is conducted to demonstrate the transformation of wastes (a contaminant
problem) into a biological substrate for the edible fungi P. ostreatus. In our case, waste
paper (the third largest industrial polluter of the environment) was the growth substrate
with a higher yield value and biological efficiency for the harvested oyster mushrooms.
The substrate suitable for the production of fungi with a higher concentration of bioactive
compounds (phenolics and flavonoids) that offer a high antioxidant capacity for a better
medicinal quality was represented by coconut coir. This is a waste product that generates
great pollution to the ecosystem, favors the proliferation of insects and rodents, and affects
the lives of the inhabitants of the sectors where this fruit is grown, since they tend to throw
it into the rivers and estuaries. Our study could offer an economical biotechnology for
the organic waste recycling of lignocelluloses that combines the production of protein-rich
food with desirable organoleptic properties, therapeutic benefits, and the reduction in
environmental pollution.
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Abstract: The boletoid genera Butyriboletus and Exsudoporus have recently been suggested by some
researchers to constitute a single genus, and Exsudoporus was merged into Butyriboletus as a later
synonym. However, no convincing arguments have yet provided significant evidence for this
congeneric placement. In this study, we analyze material from Exsudoporus species and closely related
taxa to assess taxonomic and phylogenetic boundaries between these genera and to clarify species
delimitation within Exsudoporus. Outcomes from a multilocus phylogenetic analysis (ITS, nrLSU,
tef1-α and rpb2) clearly resolve Exsudoporus as a monophyletic, homogenous and independent genus
that is sister to Butyriboletus. An accurate morphological description, comprehensive sampling, type
studies, line drawings and a historical overview on the nomenclatural issues of the type species
E. permagnificus are provided. Furthermore, this species is documented for the first time from Israel
in association with Quercus calliprinos. The previously described North American species Exsudoporus
frostii and E. floridanus are molecularly confirmed as representatives of Exsudoporus, and E. floridanus
is epitypified. The eastern Asian species Leccinum rubrum is assigned here to Exsudoporus based on
molecular evidence, and a new combination is proposed. Sequence data from the original material of
the Japanese Boletus kermesinus were generated, and its conspecificity with L. rubrum is inferred as
formerly presumed based on morphology. Four additional cryptic species from North and Central
America previously misdetermined as either B. frostii or B. floridanus are phylogenetically placed but
remain undescribed due to the paucity of available material. Boletus weberi (syn. B. pseudofrostii) and
Xerocomus cf. mcrobbii cluster outside of Exsudoporus and are herein assigned to the recently described
genus Amoenoboletus. Biogeographic distribution patterns are elucidated, and a dichotomous key to
all known species of Exsudoporus worldwide is presented.
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1. Introduction

Red-pored boletes were originally placed in Boletus Fr. sect. Luridi Fr. emend. Lan-
noy and Estadès, a species-rich complex typified by Boletus luridus Schaeff. of apparently
similar taxa mostly sharing an orange to reddish colored hymenophoral surface, variably
bluing oxidation reaction of tissues and mild taste [1–6]. Several informal infrageneric
groupings (subsections, stirps, series, etc.) were mainly proposed by North American and
European authors based on different combinations of morphological, chemotaxonomical
and ecological traits [4,7–12]. At least two additional validly published sections, Boletus
sect. Rubropori M. Zang [13] and Boletus sect. Erythropodes Galli [14], were erected to in-
clude boletes with reddish tube dissepiments. However, due to the obvious diversity and
phenotypic variability of this large assemblage of boletoid mushrooms, it has long been
challenging to address their true phylogenetic affinities based solely on conventional re-
search techniques. Molecular phylogenetic data are essential to determine the evolutionary
relationships within the family Boletaceae. Based on recent phylogenetic analyses, the his-
torical and long-established genera of Boletaceae, including Boletus, Leccinum, Pulveroboletus,
Tylopilus, Xerocomus, etc., have been shown to be polyphyletic [15–18]. These genera contain
species from multiple unrelated lineages and therefore have recently undergone dramatic
taxonomic reassessments.

Among several newly described genera recently segregated from Boletus s.l. [18–25],
Exsudoporus Vizzini, Simonini and Gelardi, typified by Boletus permagnificus Pöder, was
established to accommodate species sharing bright red colors overall, reddish pore sur-
face typically beaded with golden droplets when young and fresh, prominently reticu-
late to reticulate-alveolate stipe surface, tissues bruising blue on injury, mild to acidic
taste, olive-brown spore print, ellipsoid-fusiform, smooth basidiospores, trichodermal to
ixotrichodermal or ixocutis pileipellis, hymenophoral trama bilaterally divergent of the
“Boletus-type”, fertile caulohymenium and gymnocarpic ontogenetic development [26–28].
Prior to the establishment of Exsudoporus as a genus on its own, the clade encompassing
the American species Boletus frostii J.L. Russell and B. floridanus Singer was already inferred
as distantly related to Boletus s. str. and separate from other boletoid clades [16,17,29–33].
In addition, further evidence supporting Exsudoporus was provided by Zhao et al. [23,34],
Gelardi et al. [25], Smith et al. [35], Henkel et al. [36], Crous et al. [37], Bozok et al. [38]
and Loizides et al. [39]. Based on the most recent comprehensive phylogenetic classifica-
tion, Exsudoporus is nested within the informal “Pulveroboletus group” [17], an unresolved
heterogeneous assemblage dominated by boletoid species but also including sequestrate
and lamellate taxa. The taxonomic status of Exsudoporus has recently been disputed and
Wu et al. [18] proposed that Exsudoporus be synonymized with Butyriboletus D. Arora and
J.L. Frank. Moreover, the genus was not evaluated in recent taxonomic overviews of the
Basidiomycota by He et al. [40] and Wijayawardene et al. [41].

Wu et al. [42] recently described a new genus of Amoenoboletus G. Wu, E. Horak and
Zhu L. Yang, which has certain morphological similarity with Exsudoporus based on size
and color of basidiomes and stipe surface ornamentation.

In the present study, several DNA sequences have been generated from representa-
tive voucher specimens from across the Northern Hemisphere, including the holotype
material of the type of the genus E. permagnificus, in order to (1) establish the generic
limits of Exsudoporus and resolve the taxonomic issue related to the proposed synonymy of
Exsudoporus with Butyriboletus by inferring their phylogenetic relationship, (2) ascertain
species-level diversity within Exsudoporus on a global scale, (3) elucidate the phylogenetic
infrageneric affiliations of species within Exsudoporus, (4) clarify the morphological vari-
ability of E. permagnificus and (5) assess the ecological requirements and biogeographic
distribution of Exsudoporus species worldwide.
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2. Materials and Methods
2.1. Collection Site and Sampling

Specimens were collected at several different localities in Italy, Israel, the USA and
Japan and are deposited in BTS, EMAC, F, FH, FLAS, HAI, IB, K-M, LE, MCVE, NY,
TO and TNS-F (acronyms from Thiers [43]), while “MG”, “AB”, “GS” and “FM” refer
to the personal herbaria of Matteo Gelardi, Alona Yu. Biketova, Giampaolo Simonini,
and Francesco Mondello, respectively. With the only exception of a single collection
of E. permagnificus from Italy, herbarium numbers are cited for all samples from which
morphological features were examined. Author citations follow the Index Fungorum,
Authors of Fungal Names [44]. Novel combinations are registered with MycoBank [45]
and the epitype of E. floridanus—with Index Fungorum [44]. The distribution range of
North American species has also been checked on MyCoPortal [46]. Since E. ruber is a rare
species in Japan, geographic grid references are not reported in the examined material of
that species in order to better preserve its occurrence localities.

2.2. Morphological Study

Macroscopic descriptions, macro-chemical reactions (25% NH3, 30% KOH, FeSO4)
and ecological information, such as habitat notations, time of fruiting and associated plant
communities accompanied the detailed field notes of the fresh basidiomes. For some
collections, macro-morphological characteristics of the specimens were also examined
using Carl Zeiss Stemi DV4 stereo microscope. In the field, latitude, longitude and el-
evation were determined with a global positioning system (GPS) receiver. Color terms
in capital letters (e.g., White, Plate LIII) are from Ridgway [47]. Microscopic anatomical
features were observed and recorded from revived dried material; sections were rehy-
drated either in water, 5% potassium hydroxide (5% KOH), 3% NH3 or in anionic solution
saturated with Congo red. All anatomical structures were measured from preparations
in anionic Congo red. Colors and pigments were described after examination in water
and 5% KOH. Measurements were made at 1000× using a calibrated ocular micrometer
(Nikon Eclipse E200 (Tokyo, Japan) and Carl Zeiss Axiostar 1122-100 (Germany) light
microscopes). Basidiospores were measured directly from the hymenophore of mature
basidiomes, average sizes were calculated for each collection and used in the description,
dimensions are given as (minimum) average ± standard deviation (maximum), Qm = aver-
age quotient (length/width ratio) ± standard deviation with extreme values (minimum
and maximum) in parentheses, and average spore volume was approximated as a rotation
ellipsoid (V = (π × L ×W2)/6 ± standard deviation). The notation (n/m/p) indicates that
measurements were made on “n” randomly selected basidiospores from “m” basidiomes
of “p” collections. The morphometric variables “spore length” and “spore width” were
measured and statistically analyzed. Spore size distribution (length and width) with Gauss’
bivariate confidence ellipse of Exsudoporus permagnificus. In the field of the variables “spore
length” and “spore width” the ellipse represents the pairs of the variable values that have
an identical probability (equal to 68%) to occur. All the points inside the ellipse repre-
sent pairs of the variables having a probability of occurrence greater than 68%. As for
the other anatomical elements aside from spores, absolute sizes are given. The width of
each basidium was measured at the widest part, and the length was measured from the
apex (sterigmata excluded) to the basal septum. Radial and/or vertical sections of the
pileipellis were taken midway between the center and margin of the pileus. Sections of
the stipitipellis were taken from the middle part along the longitudinal axis of the stipe.
Metachromatic, cyanophilic and iodine reactions were tested by staining the basidiospores
in Brilliant Cresyl blue, Cotton blue and Melzer’s reagent, respectively. Line drawings of
microstructures were traced in free hand based on digital photomicrographs of rehydrated
material.
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2.3. DNA Extraction, PCR Amplification and DNA Sequencing

Total genomic DNA was extracted from dried basidiomes using NucleoSpin Plant
II kit with minor modifications. The following primers were used: ITS1F, ITS1, ITS4B,
ITS4 and ITS2 for internal transcribed spacer (ITS) [48,49], LROR, LR5 and LR7 for nuclear
large subunit ribosomal DNA (nrLSU) [50,51], EF1-983F, EF1-1567R and EF1-2218R for
translation elongation factor 1-α gene (tef1-α) [52] and RPB2-BF2, bRPB2-7R2 and RPB2-BR
for DNA-directed RNA polymerase II subunit 2 gene (rpb2) [53].

For ITS and nrLSU, PCR was carried out under the following cycling parameters:
initial denaturation: 95 ◦C for 5 min, followed by 35 cycles: 95 ◦C for 30 s, 55 (or 53) ◦C
for 30 s, 72 ◦C for 1 min, and final extension at 72 ◦C for 7 min. For tef1-α and rpb2, PCR
conditions were as follows: initial denaturation at 95 ◦C for 5 min, followed by 40 cycles:
95 ◦C for 30 s, 55 ◦C for 45 s, 72 ◦C for 45 s, and final extension at 72 ◦C for 7 min.

Sequences were manually edited and assembled using Sequencher 4.1.4 program
(Gene Codes Corporation, Ann Arbor, MI, USA). Sequences generated for this study were
submitted to GenBank and their accession numbers are cited in Table 1.

Table 1. Information on specimens used in multilocus phylogenetic analysis and their GenBank
accession numbers. Newly generated sequences are in boldface.

Species Voucher Locality
GenBank Accession Number

Notes
ITS nrLSU tef1-α rpb2

Amoenoboletus cf.
granulopunctatus 1

KUN-HKAS 56280 China MZ708840 KF112418 KF112265 KF112708 -

A. cf.
granulopunctatus 2

MHHNU 9490 China MW520189 MW520186 MW566747 MW560081 -

A. cf.
granulopunctatus 2

KUN-HKAS 80250 China MW520191 MW520185 MW566746 MW560080 -

A. cf.
granulopunctatus 2

KUN-HKAS 86007 China MW520190 MW520187 MZ741478 MW560079 -

A. mcrobbii PDD 97418 New Zealand MZ708841 JQ924329 MZ708841 - -
A. cf. mcrobbii NY 2686023

(Halling 9916)
Australia OL960511 - - -

A.miraculosus Z-ZT 14046 Malaysia MZ708842 MZ708842 MZ708842 - holotype
A. weberi FLAS-F-61525 USA MH211950 - - - -
A. weberi FLAS-F-68076 USA OL960512 - - - topotype
A. weberi MO 179586 USA MH251719 MH249987 - - -

MH249988
Boletus billieae MO 333089 USA MK542835 MK542836 - - -
B. kermesinus BTS031J Japan OL960532 - - -
B. kermesinus TNS-F-37407 Japan OL960531 - - holotype
B. pseudofrostii CFMR BZ-1611

(BOS-266)
Belize MN250201 MN250176 - - holotype

B. subsplendidus KUN-HKAS 50444 China KM388725 KT990540 KT990742 KT990379 -
B. subsplendidus KUN-HKAS 52661 China KM388726 KF112339 KF112169 KF112676 -
B. subsplendidus KUN-HKAS 82375 China KM388727 - - - -
“Boletus” sp. 1 KUN-HKAS 52525 China KU317760 KF112337 KF112163 KF112671 -
“Boletus” sp. 2 KUN-HKAS 57774 China KU317761 KF112330 KF112155 KF112670 -
Butyriboletus

abieticola
JLF2654 USA KC184418 - - -

Bu. appendiculatus MB000286 Germany KT002599 KT002610 KT002634 - -
Bu. autumniregius JLF2275 USA KC184430 - - paratype

Bu. brunneus NY 00013631 USA KT002600 KT002611 KT002635 - -
Bu. fechtneri AT2003097 USA KC584784 KF030270 - - -

Bu. fuscoroseus BR50201618465-02 Belgium KT002602 KT002613 KT002637 - -
Bu. fuscoroseus HR:86133 Czech Rep. KJ419926 - - neotype

“Bu.” hainanensis N.K.Zeng1197 China KU961653 KU961651 - KU961658 paratype
“Bu.” hainanensis N.K.Zeng2418 China KU961654 KU961652 KU961656 KX453856 paratype
“Bu.” hainanensis KUN-HKAS 59814 China KU317762 KF112336 KF112199 KF112699 paratype
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Table 1. Cont.

Species Voucher Locality
GenBank Accession Number

Notes
ITS nrLSU tef1-α rpb2

“Bu.” hainanensis EMF11 China JF273514 - - - -
Bu. huangnianlaii FHMU 2207

(N.K.Zeng3246)
China MH885351 MH879689 MH879718 MH879741 holotype

Bu. peckii 3959 USA - JQ326999 JQ327026 - -
Bu. persolidus Arora11102 USA KC184441 - - paratype

Bu. primiregius JLF2030 USA KC184455 - - holotype
Bu. pseudospeciosus KUN-HKAS 63596 China - KT990542 KT990744 KT990381 paratype
Bu. pseudospeciosus KUN-HKAS 63513 China KM388728 KT990541 KT990743 - holotype

Bu. pulchriceps R. Chapman 0945 USA KT002604 KT002615 KT002639 - -
Bu. quercireguis Arora11100 USA KC184461 - - holotype

Bu. regius KUN-HKAS 84878 Germany - MT264910 MT269659 MT269661 -
Bu. regius MB000287 Germany KT002605 KT002616 KT002640 - -

Bu. roseoflavus KUN-HKAS 63593 China KJ909517 KJ184559 KJ184571 - -
Bu. roseogriseus PRM 923479 Czech Rep. KJ419928 - - paratype

Bu. roseopurpureus E.E. Both 3765 USA KT002606 KT002617 KT002641 - -
Bu. sanicibus Arora99211 China KC184469 KC184470 - - holotype

Bu.
subappendiculatus

MB000260 Germany KT002607 KT002618 KT002642 - -

Bu.
taughannockensis

MO 250839 USA MH234472 MH234473 - - holotype

Bu. yicibus KUN-HKAS 57503 China KT002608 KT002620 KT002644 - -
Butyriboletus sp.

1
K-M000257266 Japan OL960513 - - - -

Butyriboletus sp. 2 MHHNU7456 China - KT990539 KT990741 KT990378 -
Butyriboletus sp. 2 Zhangping956 China KU317759 KU317764 - - -
Butyriboletus sp. 3 KUN-HKAS 59467 China KM388729 - - - -
Caloboletus peckii MO 246697 USA - MH220330 MH318614 - -

Exsudoporus
floridanus

MO 320467 USA - MN114633 - - -

E. floridanus MO 320294 USA - MK533764 - - -
E. floridanus 25A_T2_C5 USA KX899261 - - - environmental
E. floridanus 25B_Y1_B2 USA KX899270 - - - environmental
E. floridanus 25D_W1_G3 USA KX899279 - - - environmental
E. floridanus FLAS-F-59069 USA OL960514 OL960488 OL960496 OL960503 epitype
E. floridanus FLAS-F-59142 USA OL960515 - - - -
E. floridanus FLAS-F-61008 USA OL960516 OL960489 OL960497 OL960504 -
E. floridanus FLAS-F-61189 USA MH211799 OL960490 OL960498 - -
E. floridanus Farid 499 USA - - MW737484 MW737459 -

E. cf. floridanus BD368 Costa Rica JN020981 HQ161859 - - -
E. cf. floridanus CFMR BZ-3170 Belize MN250222 MK601725 MK721079 MK766287 -
E. cf. frostii 1 JLF2548 USA KC812303 KC812304 - - -
E. cf. frostii 1 TENN067311 USA KT002601 KT002612 KT002636 - -
E. cf. frostii 1 TENN:SAT1221511 USA - KP055021 KP055018 KP055027 -
E. cf. frostii 1 B1789 USA KY826056 - - - -
E. cf. frostii 1 TO AVBB10 USA OL960517 OL960491 - - -
E. cf. frostii 1 TO AVBB11 USA OL960518 OL960492 - OL960505 -
E. cf. frostii 2 MHM069 Mexico EU569285 - - - -
E. cf. frostii 2 BDCR0418 Costa Rica - HQ161855 - - -
E. cf. frostii 2 NY 815462 Costa Rica - JQ924342 KF112164 KF112675 -
E. cf. frostii 2 M39B4 Mexico FJ196902 - - environmental
E. cf. frostii 3 JLF6850 USA MN263010 MN258884 - - -
E. cf. frostii 3 JLF5376 USA MN263009 MN258883 - - -
E. cf. frostii 4 man3_soil_G05 USA GU328546 - - - environmental
E. cf. frostii 4 FLAS-F-60742 USA MH016833 OL960493 OL960499 OL960506 -
E. cf. frostii 4 iNat35326745 USA OL960519 OL960494 OL960500 OL960507 -
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Table 1. Cont.

Species Voucher Locality
GenBank Accession Number

Notes
ITS nrLSU tef1-α rpb2

E. cf. frostii 4 iNat30897161 USA OL960520 OL960495 OL960501 OL960508 -
OL960521

E. permagnificus IB 19800750 Italy OL960522 - - - holotype
E. permagnificus AB B11-03 Israel OL960523 - - -
E. permagnificus AB B15-254 Israel OL960524 - - - -
E. permagnificus AB B15-271 Israel OL960525 - OL960509 -
E. permagnificus GS1001 Italy OL960526 - - - -
E. permagnificus GS1275 Italy OL960527 - - - -
E. permagnificus MG558 Italy OL960528 - - - -
E. permagnificus MG637 Italy OL960529 - - - -
E. permagnificus MG829 Italy OL960530 OL960502 OL960510 -
E. permagnificus ML61992EP Cyprus MH011858 - - - -
E. permagnificus FR2011120 France KR782301 - - - -

E. ruber KUN-HKAS
106891

China - MN930518 MT063123 MT063120 -

E. ruber KUN-HKAS
103513

China - MN930519 MT063124 MT063121 -

E. ruber KUN-HKAS
103122

China - MN930520 - MT063122 -

Rubroboletus sinicus KUN-HKAS 68620 China KJ951991 KF112319 KF112146 KF112661 -

2.4. Sequence Alignment, Data Set Assembly and Phylogenetic Analysis

A total of 208 sequences from 95 specimens, including 48 newly generated (19 ITS,
8 nrLSU, 6 ITS-nrLSU, 7 tef1-α, 8 rpb2) and 160 retrieved from GenBank database (49 ITS,
52 nrLSU, 8 ITS-nrLSU, 36 tef1-α, 23 rpb2), were used in the phylogenetic analysis (Table 1).
Rubroboletus sinicus was chosen as an outgroup taxon.

Three alignments were generated for combined ITS-nrLSU (algorithm Q-INS-i), tef1-α
(algorithm E-INS-i) and rpb2 (algorithm E-INS-i) datasets with MAFFT 7 [54]. Data for
each locus were manually adjusted and combined in MEGA 6.06 [55]. Sites with 99% gaps
(59 positions in total) were removed using trimAl v.1.2 program [56]. Phylogenetic recon-
structions were performed using the maximum likelihood (ML) and Bayesian inference (BI)
methods of analysis. In both ML and BI analyses, the general time reversible model with
rates that vary over sites according to gamma (GTR+G) was employed.

The ML phylogenetic analysis was run in raxmlGUI 2.0 [57], which implements
the search protocol of Stamatakis et al. [58], under a partitioned model (ITS1, 5.8S, ITS2,
nrLSU, tef1-α, and rpb2), estimating unique parameters for each partition, using 1000 rapid
bootstrap replicates and branch lengths saved in the bootstrap trees (BS brL enabled).

BI was performed with MrBayes 3.2.6 software [59], under the described model. The
BI analysis was performed with two parallel searches and four chains, with three million
generations and a sampling frequency of every 100th generation. Tracer 1.6.0 [60] was used
to evaluate the quality of a sample from the posterior and the continuous parameters, using
effective sample size (ESS). To remove the pre-stationary posterior probability distribution,
a burn-in of 25% was applied.

Only bootstrap support (BS) from 50% and posterior probability (PP) values exceeding
0.7 are reported in the resulting tree (Figure 1). A clade was considered strongly supported
if it received bootstrap support (BS) greater than 70% and/or posterior probability (PP)
equal to or greater than 0.95. Branch lengths were estimated as mean values over the
sampled trees. The final tree was edited in Inkscape v.0.92.
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Figure 1. ML phylogenetic tree of Exsudoporus, Amoenoboletus and allied genera generated from a
multilocus (ITS + nrLSU + tef1-α + rpb2) dataset. PP values ≥ 0.7 and BS support values ≥ 50% are
shown at the nodes. Thickened branches indicate PP≥ 0.95 and BS support≥ 70%. Newly sequenced
collections are indicated in bold; type specimens are indicated with an asterisk (*). Two-letter country
codes (ISO 3166-1 alpha-2) reflecting origin of specimens are given.

3. Results
3.1. Molecular Phylogenetic Analysis

The aligned multigene matrix contained a total of 96 samples and 3302 aligned bases
with gaps (Supplementary File S1). The ML and BI analyses generated almost identical tree
topologies with minimal variation in statistical support values; thus, an ML tree with both
BS and PP values was selected for the purposes of display (Figure 1).

Our phylogenetic analysis indicated that genera Exsudoporus and Butyriboletus form
two different generic clades, both with high support and showing a considerable genetic dif-
ference. Exsudoporus (BS = 95%, PP = 1.00) and Boletus subsplendidus (BS = 100%, PP = 1.00)
clades form a sister superclade (BS = 52%, PP = 0.89) to the Butyriboletus clade (BS = 97%,
PP = 1.00). There are two other generic clades with strong statistical support: “hainanensis”
clade (BS = 99% and PP = 1.00) and Amoenoboletus (BS = 100% and PP = 1.00).
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3.2. Taxonomy

Exsudoporus Vizzini, Simonini and Gelardi 2014, emend. Biketova and Gelardi.
MYCOBANK MB 550708.
Diagnosis: Basidiome stipitate-pileate with tubular hymenophore, epigeal, evelate;

pileus convex to applanate, bright blood red, crimson-red, purplish-red, reddish-pink
or reddish-brown, opaque to shiny, dry to subviscid with moist weather, glabrous to
subpruinose or subtomentose; hymenophore poroid, adnate or slightly depressed around
stipe apex; tubes yellow to olivaceous-brown; pores pinkish-red, reddish-orange, blood
red to dark red, rarely yellowish-orange or yellow, often beaded with golden yellow or
amber yellow droplets when young and fresh; stipe central, solid, yellowish to concolorous
with the pileus, conspicuously reticulate with elongated, red meshes or deeply reticulate-
alveolate or can be covered with scaly patches; context pale yellow to bright yellow; tissues
quickly turning dark blue or more rarely light blue or even unchanging when injured or
exposed, then fading blackish; taste mild to acidic; spore print olive-brown; basidiospores
smooth, subfusiform to ellipsoid or ellipsoid-fusoid; pleuro-, cheilo- and caulocystidia
present; pileipellis an interwoven (ixo)trichoderm tending to a cutis; hymenophoral trama
bilateral-divergent of the “Boletus-type”; clamp connections absent; stipe context varies
from inamyloid to amyloid or dextrinoid; ontogenetic development gymnocarpic.

Generic type: Boletus permagnificus Pöder 1982.
Exsudoporus permagnificus (Pöder) Vizzini, Simonini and Gelardi, Index Fungorum

183:1, 2014.
Figures 2–5.
MYCOBANK MB 550709.
≡ Boletus permagnificus Pöder, Sydowia 34:151, 1982 (“1981”). (Basionym).
≡ Suillellus permagnificus (Pöder) Blanco-Dios, Index Fungorum 211:1, 2015.
Misapplied names:
– Boletus flammans E.A. Dick and Snell, Mycologia 57(3):453, 1965 s. Angarano non s.

E.A. Dick and Snell.
– Boletus frostii J.L. Russell, Bulletin of the Buffalo Society of Natural Sciences 2:102,

1874 s. Alessio non s. J.L. Roussell.
– Boletus siculus Inzenga, Funghi Siciliani. Centuria 2: 57, 1869 s. Alessio non s. Inzenga

(? = Alessioporus ichnusanus (Alessio, Galli and Littini) Gelardi, Vizzini and Simonini).
Holotype: Italy, Sardinia, Arzachena (OT), Cannigione, under Quercus suber with the

presence of Cistus sp. And Eryngium sp., 1 November 1980, R. Pöder, IB 19800750.
Basidiomes small to medium. Pileus (2.0) 3.2–9.5 (10.0) cm broad, at first hemispherical

then persistently convex and finally broadly pulvinate-flattened to slightly depressed,
regularly to sometimes unevenly shaped by shallow depressions, moderately fleshy, firm at
the beginning but progressively softer with age, flabby in old basidiomes; margin generally
obtuse, steady to faintly wavy-lobed especially in young specimens, initially involute
then curved downwards and finally completely plane or even uplifted, extending beyond
the tubes up to 2 mm in primordia; surface matt, dry but slightly greasy and polished
with moist weather, very finely pubescent in the early stage of development but later
smooth and glabrous, not cracked; cuticle somewhat variable in color, ranging from pale
pinkish, pinkish-violet to pinkish-red (Shrimp Pink, Geranium Pink, Rose Doree, pl. I; Pale
Amaranth Pink, Rose Pink, pl. XII; Rose-Purple, pl. XVI) in young specimens due to the
presence of a whitish pubescence which soon tends to dissolve revealing the true color
below, blood red to dark carmine red, coral red or garnet red to reddish-purple (Spinel Pink,
Spinel Red, pl. XXVI; Spectrum Red, Scarlet-Red, Carmine, pl. I) at maturity, often with
scattered orange shades (Orange Chrome, pl. II; Scarlet, pl. I) especially towards the margin,
gradually fading with age and becoming copper red to ochraceous red or even ochraceous
brown (Madder Brown, Brick Red, pl. XIII; Buckthorn Brown, pl. XV) in senescence or if
exposed to direct sunlight; slowly but pronouncedly turning bluish-black (Berlin Blue, pl.
VIII) on handling or when injured, particularly in young and fresh basidiomes, then fading
dull brownish-red (Indian Lake, Dahlia Carmine, pl. XXVI; Bordeaux, pl. XII); subcuticular
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layer reddish-purple (Amparo Purple, pl. XI; Lobella Violet, pl. XXXVII). Tubes at first
thin then increasingly broader and shorter than the thickness of the pileus context (up to
1.8 cm long), adnate-subdecurrent at first but soon adnexed, finally depressed around the
stipe apex and shortly decurrent with a tooth, pale yellow (Barita Yellow, pl. IV) at first,
yellowish-olive (Yellowish Citrine, pl. XVI) to brownish-olive (Saccardo Olive, pl. XVI;
Light Brownish Olive, pl. XXX; Dark Olive-Buff, pl. XL) in old fruiting bodies, bluing
(Blanc’s Blue, Dusky Greenish Blue, pl. XX) when cut. Pores initially forming a flat surface,
later convex to ascendant, at first very small then gradually wider (up to 2 mm in diam.),
simple, roundish to barely angular and radially stretched at maturity, at first more or less
evenly yellow (Lemon Chrome, pl. IV) but soon orange pinkish to blood red (Vinaceous,
Deep Vinaceous, pl. XXVII; Eosine Pink, Spectrum Red, Scarlet-Red, pl. I), sometimes
yellowish-orange (Flame Scarlet, Orange Chrome, pl. II) towards the margin and finally
rusty red (Carmine, pl. I), quickly and intensely turning dark blue (Blanc’s Blue, Dusky
Greenish Blue, pl. XX) on bruising or when injured and finally fading to blackish (Black, pl.
LIII); the hymenophore of young and fresh specimens exude abundant golden yellow (Light
Orange-Yellow, pl. III), markedly salty-tasting droplets which tend to disappear with age.
Stipe (4.0) 4.6–11.0 (12.0) × (0.6) 0.8–3.1 (4.0) cm, slightly longer than or as long as the pileus
diameter at maturity, central to slightly off-center, solid, firm, dry, straight or faintly curved,
cylindrical to fusiform, rarely progressively attenuated downwards, usually swollen in the
middle part and tapering towards both the apex and the base, never clavate, ending with a
long pointed taproot at the very base, frequently deeply rooting; surface showing a fine to
pronounced reticulum at least in the upper half or over the upper three fourths, sometimes
extending down to the base, smooth and glabrous elsewhere, evelate; lemon yellow or
bright yellow to occasionally pinkish (Barita Yellow, pl. III; Light Orange-Yellow, pl. II)
in the upper third or in the upper half in young specimens, orange yellowish to pinkish
(Capucine Yellow, Orange, pl. II; Ochraceous-Salmon, pl. XV) elsewhere, reddish-purple to
purplish-brown (Aster Purple, Dahlia Purple, Pansy Purple, pl. XII) in the lower portion,
entirely blood red to carmine red or garnet red (Spinel Pink, Spinel Red, pl. XXVI; Spectrum
Red, Scarlet-Red, Carmine, pl. I) in mature specimens; reticulum consisting of fine to
well-defined, narrow and longitudinally stretched polygonal meshes, concolorous to the
ground in early stages of development but soon blood red to carmine red (Spectrum Red,
Scarlet-Red, Carmine, pl. I) lengthwise; bruising dark blue (Berlin Blue, pl. VIII) when
pressed then fading sordid reddish-purple to blackish (Claret Brown, pl. I; Black, pl. LIII);
basal mycelium cream yellowish (Barita Yellow, pl. IV), rhizomorphs brownish (Sayal
Brown, pl. XXIX). Context firm and tough when young, later soft textured and eventually
flabby in the pileus (up to 3.2 cm thick in the central zone and gradually becoming thinner
towards the edge), a little more fibrous in the stipe, evenly watery yellow (Citron Yellow,
pl. XVI) throughout with darker tones towards the base, with a thin reddish-purple line
(Amparo Purple, pl. XI; Amaranth Purple, pl. XII; Lobella Violet, pl. XXXVII) beneath the
cuticle and sometimes with reddish-purple scattered spots or shades in the stipe; turning
extensively blue (Yale Blue, Vanderpoel’s Blue, Blanc’s Blue, Dusky Greenish Blue, pl. XX;
Grayish Violaceous Blue, pl. XXII) when exposed to air with the only exception of the
stipe base in young specimens, which remains practically unchangeable, finally fading dull
yellowish (Aniline Yellow, Pyrite Yellow, pl. IV) to dirty yellowish-orange (Yellow Ocher,
pl. XV) or occasionally reddish (Etruscan Red, pl. XXVII); reddish-purple (Pomegranate
Purple, pl. XII) where eroded by maggots and bright yellow (Strontian Yellow, pl. XVI)
to reddish (Etruscan Red, pl. XXVII) in places eaten by slugs; subhymenophoral layer
bright yellow (Strontian Yellow, pl. XVI); exsiccate pinkish-red, wine red to dark reddish-
purple (Spinel Pink, Spinel Red, pl. XXVI; Spectrum Red, Scarlet-Red, Carmine, pl. I) on
pileus and stipe, brownish (Cinnamon-Brown, pl. XV) on hymenophore, beige to dull
ochraceous brown on context (Ivory Yellow, pl. XXX; Clay Color, pl. XXIX). Odor intensely
fruity, agreeable. Taste mild then with a weakly acidic aftertaste. Spore print olive-brown.
Macrochemical spot-test reactions: 25% NH3: Pileus cuticle fades ochraceous, no reaction
elsewhere (but bluing oxidation on tissues disappears); 30% KOH: staining dark wine red
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on hymenophore, bright orange to wine red elsewhere; FeSO4: blackish on hymenophore,
no response or pale olivaceous on context, brownish-olive on pileus and stipe. Ontogenetic
development gymnocarpic.

Basidiospores (768/55/23) (12.7) 14.4 ± 0.7 (15.4) × (5.5) 5.9 ± 0.2 (6.1) µm, Qm = (2.23)
2.47 ± 0.12 (2.61), V = 263 ± 22 µm3, inequilateral, ellipsoid to ellipsoid-fusiform or less
frequently broadly ellipsoid in side view, broadly ellipsoid to ellipsoid in face view, smooth,
apex rounded, with a short apiculus and usually with a shallow suprahilar depression,
moderately thin-walled (0.3–0.5 µm), straw-yellow colored in water and 5% KOH, having
one, two or three large oil droplets when mature, less frequently pluri-guttulate, inamyloid,
acyanophilic and with an orthochromatic reaction. Basidia (28) 31–47 × 9–15 µm (n = 31),
subclavate to clavate, moderately thick-walled (0.3–0.8 µm), predominantly four-spored but
also one-, two- or three-spored, usually bearing relatively long sterigmata (3–6 µm) (sterig-
mata up to 7 µm long in one- and two-spored basidia), hyaline to yellowish and containing
scattered straw-yellow oil guttules in water and 5% KOH, bright yellow (inamyloid) in
Melzer’s, without basal clamps; basidioles cylindrical, subclavate to clavate, similar in size
to basidia. Cheilocystidia (28) 31–60 (62) × 8–13 µm (n = 17), common, moderately slender,
projecting straight to sometimes flexuous, fusiform, ventricose-fusiform to sublageniform
or lageniform, showing a narrow and long neck with rounded to subacute tip, smooth,
moderately thick-walled (0.4–0.9 µm), nearly hyaline to yellowish in water and 5% KOH,
bright yellow (inamyloid) in Melzer’s, without epiparietal incrustations. Pleurocystidia (43)
47–59 (61) × 7–11 µm (n = 12), infrequent, irregularly cylindrical or cylindrical-fusiform
to narrowly fusiform or sublanceolate, on average usually slightly longer and narrower
than cheilocystidia, color and chemical reactions similar to cheilocystidia. Pseudocystidia
not recorded. Pileipellis an ixocutis consisting of mostly repent, subparallel to interwoven,
elongated, frequently branched, filamentous and sinuous to cylindrical hyphae embedded
in gelatinous matter; terminal elements 14–90 × 4–18 µm, versiform, short cystidioid or
rarely slightly clavate to long and slender cylindrical, apex rounded-obtuse, moderately
thick-walled (up to 1 µm), yellowish to pale pinkish-red in water and pale yellowish to
bright yellow in 5% KOH, golden yellow to orange yellow (inamyloid) in Melzer’s, smooth
to sometimes ornamented by a very subtle granular epiparietal incrustation; subterminal
elements similar in shape, size and color to terminal elements; the subpellis consists of
irregularly and loosely arranged, short, predominantly inflated to nearly globose, 6–18 µm
broad, hyaline to pale yellowish cells. Stipitipellis a layer of slender, parallel to loosely
intermingled and longitudinally running, smooth-walled, adpressed hyphae, 2–13 µm
wide, hyaline to very pale yellowish in water and 5% KOH; the stipe apex covered by a
well-developed caulohymenial layer consisting of sterile caulobasidioles, very common,
predominantly four-spored, fertile caulobasidia, (24) 26–39 (41) × 9–11 (13) µm (n = 15),
sterigmata up to 6 µm and very scattered projecting fusiform, ventricose-fusiform to lageni-
form caulocystidia similar in shape and color to hymenial cystidia but distinctly shorter, (25)
31–51 (55) × 6–14 µm (n = 10), having a wall up to 0.5 µm thick. Lateral stipe stratum under
the caulohymenium present and well differentiated from the stipe trama, of the “boletoid
type”, at the stipe apex a (10) 20–40 (50) µm thick layer consisting of divergent, inclined
and running towards the external surface, loosely intermingled and branched hyphae
remaining separate and embedded in a gelatinous substance; the stratum is clearly visible
in earlier developmental stages but tends to disappear with age. Stipe trama composed
of confusedly and densely arranged, subparallel to moderately interwoven, filamentous,
smooth, inamyloid hyphae, 3–24 µm broad. Hymenophoral trama bilateral divergent of
the “Boletus-type”, with slightly to strongly divergent, recurved-arcuate and loosely ar-
ranged, not-branched, distantly septate and generally not restricted at septa, gelatinous
hyphae (lateral strata hyphae in transversal section not touching each other, (3) 4–8 (10) µm
apart, 3–7 µm broad), hyaline to very pale yellowish in water and 5% KOH, inamyloid in
Melzer’s; lateral strata (30) 40–60 (70) µm thick, mediostratum (10) 20–30 (40) µm thick, axi-
ally arranged, consisting of a tightly adpressed, non-gelatinous bundle of hyphae, 3–7 µm
broad, distantly septate; in Congo Red the mediostratum is darker than the lateral strata.
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Oleipherous hyphae scattered although more frequently observed in the basal stipe trama,
golden yellow to brownish in 5% KOH and Melzer’s. Clamp connections absent in all tissues.
Hyphal system monomitic.

Edibility: Edible after prolonged cooking.
Ecology and phenology: Solitary or more frequently gregarious or subcaespitose to truly

caespitose, sometimes with basidiomes emerging from the stipe of adjacent fruiting bodies,
growing in warm Mediterranean regions preferably on slightly to decidedly acidic, clayey
or sandy soil among litter associated exclusively with hardwoods in dry, warm, exposed
groves of Quercus (Fagaceae), occasionally also with Castanea sativa (Fagaceae) and Cistus
(Cistaceae), sometimes in mixed woods with the presence of Pinus halepensis and P. pinea
(Pinaceae), Erica spp., Arbutus unedo (Ericaceae) and Eryngium sp. (Apiaceae). Summer to late
fall (August to November).

Known distribution: Previously reported from southern Europe in warm countries at
low altitudes, bordering the Mediterranean basin (Portugal, Spain, Italy, Slovenia, Bulgaria,
Greece) east to the Asian Middle East (Cyprus, Israel) and likely extending as far north as
France. It probably also occurs in Mediterranean northern Africa. Apparently widespread
throughout mainland and insular Mediterranean basin but rare and localized. Northern,
eastern and southern distribution limits yet to be established.

Examined material: ISRAEL, Mount Carmel: Mount Carmel National Park, near the
crossroad Damon, on the ground in a clearing near Quercus calliprinos, 32◦44′03′′ N,
35◦02′22′′ E, 505 m, 30 October 2015, legit. Sh. Alter, det. A. Yu. Biketova, AB B15-254
(HAI B15-254); same loc., Nahal Oren valley, Henyon Ha’Agam, under Quercus callipri-
nos, 32◦43′26′′ N, 35◦00′55′′ E, 260 m, 13 November 2015, legit. Z. Shafranov, det. A.
Yu. Biketova, AB B15-274 (HAI B15-274); Golan Heights: Odem Forest Reserve, under
Quercus sp., 33◦12′56′′ N, 35◦45′26′′ E, 1028 m, 10 October 2011, legit. R. Kuznetsov and
Z. Shafranov, det. A. Yu. Biketova, AB B11-06 (HAI B11-06); same loc., under Quercus
calliprinos, 26 September 2013, legit. Z. Shafranov, det. A. Yu. Biketova, AB B13-165 (HAI
B13-165); same loc., under Quercus calliprinos, 07 November 2015, legit. R. Kuznetsov and
Z. Shafranov, det. A. Yu. Biketova, AB B15-271 (HAI B15-271); Upper Galilee: Hanita
Forest, in a mixed wood of Quercus calliprinos and Pinus halepensis, 33◦04′44′′ N, 35◦09′57′′ E,
160 m, 6 October 2011, legit. Y. Cherniavsky, det. A. Yu. Biketova, AB B11-03 (HAI B11-03);
same loc., Bar’am Forest, on the ground near Quercus calliprinos, 33◦02′20′′ N, 35◦25′33′′ E,
679 m, 27 November 2020, legit. Y. Segal, det. A. Yu. Biketova and G. Simonini, AB B20-370;
ITALY, Sardinia: Arzachena (OT), Cannigione, under Quercus suber with the presence of
Cistus sp. and Eryngium sp., 1 November 1980, legit. And det. R. Pöder, IB 19800750 (holo-
type); Piedmont: Ceresole d’Alba (CN), under Quercus sp., 22 August 1980, legit. M. Strani,
det. R. Pöder, IB 19800751a and IB 19800751b (paratypes); Lazio: Nettuno (LT), Tre Cancelli,
on slightly acidic, sandy soil, along a trackside in a coastal mixed broadleaved woodland
dominated by Quercus robur with the presence of Quercus cerris, Quercus frainetto and Phyl-
lirea angustifolia, 41◦28′39′′ N, 12◦43′54′′ E, 36 m, 26 September 2009, legit. M. Gelardi, G.
Gelardi and C. Aita, det. M. Gelardi, MG238 (MCVE25596); same loc., 18 September 2013,
legit. And det. M. Gelardi, MG558; same loc., on a clearing side, 2 October 2014, legit. And
det. M. Gelardi and F. Costanzo, MG662; same loc., 22 September 2006, legit. And det. M.
Gelardi (no voucher material preserved); Nettuno (LT), Torre Astura, on slightly acidic,
sandy soil, in a coastal mixed broadleaved woodland under Quercus robur, Quercus frainetto,
Quercus cerris with the presence of Pinus pinea, 41◦25′15′′ N, 12◦45′33′′ E, 5 m, 9 August
2014, legit. M. Gelardi, M. Tullii and R. Polverini, det. M. Gelardi, MG637; Manziana (RM),
Cerreta di Manziana, on acidic soil, along a trackside in a pure stand of Quercus cerris,
42◦07′12′′ N, 12◦06′53′′ E, 320 m, 4 August 2011, legit. M. Gelardi and V. Migliozzi, det. M.
Gelardi, MG418; Mounts Tolfa, Allumiere (RM), Capo Nord, on acidic volcanic soil, along a
trackside in a mixed broadleaved woodland under Quercus cerris, Q. Petraea, Arbutus unedo,
Erica arborea and Fraxinus ornus, 42◦11′12′′ N, 11◦55′21′′ E, 426 m, 3 October 2020, legit. And
det. M. Gelardi, F. Costanzo and O. Gelardi, MG829; Emilia Romagna: Pulpiano, Viano
(RE), on acidic soil under Quercus cerris, 44◦31′08′′ N, 10◦33′13′′ E, 520 m, 06 September 1983,
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legit. U. Bonazzi, det. G. Simonini, GS143 (MCVE17281); same loc., 3 October 1986, legit.
And det. G. Simonini, GS336 (MCVE17298); same loc., 12 September 1987, legit. And det.
G. Simonini, GS488 (MCVE29227); same loc., 29 October 1990, legit. And det. G. Simonini,
GS784 (MCVE17556); same loc., 24 September 1994, legit. U. Bonazzi, det. G. Simonini,
GS1275 (MCVE17763); same loc., 30 August 2015, legit. And det. G. Simonini, GS10151;
Quattro Castella (RE), Parco di Roncolo, on basic soil under Quercus pubescens and Ostrya
carpinifolia, 320 m, 19 September 1993, 44◦37′20′′ N, 10◦29′23′′ E, legit. And det. G. Simonini,
GS1001 (MCVE17523); Calabria: Santa Sofia d’Epiro (CS), Serra di Zoto, on acidic soil under
Quercus pubescens and Cistus sp., 550 m, 01 Sep 1995, 39◦33′ N, 16◦25′ E, legit. C. Lavorato,
det. G. Simonini, GS1599 (MCVE18037); Santa Sofia d’Epiro (CS), Contrada Calamia, on
acidic soil under Castanea sativa and Cistus sp., 800 m, 1 September 1995, 39◦33′ N, 16◦25′ E,
legit. C. Lavorato, det. G. Simonini, GS1570 (MCVE17978); Acri (CS), Cozzo S. Angelo,
on acidic soil under Castanea sativa, 900 m, 8 September 1996, 39◦33′ N, 16◦25′ E, legit. C.
Lavorato, det. G. Simonini, GS1717 (MCVE18132); Sicily: Mounts Nebrodi, Cesarò (ME),
Torti II creek, under Fagus sylvatica and Quercus pubescens, 1400 m, 1 July 2002, 37◦53′32′′ N,
14◦38′51′′ E, legit and det. A. Pappalardo, EMAC300-020701; same loc., Mount Soro, under
Fagus sylvatica and Quercus pubescens, 1500 m, 11 August 2002, 37◦55′12′′ N, 14◦39′25′′ E,
legit and det. S. Silviani, EMAC311-020811; same loc., Randazzo (ME), along river Flascio,
under Quercus cerris, 1250 m, 20 September 2020, 37◦56′29′′ N, 14◦52′36′′ E, legit and det.
G. Vasquez, EMAC1511-200920; Mounts Peloritani, Antillo (ME), on soil under Castanea
sativa, 500 m, 25 September 2015, 37◦58′56′′ N, 15◦12′57′′ E, legit. And det. F. Mondello, FM
20150925_100.

Additional material examined: Unidentified Boletaceae sp. (initially identified as Boletus
permagnificus): RUSSIAN FEDERATION: Belgorod Region, Krasnogvardeysky district,
Valuychik village, under Quercus robur in oak grove on chalky soil, 50◦23′ N, 138◦15′ E,
180 m, August 1979, legit. E.P. Bedenko, det. T. Yu. Svetasheva and A. Yu. Biketova, LE
17906.

Comments: The Italian mycologists C.L. Alessio and A. Angarano were the first to
struggle with the placement of Exsudoporus permagnificus in the early 1980s, assigning it
three misapplied species epithets [61,62]. Alessio wrote at length and repeatedly about
this species based on several collections recorded in Piedmont (northwestern Italy) in
1973 [61]. Two years later, in 1975, the species was also recorded with several specimens
emerging from a common base under a single oak tree near Bologna, Emilia Romagna [63].
Alessio’s first contribution was devoted to this species which, following A. Marchand’s
suggestion, was at first believed to represent the eastern North American species Boletus
frostii Roussell [61]. At the same time, Angarano misidentified the species as another North
American taxon, B. flammans E.A. Dick and Snell, based on his collections from Cannigione
(northern Sardinia) [62]. Alessio continued to use the name B. frostii for collections of
B. permagnificus [64]. However, Alessio reconsidered the best name for these collections
and instead applied the binomial Boletus siculus Inzenga [65], a species described from
Sicily in the second half of the 19th century [66]. However, as already argued by the French
mycologists M. Bon [61] and G. Redeuilh [67], and the Italian F. Bellù [68], the collections of
Alessio [61,64,65] and Angarano [62] represented a taxon without a valid name.
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Figure 2. Basidiomes of E. permagnificus: (A) IB 19800750, holotype collection; (B) GS1275; (C) 
MG558; (D) MG662; (E) MG662; (F) MG829; (G) AB B11-03. Photos by: (A) R. Kuhnert; (B) G. 
Simonini; (C–F) M. Gelardi; (G) R. Kuznetsov. 
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Figure 3. Microscopic features of E. permagnificus: (A) basidiospores; (B) basidia; (C) cheilocystidia 
and pleurocystidia; (D) caulocystidia; (E) pileipellis. Bars: (A–D) = 10 μm; (E) = 20 μm. Drawings by 
M. Gelardi. 

  
Figure 4. Distribution of spore size of E. permagnificus (23 collections) using “isoprobability ellipse”. 
Shown is the distribution of the average values of spore size of any of the collections, at the confi-
dence of 68% (corresponding to one standard deviation). 
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Figure 5. Stipe base hyphae of E. permagnificus in Melzer’s reagent. (A) GS1717, (B) GS1717, (C) 
GS336, (D) GS784, (E) GS1001, (F) GS 1275. Bars: 20 μm. Photos by G. Simonini. 
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Austrian mycologist, in the subsequent years Alessio continued to reiterate his taxonomic 
view by considering B. permagnificus a later heterotypic synonym of B. siculus [70–74] and 
apparently did not change his opinion throughout his life. Conversely, Bellù did not con-
cur with Alessio’s interpretations and instead agreed with Pöder that E. permagnificus was 
indeed a new taxon [67,75]. Furthermore, as already pointed out by Lavorato [76] and M. 
Contu (pers. Comm.), B. siculus might represent an older name for Alessioporus ichnusanus 
(Alessio, Galli and Littini) Gelardi, Vizzini and Simonini—a species described by the same 
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unclear [78]. 

In more recent times, B. permagnificus was subjected to preliminary phylogenetic 
analysis which led to the erection of the genus Exsudoporus encompassing E. permagnificus 
and its closest relatives [26]. Finally, Blanco-Dios recombined nearly all European red-
pored boletes in Suillellus Murrill without providing any supporting phylogenetic evi-
dence to justify this placement [79]. 
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southern Europe and the eastern Mediterranean region of western Asia, but it appears to 
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Indeed, Pöder [69], working mainly on the same Sardinian specimens previously
misidentified by Angarano, described this taxon as new to science under the binomial
Boletus permagnificus Pöder (see also Pöder [67] for an Italian translation of Pöder’s original
manuscript by F. Bellù). Despite the convincing evidence of a novel species provided by the
Austrian mycologist, in the subsequent years Alessio continued to reiterate his taxonomic
view by considering B. permagnificus a later heterotypic synonym of B. siculus [70–74] and
apparently did not change his opinion throughout his life. Conversely, Bellù did not concur
with Alessio’s interpretations and instead agreed with Pöder that E. permagnificus was
indeed a new taxon [67,75]. Furthermore, as already pointed out by Lavorato [76] and M.
Contu (pers. Comm.), B. siculus might represent an older name for Alessioporus ichnusanus
(Alessio, Galli and Littini) Gelardi, Vizzini and Simonini—a species described by the same
Alessio and co-workers in 1984 [77]—even though the exact identity of B. siculus remains
unclear [78].
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In more recent times, B. permagnificus was subjected to preliminary phylogenetic
analysis which led to the erection of the genus Exsudoporus encompassing E. permagnificus
and its closest relatives [26]. Finally, Blanco-Dios recombined nearly all European red-pored
boletes in Suillellus Murrill without providing any supporting phylogenetic evidence to
justify this placement [79].

Exsudoporus permagnificus is an easily recognized species in the warm regions of
southern Europe and the eastern Mediterranean region of western Asia, but it appears to be
practically unknown elsewhere, especially outside Europe. It is easily recognizable based
on the following diagnostic key features, which place this species in a morphologically
unique position among red-pored European boletes: small to medium-sized basidiomes,
overall bright red coloration, cylindrical to fusiform stipe that is never clavate but is always
covered by a well-developed raised reticulum, hymenophore exuding golden or amber-
yellow droplets in young and fresh specimens, yellowish context and basal mycelium, deep
blue staining reaction upon bruising or injury, ellipsoid-fusiform, smooth basidiospores,
ixocutis pileipellis mainly consisting of filamentous to cylindrical hyphae, subcaespitose
to caespitose growth and the occurrence under broadleaved trees or shrubs in warm
environments. As far as the pileipellis structure is concerned, inflated to nearly globose cells
up to 18–20 µm wide are sometimes observed in the subpellis (as broad as 25 µm) [80–82].
Another peculiar organoleptic trait that has likely gone unnoticed but is worthy of mention
is the salty taste of the droplets; this neglected feature has not been previously reported for
E. permagnificus but should be examined in the remaining extraeuropean species to evaluate
its taxonomic significance.

The amyloidity of tissues with Melzer’s reagent is a point that deserves further discus-
sion. Bozok et al. reported the amyloid reaction of the hyphae of the stipe context as an
additional attribute of E. permagnificus [38]. The holotype material and all collections from
Israel studied in the present paper also exhibited the same positive reaction of the stipe
base context: moderately amyloid in AB B11-03, AB B13-165, AB B15-271 and AB B20-370,
weakly amyloid in AB B11-06 and IB 19800750 and variably amyloid and dextrinoid in AB
B15-254 and AB B15-274 (Figure 5). As a matter of fact, in the original diagnosis, Pöder
noted that the stipe trama was almost black with Melzer’s reagent, suggesting amyloid
tissues [69]. Icard and Hurtado [80], Lannoy and Estades [5], and Horak [83] also observed
a positive amyloid reaction in this species. However, other authors reported a negative
reaction with Melzer’s reagent [14,82,84–86]. As already suggested by Assyov, contrasting
results might be due to different procedures followed in testing the amyloidity of fungal
tissues [84]. However, we have tested the iodine reaction of the context at the stipe base
according to Imler’s procedure [4] on several of our Italian collections using the same
techniques and surprisingly we observed dissimilar results depending on the studied sam-
ples; some of them showed a strong (GS1717) to weak (MG238, MG662, GS336) amyloid
reaction, whereas some others exhibited an inamyloid reaction (MG558, MG637, GS784,
GS10151), and a few others even displayed a dextrinoid reaction (MG418, GS1001, GS1275).
Consequently, this macro-chemical reaction should be carefully re-evaluated, as it seems to
be quite inconstant and variable.

A chromatographic analysis of the pigments in E. permagnificus was carried out by
Davoli and Weber, which led to the isolation of variegatic acid, xerocomic acid and variega-
torubin [87,88].

58



J. Fungi 2022, 8, 101

With regards to its ecological requirements, this species is primarily found in oak-
dominated woodlands. The species occurs with deciduous and evergreen Quercus species
(including Q. cerris, Q. calliprinos, Q. pubescens, Q. petraea, Q. pyrenaica, Q. virgiliana, Q. ilex,
Q. suber, Q. alnifolia, Q. frainetto and the introduced-in-Europe Q. rubra), sometimes in
mixed forests with the presence of pines (Pinus pinea and P. halepensis) and also sporadically
under sweet chestnut (Castanea sativa), common beech (Fagus sylvatica), some Ericaceae
(Erica scoparia, E. arborea and Arbutus unedo), and rockroses (Cistus spp.), preferably on
acidic soil [30,38,76,82,85,89,90]. The occurrence of E. permagnificus with several host trees
indicates that it is not selective in its plant symbiotic partners. Concerning geographi-
cal distribution, the natural range of E. permagnificus covers most of the warm and dry
regions of southern Europe and Levant in western Asia. Aside from Italy (including
Sardinia and Sicily) [14,63,69,72,76,85,89–105], the species has also been reported from
Portugal [106,107], Spain [81,82,86,108–115], France (including Corsica) [5,80,116–119],
Bulgaria [38,84,120,121], Slovenia [122], Greece [123] and Cyprus [39]; and here it is also
reported for the first time from Israel. Exsudoporus permagnificus is relatively widespread
throughout the Western Mediterranean basin, more rarely found in the East Mediterranean
basin, and we assume it might also occur in northern and northwestern Africa. We sus-
pect that it has not been reported from this region because it may have been overlooked.
Based on the International Union for Conservation of Nature (IUCN) Red Listing protocol,
E. permagnificus has most recently been assessed as “Vulnerable” (VU) in central Italy at
the ecoregion scale [124]. Finally, E. permagnificus is an edible species that is commonly
harvested and consumed by local mushroom pickers in the coastal areas south of Rome,
although it is rarely prolific enough to be widely eaten.

A bolete sample (LE 17906) identified by Bedenko [125] as B. permagnificus from the
Belgorod Region in the Russian Federation has been morphologically re-examined by T. Yu.
Svetasheva and I. V. Zmitrovich and was confirmed to be another species of Boletaceae (likely
a member of either the genus Rubroboletus or Neoboletus). Unfortunately, the specimen is
poorly preserved and no DNA sequences could be generated from this material, so it is not
possible to identify this specimen to the species level.

The most similar species to E. permagnificus is probably E. floridanus (Singer) Vizzini,
Simonini and Gelardi, which is its closest relative based on phylogenetic data. However,
E. floridanus is distinguished by the larger size (pileus up to 15 cm diam.), the pileus
cuticle staining olivaceous black with NH3, the typically clavate stipe, slightly narrower
basidiospores (13.2–16.7 × 4.5–5.0 µm) and the different geographic distribution in eastern
and southeastern North America [28,126–129].

The eastern North American E. frostii differs from E. permagnificus in the larger size
(pileus up to 15.5 cm diam.), stouter basidiomes, polished and shining cuticle that is viscid
when wet, blood-red to candy-apple-red pileus surface, usually clavate stipe, raised and
much coarser, deeply pronounced reticulate-alveolate pattern over the entire length of the
stipe, yellowish reticulum on a reddish background, tissues turning light blue slowly and
erratically, narrower basidiospores (12–15 × 3.7–5.0 µm, Qm = 3.1–3.6), smaller basidia
(23–32 × 8–10 µm), narrower pileipellis hyphae (up to 6 µm broad) and the occurrence in
North America [7,28,69,127–131].

Exsudoporus ruber is consistently separated from E. permagnificus by the slightly larger
size (pileus up to 13 cm diam.), polished and shining cuticle that is viscid when wet,
dark red, brownish-red to violet-brown pileus surface, sometimes unchangeable or very
slowly and lighter bluing context on exposure, overall reddish stipe surface (even in
young specimens) which tends to become disrupted into irregular scaly patches in ageing
specimens especially on the lower half, longer basidiospores (15.5–18.6 × 5.6–6.6 µm,
Qm = 2.8), subcylindrical, slightly narrower cheilocystidia (35–76 × 4–9.5 µm), narrower
pileipellis hyphae, 2.0–6.4 µm wide, longer caulocystidia (37–85 × 4–10 µm), narrower
stipe trama hyphae (up to 11 µm broad) and the occurrence in subalpine coniferous forests
in association with Pinaceae (Abies, Pinus, Tsuga) in eastern Asia ([132–134], as “Boletus
kermesinus”; [135,136]).
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Another species that is similar to E. permagnificus is Boletus weberi Singer, which appears
to be conspecific with Boletus pseudofrostii B. Ortiz, based on our phylogenetic reconstruction.
This taxon belongs to another genus (see below) and differs by the smaller size (pileus
up to 6.5 cm diam., stipe up to 5.3 × 1.7 cm), unchanging tissues on bruising, white basal
mycelium, slightly smaller and shorter basidiospores (8.1–10.7 × 4.1–5.5 µm, Qm = 2.0),
slightly narrower basidia (33–45 × 7–10 µm), smaller cheilocystidia (14–60 × 4–8 µm) and
caulocystidia (14–29 × 8–9 µm), cylindrical, narrower pileipellis terminal cells (up to 10 µm
wide) and the occurrence in Pinus-dominated or in mixed forests with Fagaceae in North
(Atlantic and Gulf Coasts of the USA) and Central America (Belize) [28,126–128,137–140].

Exsudoporus floridanus (Singer) Vizzini, Simonini and Gelardi, Index Fungorum 183:1,
2014.

Figure 6A,B.
MYCOBANK MB 550711.
≡ Boletus frostii subsp. floridanus Singer, Mycologia 37(6):799, 1945. (Basionym).
≡ Suillellus floridanus (Singer) Murrill, Lloydia 11(1):29, 1948 (nom. inval., art. 41.5,

basyonim not cited).
≡ Boletus floridanus (Singer) Murrill, Lloydia 11(1):23, 1948 (nom. inval., art. 41.5,

basyonim not cited).
≡ Boletus floridanus (Singer) Singer, Sydowia 30(1-6):255, 1977.
≡ Butyriboletus floridanus (Singer) G. Wu, Kuan Zhao and Zhu L. Yang, Fungal Diversity

81(1):72, 2016.
Holotype: USA, Florida, Alachua Co., Gainesville, June 1943, R. Singer, F 2428.
Epitype designated here: USA, Florida, Alachua Co., Gainesville, University of Florida

Campus, Fifield Hall, under Quercus virginiana, 29◦38′19′′ N, 82◦21′41′′ W, 16 September
2014, legit. C. Ferguson, det. M. E. Smith, FLAS-F-59069, Index Fungorum 559409, GenBank:
OL960514 for ITS, OL960488 for nrLSU, OL960496 for tef1-α and OL960503 for rpb2.

Selected morphological descriptions and illustrations: Murrill ([141], as “Suillellus
luridus”?; [137]), Singer [126,127], Both [128], Bessette et al. [28,129,139,142], dubitatively
García-Jiménez and Garza-Ocañas [143], Ortiz-Santana et al. [138], García-Jiménez [144],
García-Jiménez et al. [145] and Gonzáles-Chicas et al. [146].

Edibility: Edible after prolonged cooking although with a somewhat acidic taste [129].
Ecology and phenology: Solitary to most frequently gregarious, growing in open stands,

clearings or shaded lawns on sandy soil associated with various Quercus spp. (including
Q. chapmanii, Q. laurifolia and Q. virginiana) (Fagaceae) or mixed with Pinus clausa (Pinaceae)
and Carya (Juglandaceae). Late spring to fall (April to December), uncommon to rare.

Known distribution: Reported from eastern and southeastern USA (Tennessee and the
Coastal Plain of North Carolina south to Florida and west to Texas), reported as far north
as Long Island (New York) (MyCoPortal); records from Costa Rica, Mexico, Belize and
Guatemala putatively belong to another related species (see below).

Examined material: USA, Florida: Alachua Co., Gainesville, University of Florida
Campus, Fifield Hall, under Quercus virginiana, 29◦38′19′′ N, 82◦21′41′′ W, 1 April 2015,
legit. R. Kneal and M. E. Smith, det. M. E. Smith, FLAS-F-59142; same loc., under Quercus
virginiana, 16 September 2014, legit. C. Ferguson, det. M. E. Smith, FLAS-F-59069 (epitype);
Putnam Co., Ordway-Swisher Biological Station, south of Goose Lake, along gravel road,
under Quercus hemisphaerica, 29◦41′50′′ N, 81◦58′53′′ W, 22 June 2017, legit. G. LaPierre, det.
M. E. Smith, FLAS-F-61008; same loc., NE of point C21, Q. virginiana dominated hardwood
forest, with some Carya, Pinus and Serenoa repens, 29◦42′00′′ N, 81◦59′26′′ W, 1 August
2017, legit. D. Borland, L. Kaminsky, A. E. Bessette and A. R. Bessette, det. A. E. Bessette,
FLAS-F-61189.
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Figure 6. Basidiomes of E. floridanus: (A) FLAS-F-61008; (B) unnumbered collection. Basidiomes of
E. frostii s. l.: (C) TO AVBB11; (D) TO AVBB10; (E) iNat 35326745 (TO AVBB12); (F) iNat 30897161
(TO AVBB13); (G) FLAS-F-60742. Basidiome of E. ruber: (H) TNS-F-37407, holotype collection of
Boletus kermesinus. Photos by: (A,G) L. Kaminsky; (B) A. Farid; (C) L. Craig; (D) R. Abbott; (E,F) R. K.
Antibus; (H) Y. Taneyama.
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Comments: This species has been sufficiently described and illustrated. The exact
collecting date of the original material is not clear and was not given in the publication or
on the packet, but authentic samples from the description were collected in north Florida
during June and September. Curiously, Both indicated a different collection (paratype
F2204) as the type of E. floridanus [128]. This is likely because there were some confusing
annotations on the specimens at FH and other herbaria and because F2428 does not appear
to be present at either FH or F. An attempt was made to sequence the ITS region from two
paratypes of E. floridanus from FH (F2204 and F650), but due to the age and condition of the
specimens, this was unsuccessful. We consider it necessary to designate a new specimen
of E. floridanus from the vicinity of the type locality as a modern epitype. Phylogenetic
analysis shows that this entity might be a species complex, and E. floridanus s. l. appears
to encompass two different species. One is the true E. floridanus, which is distributed in
eastern and southeastern North America, including our specimens from Florida that were
collected nearby the type locality. A second, morphologically similar species is recorded
here from Central America, based on collections from Belize and Costa Rica. It seems likely
that other collections from Belize [138] and Guatemala [147] might have been misidentified
as E. floridanus s. str. but actually belong to this second species. Records from Mexico that
were identified as E. floridanus s. str. [143–146] should be examined and/or have their DNA
sequenced to determine which of the two species they represent. However, since many
taxa from Florida extend into Mexico, it seems likely that both species may be present in
Mexico.

Similar to E. permagnificus, the amyloid reaction of the hyphae of the stipe context with
Melzer’s reagent varies from weakly dextrinoid (FLAS-F-61008) and dextrinoid (FLAS-
F-59069) to mixed amyloid and dextrinoid (FLAS-F-59142), as well as weakly amyloid
(FLAS-F-61189). Farid et al. also noticed a dextrinoid reaction in the studied specimen
(Farid 499) [148].

Exsudoporus frostii (J.L. Russell) Vizzini, Simonini and Gelardi, Index Fungorum
183:1, 2014.

Figure 6C–G.
MYCOBANK MB 550710.
≡ Boletus frostii J.L. Russell, Bulletin of the Buffalo Society of Natural Sciences 2:102,

1874. (Basionym).
≡ Suillus frostii (J.L. Russell) Kuntze, Revisio Generum Plantarum 3(2):535, 1898.
≡ Suillellus frostii (J.L. Russell) Murrill, Mycologia 1(1):17, 1909.
≡ Tubiporus frostii (J.L. Russell) S. Imai, Transactions of the Mycological Society of

Japan 8(3):113, 1968.
≡ Butyriboletus frostii (J.L. Russell) G. Wu, Kuan Zhao and Zhu L. Yang, Fungal

Diversity 81(1):72, 2016.
= Boletus alveolatus Berkeley and M.A. Curtis apud Frost, Bulletin of the Buffalo Society

of Natural Sciences 2:102, 1874.
Holotype: USA, Vermont, Brattleboro, C.C. Frost. Preserved in VT and selected by

Halling as lectotype (VT3156) [149]. According to Halling, several additional specimens
currently housed in VT, FH and NYBG can be considered “original material” because these
are labeled in Frost’s handwriting and were apparently identified by Frost [149].

Selected morphological descriptions and illustrations: Curtis ([150], as “Boletus purpureus”),
Frost ([130], also as “Boletus alveolatus”), Peck [151,152], Murrill [141,153], Farlow and
Burt [154], Coker and Beers [155], Singer [127,156], Snell and Dick [157], Smith and
Thiers [7], Miller [158], Smith and Weber [159], Lincoff [160], Halling [149], Imler [161],
Weber and Smith [162], Arora [163], Bessette and Sundberg [164], McKnight and McK-
night [165], Phillips [166], Metzler and Metzler [167], Both [128], Krisai-Greilhuber [131],
Bessette et al. [28,129,139,168], Kibby [169]; Elliott and Stephenson [170].

Edibility: Edible after prolonged cooking [129,152,157] but not recommended [7] be-
cause this taxon sometimes causes gastrointestinal upset [28].
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Ecology: Solitary to scattered or gregarious, growing primarily in forests but sometimes
also in open grassy places, in association with Quercus (Fagaceae) or in mixed stands with
Fagus (Fagaceae), Tsuga (Pinaceae) and Arbutus menziesii (Ericaceae). Summer to autumn (June
to October), occasional to fairly common.

Known distribution: Reported from eastern North America, Canada (Quebec), and USA
(New England south to Florida and west to Wisconsin and Arizona), repeatedly recorded in
Mexico, Guatemala and Costa Rica, but identity not confirmed to date based on molecular
data. Southern limits yet to be established.

Examined material: USA, Ohio: Swanton, Kitty Todd Nature Preserve, on sandy soil
in oak savannah under Quercus palustris, 41◦37′45′′ N, 83◦47′29′′ W, 206 m, 15 August
2019, legit and det. R. K. Antibus, iNat 30897161 (TO AVBB13); same loc., 26 August 2019,
legit. and det. R. K. Antibus, iNat 35326745 (TO AVBB12); Portage Co. Aurora, Aurora
Sanctuary State Nature Preserve, in a mixed hardwood forest under Quercus sp., Pinus
sp., Fagus sp. and Acer sp., 41◦37′41′′ N, 83◦43′10′′ W, 206 m, 29 August 2018, legit. and
det. L. Craig, TO AVBB11; Michigan: Oakland Co., Commerce Township Preserve, Nike
Missile Base Park, in a mixed hardwood forest under Quercus sp. and Acer sp., 42◦35′56′′ N,
83◦28′05′′ W, 285 m, 29 July 2019, legit. and det. R. Abbott, TO AVBB10; Florida: Putnam
Co., Ordway-Swisher Biological Station, hammock near campground, with Quercus spp.,
29◦42′24′′ N, 81◦58′0.94′′ W, 5 June 2017, legit. G. LaPierre, det. M. E. Smith, FLAS-F-60742.

Comments: This species has been sufficiently described and illustrated in several
monographic treatments and popular field guides over the past century (see above). Similar
to the case for E. floridanus (see above), there is cryptic diversity within E. frostii s. l.,
including at least four distinct clades. Our molecular evidence indicates that specimens
from the Eastern USA are found in three (Figure 1, E. cf. frostii 1, 3 and 4) of the four clades,
so it is premature to epitypify E. frostii until further studies are carried out in New England
to determine which taxon is likely to represent the type. Exsudoporus cf. frostii 1 (from New
Hampshire, Ohio, Michigan, Tennessee) or E. cf. frostii 4 (from Ohio, Michigan and Florida)
probably represent the original species as described by J.L. Russell from Vermont and New
York [130,149].

One of the clades (Figure 1, E. cf. frostii 2) in the E. frostii complex includes spec-
imens from Mexico and Costa Rica that likely represent a new species. It is clear that
records of E. frostii s. l. from Mexico [144,145,163,171–176], Guatemala [147] and Costa
Rica [163,177,178] are in need of urgent taxonomic revision because they likely represent
an undescribed taxon. The occurrence of Boletus frostii in India as reported by Sharma et al.
and Verma and Pandro are doubtful and likely represent a different taxon too [179,180].

Exsudoporus ruber (M. Zang) Gelardi, Biketova and Vizzini, comb. nov.
Figure 6H.
MYCOBANK MB 842306.
≡ Leccinum rubrum M. Zang, Acta Botanica Yunnanica 8(1):11, 1986. (Basionym).
≡ Boletus ruber M. Zang (as “rubrus”) in Yuan MS and Sun PQ, the pictorial book of

mushrooms of China: 194, 2007 (nom. inval., art. 41.5, basionym not cited).
≡ Butyriboletus ruber (M. Zang) K. Wu, G. Wu and Zhu L. Yang (as “rubrus”), Acta

Edulis Fungi 27(2):96, 2020.
= Boletus kermesinus Har. Takah., Taneyama and Koyama, Mycoscience 52(6):419, 2011.
Holotype: China, Xizang Autonomous Region, Chayu Co., Linzhi City, Ridong, under

Abies sp., 21 September 1982, D. Zhang, KUN-HKAS 17055.
Selected morphological descriptions and illustrations: Zang [132,133], Yoneyama ([181],

named as “Miyama Aka Iguchi”), Yuan and Sun ([182], as “Boletus rubrus”), Takahashi et al.
([134], as “Boletus kermesinus”), Zang et al. [135], Mikšík ([107], as “Boletus kermesinus”).

Edibility: Assumed to be edible by Wu et al. [136], edible after cooking according to
Yoneyama [181].

Ecology: Solitary to scattered, growing in subalpine coniferous forests (1800–4200 m alt.)
dominated by Abies spp. (including A. chayuensis, A. georgei, A. mariesii and A. veitchii), Pinus
densata and Tsuga diversifolia (Pinaceae). Summer to autumn (July to October), uncommon.

63



J. Fungi 2022, 8, 101

Known distribution: Reported from southwestern China (Xizang, Tibet, Sichuan and
Yunnan Provinces) and Japan (Nagano).

Examined material: JAPAN, Nagano Prefecture: Minamisaku-gun, Sakuho-cho, under
Abies mariesii, 29 August 2009, legit. M. Taneyama, TNS-F-37407 (holotype of B. kermesinus);
same loc., under Tsuga diversifolia and Abies veitchii, 5 September 2008, legit. A. Koyama,
TNS-F-36802; same loc., under Abies mariesii, 6 September 2009, legit. T. Arano, TNS-F-
37408; same loc., under Abies mariesii, 29 August 2009, legit. K. Kitahara, TNS-F-37409; same
loc., under Tsuga diversifolia and Abies veitchii, 25 July 2010, legit. A. Koyama, TNS-F-36804;
same loc., under Tsuga diversifolia and Abies veitchii, 3 August 2010, legit. A. Koyama,
TNS-F-36805; same loc., under Tsuga diversifolia and Abies veitchii, 3 October 2010, legit.
A. Koyama, TNS-F-36806; Azumino-shi, under Abies mariesii, 6 September 2008, legit. K.
Itahana, TNS-F-37404; Nagano-shi, under Abies mariesii, 16 July 2009, legit. T. Fujisawa,
TNS-F-37405; Simotakai-gun, Yamanouchi-cho, under Abies mariesii, 8 August 2009, legit. Y.
Taneyama, TNS-F-37406; Suzaka-shi, under Abies mariesii, 29 August 2009, legit. T. Fujisawa,
TNS-F-37410; Ina-shi, under Tsuga diversifolia and Abies veitchii, 18 September 2006, legit.
A. Koyama, TNS-F-36801; Suwa-gun, Hara-Mura, 30 August 2012, under Abies mariesii
and Tsuga diversifolia, legit. M. Koike, BTS-031J; Minamisaku-gun, Minamimaki-mura,
30 August 2011, under Abies mariesii and Tsuga diversifolia, legit. Y. Imai, BTS-031i.

Comments: Exsudoporus ruber was originally described from Yunnan Province (south-
western China) by Zang [132] and was also examined in his additional publications [133,135].
This species was recently re-described based on fresh collections, taxonomically revisited
in the light of molecular inference and subsequently transferred to the genus Butyribole-
tus [136]. Two combinations of B. rubrus nom. inval. and Bu. rubrus were published with
a grammatical mistake. The epithet was intended as the masculine form of the neuter
basionym epithet “rubrum”, so the correct one should be “ruber”. A more comprehensive
phylogenetic analysis carried out in the present study indicates that this species is more
appropriately placed in Exsudoporus. This placement is supported by the close phylogenetic
relationship between E. ruber and E. frostii s. l. but is also strengthened by the evident
morphological resemblance with other species of Exsudoporus. Exsudoporus ruber was in-
correctly identified from Japan as B. frostii by the Mycological Society of Japan during a
past investigation of the mycoflora of Mount Fuji (Y. Taneyama, personal observation).
Later, it was fully characterized by Takahashi et al. under the name Boletus kermesinus Har.
Takah., Taneyama and Koyama, based on collections from Nagano Prefecture [134]. There
was no mention in the original diagnosis or protologue of B. kermesinus about the yellow
droplets exuding from the hymenophore, since at the time of publication it could not be
determined with confidence whether it was a diagnostic trait for this species. However,
these droplets are clearly visible in photos of this species, including from the holotype mate-
rial (Figure 6H). Similarly, hymenophoral droplets have not been reported in the literature
on E. ruber. According to the original diagnosis, E. ruber differs from B. kermesinus by the
squamulose-punctate stipe surface, reddish tubes and lack of cheilocystidia [132,134]. These
discrepancies, however, turned out to be unreliable [136]. Molecular phylogenetic inference
confirmed that the Japanese Boletus kermesinus is conspecific with E. ruber, a heterotypic
synonymy previously conjectured by Wu et al. [136] based solely on morphology.

In the phylogenetic tree (Figure 1), a visible distance between our two specimens from
Japan (TNS-F-37407, BTS031J) and Chinese ones (KUN-HKAS 106891, KUN-HKAS 103513
and KUN-HKAS 103122) is an artefact, caused by a disproportion of missing data in the
analysis: Japanese specimens have ITS and nrLSU sequences, while Chinese specimens have
nrLSU, tef1-α and rpb2. BLASTn analysis of the only overlapping locus (nrLSU) between
BTS031J and Chinese specimens shows 99.8% of similarity (the longest overlapping region
is with the sequence of KUN-HKAS 103122: identities = 867/869 (99.77%), 0 gaps (0%))
as well as between TNS-F-37407 and Chinese specimens—100% of similarity (the longest
overlapping region is with the sequence of KUN-HKAS 103122: identities = 588/588 (100%),
0 gaps (0%)).
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Unfortunately, it has not been possible to examine or sequence DNA from the holotype
material of L. rubrum (KUN-HKAS 17055) or from additional samples (KUN-HKAS 33928,
KUN-HKAS 32431, KUN-HKAS 36578) preserved at the Herbarium of Cryptogams, Kun-
ming Institute of Botany. The geographic range of this eastern Asian taxon is much wider
than initially thought, spanning from the eastern Himalayas and the Hengduan Mountains
of southwestern China [136,183–185] east to Japan [134], although with a possible disjunct
distribution.

Extralimital Taxa

Amoenoboletus G. Wu, E. Horak and Zhu L. Yang 2021.
MYCOBANK MB 838620.
Generic type: Boletus granulopunctatus Hongo 1967.
Amoenoboletus weberi (Singer) Biketova, M.E. Sm. and Gelardi, comb. nov.
MYCOBANK MB 842315.
≡ Boletus weberi Singer, Mycologia 37(6): 797, 1945. (Basionym).
≡ Suillellus weberi (Singer) Murrill, Lloydia 11: 29, 1948.
= Boletus pseudofrostii B. Ortiz, Fungal Diversity 27(2): 322, 2007.
Holotype: USA, Florida, Alachua Co., Gainesville, Campus, 28 July 1943, C. Weber, F

3036.
Selected morphological descriptions and illustrations: Singer [126,127], Murrill [137],

Both [128], Ortiz-Santana et al. ([138], as “Boletus pseudofrostii); Bessette et al. [28,139].
Edibility: Unknown.
Ecology and phenology: Solitary to gregarious, growing in tropical coniferous forests

under Pinus palustris, P. rigida, P. elliottii and P. caribaea (Pinaceae) or mixed with Quercus
incana, Q. laurifolia, Fagus sp. (Fagaceae) and Acer sp. (Sapindaceae). Fruiting in summer (June,
July and August) and autumn (September and October), uncommon to rare [127,138,140].

Known distribution: Reported from Atlantic and Gulf Coasts of the USA (New Jersey,
Florida west to Texas) and Belize. Almost certainly occurring in Mexico as well.

Examined material: USA, Florida: Putnam Co., Ordway-Swisher Biological Station,
Ashley Lake boat ramp, under Quercus sp. and Pinus sp., 29◦42′29′′ N 81◦59′06′′ W,
28 August 2017, legit. L. Kaminsky and D. Borland, det. M. E. Smith, FLAS-F-61525;
Alachua Co., Gainesville, University of Florida campus, Natural Area Teaching Laboratory,
under Quercus laurifolia and Pinus elliottii, 29◦38′4.81′′ N, 82◦22′2.67′′ W, 18 September 2020,
leg. P. M. Ramos Perez, det. M. E. Smith, FLAS-F-68076 (topotype).

Amoenoboletus mcrobbii (McNabb) G. Wu, E. Horak and Zhu L. Yang 2021.
MYCOBANK MB 838624.
≡ Xerocomus mcrobbii McNabb, New Zealand Journal of Botany 6(2): 147, 1968. (Ba-

sionym).
≡ Boletus mcrobbii (McNabb) G. Stev., Field guide to fungi: 91, 1982.
Holotype: New Zealand, Buller District, Maruia, Jackson’s Creek, under Fuscospora

fusca and Lophozonia menziesii, 23 March 1966, R.F.R. McNabb, PDD 25242.
Selected morphological descriptions and illustrations: McNabb [186], Stevenson [187],

Wu et al. [42].
Edibility: Unknown.
Ecology and phenology: Gregarious or occasionally caespitose under Fuscospora fusca,

F. cliffortioides, Lophozonia menziesii (Nothofagaceae), sometimes mixed with Dacrydium cu-
pressinum (Podocarpaceae) and Libocedrus bidwillii (Cupressaceae), from summer to autumn
(December to May), likely uncommon to rare [42,140,186,187].

Known distribution: Reported from New Zealand and Australia (Eastern coast of
Queensland).

Examined material: NEW ZEALAND, West Coast: Buller District, Maruia, under
Fuscospora fusca and Lophozonia menziesii, 23 March 1966, legit. J.A. McRobb, det. R.F.R.
McNabb, K-M000025241 (paratype).

65



J. Fungi 2022, 8, 101

Additional material examined: Amoenoboletus cf. mcrobbii: AUSTRALIA, Queensland:
Gold Coast, Springbrook National Park, Purling Brook Falls, under Eucalyptus sp. and
Eucalyptus grandis, 28◦11′22′′ S 153◦16′08′′ E, 612 m, 30 April 2014, legit. R. E. Halling and
N. Fechner, NY 2686023 (Halling 9916).

Notes on the genus Amoenoboletus: McNabb placed X. mcrobbii in Xerocomus sect. Pseu-
dogyrodontes Singer [186]. Boletus weberi was tentatively placed by Singer in Boletus sect.
Subpruinosi Fr., whereas there was no mention of X. mcrobbii [4]. Ortiz-Santana et al. recog-
nized taxa that they considered in the “Boletus weberi complex” based on morphological
characters [138]. Their discussion of this complex included six different species: B. weberi
(North America), X. mcrobbii (Australia), B. granulopunctatus Hongo (Japan), Boletus morrisii
Peck (North America), B. rubropictus Snell and A.H. Sm. (North America) and B. guatemalen-
sis R. Flores and Simonini (Central America). The genus Amoenoboletus was described by
Wu et al. and included four species: Amoenoboletus granulopunctatus (Hongo) G. Wu, E.
Horak and Zhu L. Yang, A. mcrobbii, A. miraculosus E. Horak and G. Wu, and A. phoeniculus
(Corner) G. Wu and Zhu L. Yang [42].

Our current study shows that the genus Amoenoboletus contains at least three additional
species: A. weberi, A. cf. mcrobbii and A. cf. granulopunctatus. One of the studied collections,
FLAS-F-68076, is a topotype of A. weberi, but unfortunately, we do not have a good quality
photo of fresh basidiomes in order to designate it as an epitype.

The current phylogenetic analysis shows that samples from New Zealand (PDD97418)
and Australia (NY 2686023), identified as X. mcrobbii, belong to two different species
of the genus Amoenoboletus. Therefore, the Australian A. cf. mcrobbii represents a new,
undescribed species. There is another sample PDD94435 identified as X. mcrobbii, whose
ITS (JQ924297) and nrLSU (JQ924323) sequences are available in GenBank, but it has likely
been misidentified and belongs to another genus. Unfortunately, our attempt to generate a
sequence from the paratype collection of A. mcrobbii (K-M000025241) was unsuccessful. It
should be mentioned that the type locality of A. mcrobbii in Maruia was wrongly attributed
to Nelson Province by McNabb [186]. However, this province was abolished back in 1876,
along with all other provinces of New Zealand [188].

Interestingly, our analysis also shows that A. granulopunctatus is a species complex.
Wu et al. studied the type of A. granulopunctatus (Z-ZT 3103, isotype); however, they did not
generate sequences from this collection and merged samples of two different species under
the same name in the description and phylogenetic tree [42]. A specimen KUN-HKAS
56280 represents a distinct species from three other collections (MHHNU 9490, KUN-HKAS
80250 and KUN-HKAS 86007) included in the phylogenetic analysis. All of these collections
were found in different regions of China, and fresh specimens from the type locality in
Japan were not studied.

Boletus rubropictus and B. guatemalensis can be additional putative members of Amoenobo-
letus. Unfortunately, their sequences are unavailable, so the phylogenetic disposition of
these taxa remains unknown. Boletus morrisii, another species of the “Boletus weberi complex”
is rather distantly related to Amoenoboletus. Based on BLASTn analysis of ITS sequences in
GenBank of the specimen Mushroom Observer 325450 [189], B. morrisii likely belongs in
the subfamily Xerocomoideae and therefore outside of the “Pulveroboletus group”. Further
type studies of all actual and potential species of the genus Amoenoboletus are required.

Members of Amoenoboletus are generally small-sized boletes (pileus up to 6.5 cm
diam., stipe up to 7 × 1.7 cm) displaying a fibrillose-squamulose to areolate pileal sur-
face, yellow tubes with orange-reddish or yellow pores, reddish squamulose to scaly or
floccose stipe surface, yellow context and non-bluing tissues, hymenophoral trama of
the “Pylloporus-type” or the “Boletus-type”, pileipellis composed of entangled hyphae
and smooth basidiospores without a distinctive suprahilar depression [42,127,186]. This
genus is morphologically similar to Exsudoporus but differs by generally larger basidiomes
(pileus up to 15 cm diam.), bluing tissues, a non-squamulose and non-cracked pileus sur-
face, a pronounced reticulum on the stipe and longer basidiospores (12–20 × 3.7–7.0 µm;
Qm = 2.47–3.35) [28,38,127,129,136]. As for the Melzer’s reaction in the stipe base context

66



J. Fungi 2022, 8, 101

in Amoenoboletus species, there are no data in the literature. Present studies of two spec-
imens of A. weberi (FLAS-F-61525 and FLAS-F-68076) and one specimen of A. mcrobbii
(K-M000025241) show an inamyloid reaction.

Hymenophoral droplets of Amoenoboletus spp. have not been reported in the pub-
lished sources. However, pale greenish-yellow droplets are clearly visible in the picture of
A. weberi 102459 on the Mushroom Observer website, and I.G. Safonov noted this feature in
the description of the specimen [189].

4. Discussion

Over the past several years, numerous publications have treated Exsudoporus species
as members of the genus Butyriboletus [18,136,190–193]. However, our integrated morpho-
logical and molecular analyses indicate that Exsudoporus is the unequivocally resolved
sister group of Butyriboletus, as previously hypothesized by Vizzini [26] and confirmed by
Gelardi et al. [25], Bozok et al. [38], Loizides et al. [39] and Farid et al. [148]. Since there
are distinct morphological features associated with each of the two lineages and they are
unambiguously autonomous evolutionary lineages, we recognize these as two distinct
genera.

Boletus subsplendidus W.F. Chiu is the most closely related taxon to Exsudoporus and
forms a monotypic generic clade (BS = 100%, PP = 1.00). A branch that unites these two
sister clades has weak statistical support (BS = 52%, PP = 0.89). Boletus subsplendidus was
also placed in Butyriboletus by Wu et al. but with the recognition of the genus Exsudoporus
it will need to be transferred to a separate genus [18]. Boletus subsplendidus is a small to
medium sized bolete with reddish-brown to dark brown pileus, 2.5–6 cm diam., stipe
5–9 × 0.7–2 cm, yellow on the upper part and pinkish to reddish towards the base, with a
reddish reticulum covering nearly the entire length of the stipe or at least the upper half,
orange-red to yellow hymenophore, tissues turning blue when exposed or bruised and
basidiospores 9–12 × 3.5–4.0 µm, Qm = 2.7 [18,194,195].

Along with Exsudoporus, Liang et al. also decided to include Butyriboletus hainanensis
N.K. Zeng, Zhi Q. Liang and Dong Y. [190] in the genus Butyriboletus, despite the fact
that the topology of these three well-supported clades in their phylogram is similar to the
current phylogenetic reconstruction. They indicated that Bu. hainanensis is phylogenetically
distinct from the described Butyriboletus taxa. There are also clear morphological features
that distinguish Bu. hainanensis from the other known species in Butyriboletus. These
characters include a blue-red-black color change of the hymenophore and context, a thick
pileal context and a thin hymenophore (similar to that in Baorangia) and a stipe with a
faint reticulation. Butyriboletus hainanensis and two unknown allied species from China
constitute a well-supported generic clade (BS = 99%, PP = 1.00) and further research is
needed to describe this group in more detail.

In this study, we also analyzed an additional generic lineage, Amoenoboletus, which
has some morphological and genetical similarity with Exsudoporus. This group forms a
strongly supported clade (BS = 100%, PP = 1.00) and includes at least six different species,
but some other taxa (e.g., B. rubropictus and B. guatemalensis) should be evaluated in the
future based on molecular data to see whether they are phylogenetically related or not.

In the present study we have performed the first comprehensive molecular phyloge-
netic reconstruction of the genus Exsudoporus with the inclusion of several new sequences of
multiple genetic markers. Our analysis includes accessions across the Northern Hemisphere
and has verified the separation of this group from the genus Butyriboletus. Phylogenetic
results clearly support the separation of these two genera, and their independence is also
reinforced by consistent morphological differences. Species of Exsudoporus exhibit several
critical characters that discriminate them from Butyriboletus species, including: (1) an over-
all reddish color of the basidiomes, (2) red pores, (3) non-stuffed pores (although Smith and
Thiers [7], quoting Coker, indicated stuffed pores for E. frostii), (4) hymenophore exuding
golden-yellow droplets in fresh, young specimens, (5) stipe surface strongly and coarsely
reticulate to reticulate-alveolate or with scaly patches, (6) generally stronger bluing reaction
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on bruising (with the exception of E. ruber) and (7) hyphae of the stipe base context usually
weakly to strongly amyloid, although the iodine test may also result in a negative or even
“pseudoamyloid” (dextrinoid) reaction. In sharp contrast, Butyriboletus is characterized
by: (1) a different combination of colors with predominantly yellow tints, (2) yellow pores,
(3) stuffed pores in early developmental stages, (4) a hymenophore that never exudes
droplets, (5) a very shallowly and densely reticulate stipe surface, (6) generally weaker blu-
ing reaction and no bluing at all in the context of the mid or lower stipe and (7) consistently
inamyloid hyphae of the stipe base context [16,28,32,196,197].

Based on phylogenetic evidence, the closely related eastern North American species
E. frostii and E. floridanus have been recognized as congeneric to the type species, the Euro-
pean E. permagnificus. Moreover, the Asian Leccinum ruber is an additional representative of
the genus and accordingly is transferred to Exsudoporus based on morphological affinities
and molecular evidence. There also appear to be at least four additional taxa from the
USA, Mexico and Central America (Belize, Guatemala, Costa Rica) that were previously
misidentified as either B. frostii or B. floridanus [138,143–147,163,171,173–178,198]. However,
the taxonomic and geographic limits of these tentative new species are in need of further
investigation.

SEM images of the basidiospores of E. permagnificus were previously published by
Assyov and clearly show a smooth spore wall. Although we did not take SEM pictures of
the basidiospores of E. frostii, E. floridanus and E. ruber, it is likely that they also possess a
smooth spore wall [120].

Krisai-Greilhuber and Takahashi et al. reported an inamyloid reaction of the hyphae
for E. frostii and E. ruber, respectively [131,134]. Conversely, we observed an amyloid
reaction in several specimens of E. permagnificus as well as in the herbarium material of
E. frostii, E. floridanus and E. ruber. A fleeting amyloid reaction was also reported previously
for E. frostii by Smith and Thiers [7]. Moreover, a dextrinoid reaction was also observed in
E. floridanus and E. permagnificus.

Results obtained in this study highlight a Holarctic distribution of Exsudoporus. Species
in the genus are widespread across temperate to subtropical latitudes in both the Western
Hemisphere (E. frostii and E. floridanus in eastern North America) and the Eastern Hemi-
sphere (E. ruber in East Asia). The genus also extends into warm climatic regions, including
two undescribed neotropical species reported from Central America and E. permagnificus,
which occurs in dry and warm Mediterranean environments in Europe and the Middle East.
It is worth noting that, with the exception of E. ruber, all other Exsudoporus species appear
to be associated with angiosperms, especially with diverse species of oaks. Conversely,
E. ruber seems to be restricted to the subalpine belt in association with coniferous trees
such as Abies, Pinus and Tsuga. However, the evolutionary paleogeographic dynamics that
led to the present distribution and ecological preferences of Exsudoporus species remain
unknown.

Further research will be required to better assess the ecological requirements and
distribution limits of the known species to formally describe cryptic species detected in this
study and also to ascertain whether or not there are other overlooked species of Exsudoporus
that remain undescribed from other parts of the world.

Key to the Described Species of Exsudoporus

1. Species occurring in East Asia in subalpine coniferous forests associated with Pinaceae
(mainly Abies) at high altitudes (1800–4200 m a.s.l.), stipe surface typically disrupting into
scaly patches at maturity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E. ruber
1. Species occurring in Europe, West Asia or the Americas, in temperate, tropical or
Mediterranean broadleaved forests, associated mostly with Fagaceae (especially Quercus) at
lower altitudes, stipe surface reticulate to alveolate-reticulate . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Stipe conspicuously reticulate-alveolate throughout with longitudinally stretched meshes,
occurring in eastern North America . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E. frostii
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2. Stipe finely to coarsely reticulate but predominantly in the upper half, occurring in
eastern and southeastern North America or in Europe and West Asia . . . . . . . . . . . . . . . . . . 3
3. Basidiospores slightly narrower, (13.0) 13.2–16.7 (18.0) × (4.0) 4.5–5.0 (5.3) µm, occurring
in eastern and southeastern North America . . . . . . . . . . . . . . . . . . . . . . . . . . . E. floridanus
3. Basidiospores slightly broader, (12.7) 13.7–15.1 (15.4) × (5.5) 5.7–6.1 µm, occurring in
Europe and West Asia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E. permagnificus
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//www.mdpi.com/article/10.3390/jof8020101/s1, File S1: aligned and concatenated dataset of
Exsudoporus and closely related genera (ITS, nrLSU, tef1-α, rpb2). File S2: partition file for RAxML
analysis.
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Abstract: This paper investigates the composition of major, trace, and rare earth elements in
15 different species of wild edible mushrooms and the possible effect of urban pollution on ele-
mental uptake. The collected mushrooms include different species from the green areas of the city,
exposed to urban pollution, and from the forests, with limited anthropogenic influence. Through
a comprehensive approach that included the analysis of 46 elements, an attempt was made to ex-
pand knowledge about element uptake by mushroom fruiting bodies. The results showed a wide
variability in the composition of mushrooms, suggesting a number of factors influencing their el-
ement uptake capacity. The data obtained do not indicate significant exposure to anthropogenic
influences, regardless of sampling location. While major elements’ levels appear to be influenced
more by species-specific affinities, this is not true for trace elements, whose levels presumably reflect
the geochemical characteristics of the sampling site. However, the risk assessment showed that
consumption of excessive amounts of the mushrooms studied, both from urban areas and from
forests, may have adverse health effects.

Keywords: mushrooms; trace elements; rare earth elements; urban soils; forest

1. Introduction

Mushrooms have been a part of the human diet for centuries. Nowadays, they are not
only readily consumed, but they are also very popular in the category of healthy foods and
delicacies. Beyond diets, mushrooms feature in some types of traditional medicine, but
also as fractions in various medical supplements [1,2]. In Europe, they are also defined as
“novel foods”, that is, foods that were not consumed to any significant extent before 1997.

Since food consumption is generally considered the most likely route of human
exposure to heavy metals, the levels of individual metal species in mushrooms became
of interest not only to the scientific community, but also to many regulatory agencies.
Due to the increased intake of heavy metals and their persistence in the environment,
these pollutants are among the most serious environmental problems. Their accumulation
in soils as well as slow degradation processes enable their efficient transfer into living
organisms, and consequently through the food chain to humans [3]. For this reason, the
content of metals and metalloids in mushrooms, both wild and cultivated, should be
continuously monitored.

Mushrooms are known to readily accumulate high concentrations of metals and met-
alloids, such as mercury, cadmium, lead, copper, arsenic, and radionuclides [4–7]. They
take up elements from a substrate through an extensive mycelium, and their total content is
influenced by both fungal and environmental factors [8–10]. In addition to species-specific
affinity, the morphological part of the fruiting body, developmental stages, age of the
mycelium, biochemical composition, interval between fructifications, and element accu-
mulation in mushrooms is also influenced by environmental factors, such as the amount
of organic matter, pH, temperature, water content, and element concentrations in the
soil [9,11,12]. In urban areas, soils are additionally burdened by the influence of traffic and
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industrial pollution, which may lead to the accumulation of heavy metals and metalloids
that are of particular importance for human health due to their toxic effects even at low
concentrations, such as As, Cd, and Pb [3,13–15]. Mushrooms growing near pollution
sources are generally avoided for consumption, and those from forests are considered
safe, while the geochemical composition of the underlying soil is usually neglected as
a potentially significant source of elements. This is particularly important when consider-
ing mushrooms growing in areas with naturally elevated concentrations of metals in the
soil [12]. Consequently, elevated levels of metals and metalloids in mushrooms have been
reported not only near industrial areas [16,17] and intensive traffic [9,10,13,16,18,19], but
also in areas with naturally elevated metal concentrations due to the geological composition
of the bedrock [12].

To date, numerous studies have been carried out on the content of individual elements
in fruiting bodies from different areas [20], such as France [21], the Czech Republic [22],
Poland [4,23–25], Slovakia [6], Spain [9,10,26], Portugal [16], Turkey [27–30], USA [31],
China [32,33], Greece [18], Serbia [34,35], and Italy [36–39]. However, published results
often differ significantly and usually include a narrow range of elements and/or mushroom
species studied [20]. Studies on the metal content in mushrooms from Croatia are also
sparse and mostly limited to several measured elements [40–42].

In this work, we report on the concentration of 46 elements, including macroele-
ments, trace elements, and rare earth elements with Y (REY), determined in 15 edible wild
mushroom species from urban and forest areas in northwestern Croatia. As this region
is characterized by naturally elevated levels of aluminum (Al), bismuth (Bi), cobalt (Co),
chromium (Cr), cesium (Cs), iron (Fe), molybdenum (Mo), nickel (Ni), lead (Pb), antimony
(Sb), scandium (Sc), titanium (Ti), thallium (Tl), uranium (U), vanadium (V), zinc (Zn),
and rare earth elements, including yttrium (REY) [12,43,44], the distribution of elements in
edible mushroom species from the study area will provide new insights into metal uptake
by mushroom fruiting bodies.

This comprehensive study aims to increase the knowledge on element distribution
in different edible mushrooms, and particularly to investigate the importance of site-
specific properties (soil geochemistry) versus the species-specific uptake of elements in
the investigated mushrooms and the influence of urban pollution on element uptake by
mushrooms. This was accomplished by (i) studying the distribution of elements in different
mushrooms from specific locations, and (ii) comparing element content in mushrooms
from urban and forest locations. To assess the health risks associated with the consumption
of the wild mushrooms studied, the daily intake and hazard index for elements that may
have a negative impact on human health were also calculated.

2. Materials and Methods
2.1. Study Area

During the sampling campaign in October 2016, an attempt was made to collect differ-
ent edible wild mushroom species from the urban and forest areas (Table 1); mushrooms
of a particular species were collected from different locations, and different species were
collected from each sampling location. Sampling was conducted in northwestern Croatia
(Figure 1), in green areas within the capital city of Zagreb, and in rural parts of Karlovac
County. The city of Zagreb has a population of approximately 800,000 people inhabiting
an area of 641 km2. Green areas of the city where the mushrooms were collected include
forested areas of the city parks: Dotrščina (2 km2; samples 1/7272–1/7275), Jelenovac
(54 ha; samples 1/7258–1/7263), and Maksimir (316 ha; samples 1/7267–1/7269), as well
as smaller green areas in residential areas of the city (samples 1/7256, 1/7293, and 1/7294).
These mushrooms, although exposed to urban pollution due to their location in the capital,
were not sampled in the immediate vicinity of roads, but in the central areas of city parks.
Only samples 1/7293 and 1/7294 were collected in the immediate vicinity of a road with
low traffic volume. The city of Zagreb, despite being a capital city with industries and
dense traffic, had good air quality with low PM10 content at the time of sampling, as shown
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by the data collected by the Croatian Environmental Agency. The samples from Karlovac
County (1/7284, 1/7288, 1/7291, and 1/7292) included various forest sites distributed
throughout the district, far from roads and other pollution sources.

A total of 19 samples, representing 15 edible mushroom species from the phylum
Basidiomycota, were collected and analyzed for total element concentration (Table 1).
Photographs of the identified mushroom species and details of collection, morphological
and molecular identification, and screening of bioactive compounds can be found else-
where [45]. Basic information on the mushroom species and sampling is also presented
here (Table 1) to be easily accessible for interpretation of the data from this study. All
mushrooms used in this study are stored in the Croatian National Fungarium (CNF).

Table 1. Investigated species of mushrooms, and their lifestyle and location information. Trophic mode (a saprotroph,
b pathotroph/saprotroph or c symbiotroph).

Taxon/Family Locality Habitat Substrate

Urban area, Zagreb
1/7256 b Pleurotus dryinus

Pleurotaceae
Črnomerec forest of Populus nigra, Acer campestre,

Sambucus nigra
wood

1/7258 a Infundibulicybe gibba
Tricholomataceae

Jelenovac forest of Quercus robur, Carpinus betulus,
Fagus sylvatica

soil

1/7259 a Lycoperdon excipuliforme
Agaricaceae

Jelenovac forest of Quercus robur, Carpinus betulus,
Fagus sylvatica

soil

1/7260 a Lycoperdon perlatum
Agaricaceae

Jelenovac forest of Quercus robur, Carpinus betulus,
Fagus sylvatica

soil

1/7262 a Paralepista flaccida
Tricholomataceae

Jelenovac forest of Quercus robur, Carpinus betulus,
Fagus sylvatica

soil

1/7263 a Psathyrella multipedata
Psathyrellaceae

Jelenovac forest of Quercus robur, Carpinus betulus,
Fagus sylvatica

soil

1/7267 a Lycoperdon perlatum
Agaricaceae

Maksimir Park forest of Quercus robur, Q. petraea,
Carpinus betulus

soil

1/7268 a Psathyrella piluliformis
Psathyrellaceae

Maksimir Park forest of Quercus robur, Q. petraea,
Carpinus betulus

wood

1/7269 a Macrolepiota procera
Agaricaceae

Maksimir Park forest of Quercus robur, Q. petraea,
Carpinus betulus

soil

1/7272 a Infundibulicybe gibba
Tricholomataceae

Dotršćina Park forest of Quercus petraea,
Carpinus betulus, Fagus sylvatica

soil

1/7273 a Psathyrella piluliformis
Psathyrellaceae

Dotršćina Park forest of Quercus sp., Carpinus betulus wood

1/7274 a Coprinus comatus
Agaricaceae

Dotršćina Park forest of Quercus sp., Carpinus betulus soil

1/7275 a Hymenopellis radicata
Physalacriaceae

Dotršćina Park forest of Quercus sp., Carpinus betulus wood

1/7293 a Leucoagaricus leucothites
Agaricaceae

Rud̄er Bošković
Institute

grassland soil

1/7294 b Agrocybe cylindracea
Strophariaceae

Rud̄er Bošković
Institute

grassland, on old living tree of
Populus nigra

wood

Forest area, Karlovac County

1/7284 c Lactarius deterrimus
Russulaceae Dvorišće Ozaljsko grassland, near planted Picea abies soil

1/7288 c Lactarius deterrimus
Russulaceae Vukova Gorica grassland, near planted Picea abies soil

1/7291 a Lepista nuda
Tricholomataceae Vukova Gorica forest of Quercus robur, Corylus avellana soil

1/7292 c Craterellus cornucopioides
Cantharellaceae Novaki Ozaljski forest of Fagus sylvatica soil
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2.2. Sample Collection and Preparation

In the laboratory, soil particles were carefully removed from the fruiting bodies.
Approximately 5 g of raw fruiting bodies from each sample was stored in a separate plastic
bag at −82 ◦C. Prior to analyses, the frozen samples were freeze-dried (Finn-Aqua Lyovac
GT 2) and pulverized with liquid nitrogen.

2.3. Multi-Element Analysis

Prior to multi-element analysis, subsamples (0.05 g) of the previously freeze-dried
samples were subjected to digestion in the microwave oven (Multiwave ECO, Anton Paar,
Graz, Austria) with 7 mL of HNO3 (65%, supra pur) and 0.1 mL of HF (48%, pro analysi) [46].
Digests were acidified with 2% (v/v) HNO3 (65%, supra pur), without further dilution, and
indium (In, 1 µg L−1) was added as an internal standard.

The multi-element analysis was performed by High-Resolution Inductively Coupled
Plasma Mass Spectrometry (HR-ICP-MS) using an Element 2 instrument (Thermo, Bremen,
Germany). The instrument conditions and measurement parameters used in this work
are described in the ref. [47]. Standards for multi-element analysis were prepared by
appropriate dilution of a multi-element reference standard (Analytika, Prague, Czech
Republic) containing Al, As, Be, Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, Pb, Rb, Sr, and Ti, to
which single-element standard solutions of Sn (Analytika, Prague, Czech Republic) and
Sb (Analytika, Prague, Czech Republic) were added. For the analysis of REY, separate
standards were prepared by appropriate dilution of a multi-elemental reference standard
(Analytika, Prague, Czech Republic) containing Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm,
Tb, Tm, Y, and Yb.

The samples were analyzed for the total concentration of 46 elements (Al, As, Ba, Be,
Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Gd, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nd,
Ni, Pb, Pr, Rb, Sb, Sc, Se, Sn, Sm, Sr, Tb, Ti, Tl, Tm, U, V, Y, Yb, and Zn). All concentrations
refer to dry matter.

2.4. Quality Control

Limits of detection (LOD) and limits of quantification (LOQ) were calculated as
3 and 10 times, respectively, the standard deviation of 10 consecutive measurements of
analyte concentration in the procedural blank. Quality control of the analytical procedure
was performed by simultaneous analysis of the blank sample and the certified reference
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material for Citrus leave (NCS ZC73018, China National Analysis Center for Iron and Steel).
Good agreement was obtained between the analyzed and certified concentrations for all
the elements measured, with recoveries ranging from 85% to 106%. Measurement precision
was determined from five consecutive measurements in two Citrus leave CRM samples,
and averaged 5%.

2.5. Health Risk Assessment

The assessment of non-carcinogenic health risks of heavy metals from mushroom
consumption was performed according to the USEPA procedure described in the ref. [48].
The risk assessment included metals known to be harmful to human health, such as As, Ba,
Be, Cd, Cu, Fe, Mn, Ni, Pb, Sb, Sr, You, and Zn. First, the intake factor, that is, the estimated
daily intake, was calculated according to Equation (1):

EDI
(
µg kg−1 day−1

)
=

Cmetal × IR × ED × EF
BW × AT

, (1)

where Cmetal is the metal concentration in dried mushrooms (µg kg−1), IR is the intake rate
(in kg per person per day) corresponding to 0.03 kg of dried mushrooms [11], ED is the
exposure duration (30 years for adults), EF is the exposure frequency (350 days per year−1),
BW is the average body weight (70 kg for adults), and AT is the average exposure duration
(10,500 days, calculated Cmeta as EF × ED).

Then, the target hazard quotient (THQ) of a given metal (Equation (2)) was calculated
as the ratio between the estimated daily intake (EDI) and the reference dose (RfD). The
RfD value is an estimate of the daily dose that is unlikely to pose a significant risk to
human health over a lifetime [49]. This value is specific to the element being assessed
and is defined in Integrated Risk Information System assessments (IRIS) under the USEPA
programme.

THQ =
EDI

(
µg kg−1 day−1

)

R f D
(
µg kg−1 day−1

) (2)

Finally, the risk assessment related to the cumulative effect of several heavy metals
present in the mushrooms was performed by calculating the overall hazard index as the
sum of exposures scaled by the toxicity of each metal (Equation (3)),

HI =
n

∑
i=1

THQi , (3)

where THQi is the target hazard quotient for a single metal.

2.6. Statistical Analysis

Data were statistically analyzed using STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA).
The Spearman rank correlation coefficient was used for correlation of investigated elements
in studied mushrooms. Multivariate principal component analysis (PCA) was performed
on the data matrix consisting of element concentrations. The significance level was set at
p < 0.05.

3. Results

The concentrations of macro- and trace elements determined in the studied mush-
rooms, along with calculated LODs and LOQs, are presented in Table 2. Elements that
showed the widest range of concentrations among different mushrooms were As, Co, Cs,
Mo, Rb, and Tl, while Be, Cr, Fe, K, Li, Mg, Mn, Ni, Sn, and Zn were present in a narrow
range. The measured elements appeared in the following order of abundance: K > Mg >
Na > Ca > Rb > Zn > Fe > Al > Cu > Mn > Ti > Cd > Pb > As > Cs > Ba > Ni > Se > Sr > Mo
> ∑REY > Cr > Co > V > Sn > Tl > Li > Sb > U > Bi > Be.
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Table 2. Concentrations (in mg kg−1, dry matter) of macro- and trace elements in the investigated mushrooms, including
calculated LODs and LOQs (in mg kg−1), minimum (min), maximum (max), and average (avg) values.

Al As Ba Be Bi Ca Cd Co Cr Cs Cu

LOD 2 0.003 0.05 0.001 0.001 15 0.002 0.002 0.03 0.002 0.03
LOQ 6 0.01 0.15 0.003 0.003 45 0.006 0.006 0.1 0.006 0.1
1/7256 7.83 0.019 0.096 <DL <DL 26 0.681 0.006 0.313 0.016 2.19
1/7258 30.9 0.318 1.599 <DL 0.001 171 0.379 0.026 0.265 0.124 46.6
1/7259 19.4 0.394 0.518 <DL 0.004 187 0.356 0.125 0.419 0.002 38.6
1/7260 17.0 0.542 0.484 <DL 0.003 164 0.313 0.171 0.378 0.003 84.3
1/7262 33.2 0.482 1.367 <DL 0.001 273 0.144 0.031 0.246 0.015 28.8
1/7263 23.5 3.684 1.126 0.001 0.003 374 0.365 0.100 0.221 0.124 78.0
1/7267 24.4 0.549 0.528 <DL 0.010 146 0.271 0.092 0.198 0.017 67.2
1/7268 99.3 0.087 1.725 0.001 0.002 216 0.396 0.084 0.305 0.333 11.3
1/7269 12.6 0.219 0.307 <DL 0.002 188 0.384 0.033 0.279 0.008 56.6
1/7272 27.6 0.661 0.979 0.002 0.001 262 0.216 0.018 0.306 0.037 52.4
1/7273 43.9 0.151 0.591 0.001 0.001 231 0.490 0.139 0.343 0.604 20.0
1/7274 22.9 0.489 0.580 <DL 0.001 545 0.486 0.058 0.608 0.006 42.3
1/7275 40.7 0.008 0.810 <DL <DL 223 0.116 0.021 0.159 0.035 9.44
1/7284 91.0 0.639 1.453 <DL <DL 276 0.593 0.069 0.268 0.167 16.5
1/7288 34.4 0.260 0.554 <DL 0.002 257 0.550 0.048 0.337 0.581 8.85
1/7291 26.1 0.593 0.512 <DL 0.001 255 0.177 0.125 0.223 0.043 41.0
1/7292 77.2 0.012 0.793 0.002 0.001 256 0.549 0.701 0.761 1.956 32.9
1/7293 13.0 0.310 0.294 <DL <DL 144 4.547 0.043 0.278 0.482 26.2
1/7294 16.0 <DL 0.227 <DL <DL 128 3.956 0.011 0.230 0.419 44.8
avg 34.8 0.52 0.77 0.001 0.002 227 0.79 0.10 0.32 0.26 37.3
min 7.83 0.01 0.10 0.001 0.001 25.6 0.12 0.01 0.16 0.002 2.19
max 99.3 3.68 1.73 0.002 0.010 545 4.55 0.70 0.76 1.96 84.3

Fe K Li Mg Mn Mo Na Ni Pb Rb

LOD 3 15 0.002 6 0.25 0.005 3 0.03 0.03 0.03
LOQ 10 45 0.006 18 0.75 0.015 10 0.1 0.1 0.1
1/7256 11.0 42327 0.019 1706 5.58 0.018 77.2 0.325 0.072 14.7
1/7258 95.7 25183 0.031 1086 21.5 0.557 60.4 0.559 0.135 10.3
1/7259 52.5 17100 0.015 1194 13.6 0.332 70.3 0.611 1.11 5.48
1/7260 103 22924 0.012 1597 27.7 0.355 36.1 0.742 0.509 2.59
1/7262 49.4 41252 0.026 1395 31.4 0.812 53.5 0.363 0.228 2.69
1/7263 49.0 65291 0.025 2014 11.6 0.488 829 0.547 0.352 24.6
1/7267 79.7 17410 0.013 1520 38.2 0.375 41.6 0.472 0.868 26.5
1/7268 87.9 66745 0.078 2067 22.9 0.015 932 0.327 0.261 289
1/7269 60.6 33029 0.017 1300 11.5 0.409 49.5 0.358 0.437 10.1
1/7272 76.1 27369 0.016 959 36.4 0.606 47.9 0.663 0.128 40.1
1/7273 67.4 80836 0.037 2093 25.6 0.016 653 0.247 0.406 185
1/7274 57.0 49527 0.013 1639 14.5 0.164 835 0.181 0.161 27.9
1/7275 32.9 38559 0.027 1060 21.3 0.045 410 0.187 0.122 27.3
1/7284 62.7 34991 0.079 1248 8.13 0.007 60.6 0.508 0.180 144
1/7288 29.7 25886 0.021 1153 4.93 0.010 35.9 0.505 0.187 191
1/7291 48.0 31622 0.010 1031 37.6 1.145 72.5 0.432 0.535 37.6
1/7292 77.3 46135 0.074 939 25.1 0.103 74.1 1.595 4.019 299
1/7293 23.9 60912 0.025 1876 7.26 0.235 1011 0.162 0.299 46.8
1/7294 22.1 43277 0.012 1694 5.87 0.050 25.2 0.259 0.234 133
avg 57.1 40546 0.029 1451 19.5 0.302 283 0.476 0.539 79.8
min 11.0 17100 0.010 939 4.93 0.007 25.2 0.162 0.072 2.59
max 103 80836 0.079 2093 38.2 1.145 1011 1.595 4.019 299

Sb Sc Se Sn Sr Ti Tl U V Zn

LOD 0.002 0.002 0.02 0.003 0.5 0.5 0.001 0.001 0.002 1.5
LOQ 0.006 0.006 0.06 0.01 1.5 1.5 0.003 0.003 0.006 4.5
1/7256 0.002 <DL <DL 0.095 0.052 0.52 <DL <DL 0.011 17.3
1/7258 0.015 <DL 0.144 0.094 0.386 2.89 0.001 <DL 0.153 74.2
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Table 2. Cont.

Sb Sc Se Sn Sr Ti Tl U V Zn

1/7259 0.006 0.099 0.725 0.195 0.394 1.15 <DL 0.010 0.094 143
1/7260 0.006 0.047 0.788 0.140 0.391 0.65 0.001 0.005 0.081 109
1/7262 0.013 0.031 0.842 0.156 0.734 2.16 0.005 0.004 0.131 100
1/7263 0.068 <DL 1.593 0.118 1.198 2.29 0.003 0.004 0.083 97.6
1/7267 0.004 <DL 0.679 0.086 0.282 1.20 <DL <DL 0.068 127
1/7268 0.012 0.012 <DL 0.085 0.966 9.70 0.006 0.002 0.174 89.4
1/7269 0.005 0.026 0.387 0.107 0.309 1.91 0.003 <DL 0.052 72.8
1/7272 0.007 0.011 0.254 0.116 0.609 1.69 0.001 0.001 0.111 66.9
1/7273 0.003 0.012 <DL 0.117 0.497 3.51 0.011 0.001 0.083 69.8
1/7274 0.011 0.004 0.386 0.083 0.756 1.57 0.003 0.003 0.054 58.3
1/7275 0.004 <DL <DL 0.102 0.428 3.58 0.001 <DL 0.067 45.8
1/7284 0.002 0.024 0.414 0.068 0.734 8.65 0.052 0.008 0.138 133
1/7288 0.003 0.013 0.318 0.122 0.479 2.73 0.129 0.003 0.038 103
1/7291 0.004 <DL 0.205 0.057 0.318 1.18 0.004 <DL 0.136 58.3
1/7292 0.004 0.094 <DL 0.114 0.543 7.76 0.002 0.005 0.150 64.2
1/7293 0.035 <DL 1.49 0.066 0.277 0.93 0.007 0.001 0.018 75.3
1/7294 0.003 <DL <DL 0.069 0.488 1.51 0.007 0.001 0.025 91.5
avg 0.011 0.034 0.633 0.105 0.518 2.93 0.012 0.003 0.088 84.1
min 0.002 0.004 0.144 0.057 0.052 0.52 0.001 0.001 0.011 17.3
max 0.068 0.099 1.593 0.195 1.198 9.70 0.129 0.010 0.174 143

DL—detection limits.

The results of the measurement of REY (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, and Y), along with calculated LODs and LOQs, are shown in Table 3. The
description of REY distribution in the samples was based on geochemical classification
into light (LREE—La, Ce, Pr, Nd, Sm, Eu, Gd) and heavy (HREE—Tb, Dy, Ho, Er, Tm, Yb,
Lu, and Y). The concentrations of REY in all the analyzed samples ranged over three orders
of magnitude, from below the detection limit (Eu, Gd, Tb, Ho, Er, Tm, and Lu in some
samples) to 0.137 mg kg−1 (Ce), with ΣREY ranging from 0.031 mg kg−1 to 0.452 mg kg−1

(Table 3). Among them, Ce was present in the highest concentrations in all samples and
accounted for between 19% and 36% of the total REY, while Eu, Gd, Tb, Ho, Tm, and
Lu had the lowest values. In general, the mushrooms showed great variability in terms
of REY concentrations, with an RSD of up to 120% and ΣREY variability of up to one
order of magnitude. The highest REY values were measured in L. deterrimus (1/7284,
0.452 mg kg−1), while the lowest were observed in P. dryinus (1/7256, 0.031 mg kg−1).
LREEs were found to be more abundant in the majority of the samples studied, with
LREE/HREE ratios ranging from 0.7 to 3.8 and the average being 1.9. The content of LREEs
accounted for 41.9–79.3% of the total REYs in the mushrooms studied.

Table 3. Concentration of REY (in mg kg−1, dry matter) in the investigated mushrooms, including calculated LODs and
LOQs (in mg kg−1), minimum (min), maximum (max), and average (avg) values.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ∑REY

LOD 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
LOQ 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
1/7256 0.003 0.006 0.001 0.002 0.001 <DL <DL <DL 0.009 <DL <DL <DL 0.007 <DL 0.002 0.031
1/7258 0.012 0.028 0.003 0.012 0.003 0.001 <DL <DL 0.011 0.001 0.001 <DL 0.008 <DL 0.012 0.092
1/7259 0.005 0.009 0.001 0.004 0.001 0.000 <DL <DL 0.010 <DL 0.001 <DL 0.008 <DL 0.004 0.043
1/7260 0.006 0.010 0.001 0.005 0.001 0.001 <DL <DL 0.011 <DL 0.001 <DL 0.008 <DL 0.007 0.051
1/7262 0.016 0.031 0.004 0.016 0.003 0.001 <DL <DL 0.011 0.001 0.001 <DL 0.009 <DL 0.013 0.094
1/7263 0.021 0.039 0.006 0.022 0.006 0.001 0.002 0.001 0.013 0.001 0.002 <DL 0.008 <DL 0.024 0.146
1/7267 0.009 0.017 0.002 0.007 0.001 0.001 <DL <DL 0.011 <DL <DL <DL 0.008 <DL 0.004 0.060
1/7268 0.053 0.115 0.013 0.057 0.010 0.002 <DL 0.001 0.016 0.002 0.003 0.001 0.010 0.001 0.032 0.316
1/7269 0.005 0.012 0.001 0.003 0.001 <DL <DL <DL 0.010 <DL <DL <DL 0.007 <DL 0.006 0.045
1/7272 0.015 0.026 0.003 0.012 0.002 0.001 <DL <DL 0.011 <DL 0.001 <DL 0.008 <DL 0.009 0.088
1/7273 0.019 0.035 0.004 0.014 0.003 0.001 <DL <DL 0.011 0.001 0.001 <DL 0.008 <DL 0.012 0.109
1/7274 0.010 0.019 0.003 0.010 0.003 0.001 <DL <DL 0.010 <DL 0.001 <DL 0.007 <DL 0.006 0.070
1/7275 0.024 0.051 0.006 0.026 0.005 0.001 <DL <DL 0.011 0.000 0.001 <DL 0.008 <DL 0.011 0.144
1/7284 0.093 0.137 0.017 0.063 0.011 0.002 <DL 0.002 0.020 0.003 0.006 0.001 0.014 0.001 0.082 0.452
1/7288 0.028 0.031 0.004 0.014 0.003 0.001 <DL 0.001 0.013 0.001 0.003 <DL 0.007 <DL 0.040 0.146
1/7291 0.016 0.024 0.003 0.014 0.003 0.001 <DL <DL 0.008 <DL 0.001 <DL 0.006 <DL 0.009 0.085
1/7292 0.050 0.080 0.008 0.034 0.007 0.001 <DL 0.001 0.013 0.001 0.004 0.001 0.009 0.001 0.029 0.239
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Table 3. Cont.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ∑REY

1/7293 0.008 0.013 0.001 0.006 0.002 <DL <DL <DL 0.010 <DL <DL <DL 0.007 <DL 0.004 0.051
1/7294 0.010 0.019 0.002 0.008 0.002 <DL <DL <DL 0.010 <DL 0.001 <DL 0.007 <DL 0.005 0.064
avg 0.021 0.037 0.004 0.017 0.004 0.001 0.002 0.001 0.012 0.001 0.002 0.001 0.008 0.001 0.016 0.122
min 0.003 0.006 0.001 0.002 0.001 <DL <DL <DL 0.008 <DL <DL <DL 0.006 <DL 0.002 0.031
max 0.093 0.137 0.017 0.063 0.011 0.002 0.002 0.002 0.02 0.003 0.006 0.001 0.014 0.001 0.082 0.452

DL—detection limits.

4. Discussion
4.1. Toxic Elements (Pb, Cd, As)

The non-essential metals Pb, Cd, and As show adverse effects on human health even
at low concentrations. They readily accumulate in living organisms and interfere with
metabolic processes and biological functions. In the investigated mushrooms, with a few
exceptions, they were mostly present in low concentrations. A comparison of measured
element concentrations with those from other studies in the region is shown in Table 4.

Table 4. Concentration of macro- and trace elements in different mushrooms from the region (expressed in mg/kg or
* g/kg). If not otherwise specified, the results refer to the fruiting body.

Croatia Serbia Italy

Element
Edible

(Caps and
Stipes) [40–42]

Agaricus sp.,
Trichaptum
biforme [12]

M. procera
(Caps and

Stipes) [34,35]
Edible [50] Boletaceae

(Edible) [51]

Different
Fungal

Species [38]

Morchella
Group [37]

Al 623–925 29–5664 54.2–396 27.7–608 0.05–0.33
As 0.19–3.64 0.01–3.40 0.03–1.66 0.10–11.6 <DL–0.23
Ba 19.2–72.4 0.20–46 1.20–8.7 0.33–4.06
Be 0.02–0.41 <DL
Bi 0.04–0.08 0.02–1.40 <DL
Cd 0.60–3.23 0.02–0.18 0.04–43.5 0.27–2.93 0.68–2.94 0.16–101 0.18–21.5
Co 0.17–2.92 <DL–12.0 0.07–0.72 0.06–0.28
Cr 0.77–3.85 1.32–13.19 0.20–13.8 3.25–10.8 0.16–1.34 0.26–2.18
Cs 0.15–1.18 0.05–0.48
Cu 7.41–78.2 6.67–32.4 29–304 12.2–73.6 4.66–34.3 10.1–63
Fe 49.3–154 365–4905 30–4018 45.9–319 24.4–515 35–517
Li 0.49–7.57 0.21–1.27 0.03–0.67

Mn 18.9–248 7.6–367 9.0–35.5 2.91–23.8 7.5–46.3
Mo 0.16–0.43 1.14–2.3 0.2–0.45
Ni 2.02–4.10 1.02–7.16 0.09–11.7 2.24–5.04 0.40–1.69 0.6–2.33
Pb 0.48–1.91 1.29–5.73 <DL–14.3 6.32–9.8 0.29–10.6 0.58–10.6 <DL–1.09
Rb 2.28–12.6 23.74–500 2.55–36.6
Sb 0.05–0.28 4.9–26.1 0.01–0.05
Sc
Se 0.17–3.3 0.04–2.32 0.2–94.4 <DL–0.49
Sn 0.14–0.61 <DL
Sr 7.98–21.7 0.08–29.9 1.15–4.34 0.50–4.71 0.8–5.8
Ti 59.02–647 1.2–156 6.31–18.8
Tl 0.01–0.17 0.002–0.13

You 0.04–0.46 0.001–0.02
V 1.34–15.7 0.06–1.26

Zn 41.99–90.56 21.3–59.1 27.3–535 38.7–117 17.6–301.6 99.7–259
Ca * 0.02–4.43 0.55–2.12 0.11–2.33 0.28–3.51
K * 11–120 11.3–41.8 10.1–21.2 25.6–> 43

Mg * 0.69–3.4 0.29–1.12 0.79–2.64
Na * 11–1900 0.41–0.93 39.8–916 0.1–0.83

The content of lead in the studied mushrooms ranged from 0.072 mg kg−1 in
P. dryinus (1/7256) to 1.11 mg kg−1 in L. excipuliforme (1/7259) (Table 2). The exception
was C. cornucopioides (1/7292) with the determined concentration of 4.02 mg kg−1. These
values are within the usual range of concentrations of Pb in wild mushrooms from un-
contaminated sites (<5 mg kg−1; [52]). Pb concentrations in certain species (A. cylindracea,
M. procera, L. deterrimus, C. comatus, L. nuda, L. leucothites, and L. perlatum) were sometimes
significantly lower compared to available data from other studies in the region [35,40–42]
(Table 4) and in other areas [10,19,40,53–55].
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Uptake from contaminated soil, where it is mostly deposited by atmospheric processes,
is considered the main source of Pb in wild mushrooms [19]. Although its use in gasoline
has been banned, traffic is still the main source of Pb in urban soils due to its accumulated
amounts [15], and recent studies have demonstrated a direct influence of traffic on Pb
concentrations [16,19].

The narrow range of Pb concentrations in this study suggests a limited influence of
traffic on Pb content in the studied mushrooms. This is also supported by the low content
in the species C. comatus (1/7274), L. perlatum (1/7260, 1/7267), and L. nuda (1/7291),
which readily accumulate Pb and are considered good indicators of traffic pollution [9,52].
However, it should be noted that mushrooms were mostly sampled from larger green
areas within the city, while in studies where traffic pollution caused elevated Pb levels
in mushrooms, samples were collected closer to roads (up to 50 m), which may have
contributed to pollution levels [9,13,16,56].

Schlecht and Säumel [19] found that although traffic pollution undoubtedly affected
Pb levels in mushrooms, high Pb concentrations were also determined in mushrooms from
areas where low urban pollution is expected, while low concentrations were found in
mushrooms from potentially polluted areas [17]. Although the Pb concentrations deter-
mined in this study do not exceed the usual level in mushrooms, it can be observed that
the highest concentration was determined in C. cornucopioides (1/7292) sampled in a forest
far from any significant source of pollution, such as the impact of the industry or traffic
(Table 2), implying that Pb uptake in this case is mainly determined by the geochemistry
of the underlying soil. This is supported by the fact that this species also had elevated or
maximal concentrations of lithogenic elements (Al, Be, Cr, Cs, Li, Ni, Rb, REY, Ti, and V;
Table 2). However, genetic factors appeared to predominate in Pb uptake by L. deterrimus,
as similar Pb concentrations were obtained in the two samples from distant sites (1/7284
and 1/7288).

Cadmium concentrations in the investigated mushrooms varied from 0.116 mg kg−1

in H. radicata (1/7275) to 0.681 mg kg−1 in P. dryinus (1/7256), with the exception of L.
leucothites (1/7293) and A. cylindracea (1/7294), for which much higher values (4.55 mg kg−1

and 3.96 mg kg−1, respectively) were obtained (Table 2). The values obtained are in
agreement with previous studies from the region [40–42,50,51] (Table 4) and are within
the accepted range of values for wild mushrooms (0.5–5 mg kg−1; [52]). The values
obtained for certain species (C. comatus, L. nuda, L. perlatum, M. procera) are similar to those
previously determined [40,53]. However, higher [33,54,57,58], as well as lower [27,53,55]
concentrations have also been reported.

According to Melgar et al. [58], bioaccumulation of Cd by mushrooms is species-
dependent, and the age of the mycelium and the period between fructifications are sug-
gested as important factors in determining the metal content. However, higher Cd levels
in plants, like Pb, are mostly associated with urban contamination [59]. Schlecht and
Säumel [19] found that traffic pollution affected Cd levels only in some mushroom species,
highlighting site-specific characteristics as a determining factor for uptake. This is sup-
ported by the results of our study, as the two mushroom species (L. leucothites (1/7293) and
A. cylindracea (1/7294)) with higher Cd levels (Table 2) were sampled at the same site, near
a road in the capital city of Zagreb (Table 1), and thus were exposed to the influence of
nearby traffic. Considering that these two species have different lifestyles, that is, grow
on different substrates (L. leucothites in soil and A. cylindracea on wood), but both have
significantly elevated Cd levels, it seems that the sampling location, such as soil properties
and/or urban pollution, had a predominant influence on the uptake of Cd by these mush-
rooms. A positive correlation between Cd and typical lithophilic elements, such as Cs and
Rb (r = 0.53 and 0.51, respectively, p < 0.05; Table S1), confirms that soil geochemistry is
an important factor in Cd uptake.

Arsenic concentrations were below 0.7 mg kg−1 (Table 2), with the exception of
P. multipedata (1/7263), in which 3.68 mg kg−1 was determined. Other mushrooms from
the same sampling area (Jelenovac; 1/7258, 1/7259, 1/7260, 1/7262) or the same family
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(Psathyrellaceae; 1/7268 and 1/7273) had significantly lower values, indicating species-
specific affinities as the main source of the elevated As content. However, P. multipedata
was not recognized as an As accumulator in previous studies, and this maximum is
outside the accepted range for As concentration for mushrooms from uncontaminated
areas (<1 mg kg−1, [52]).

Vetter [60] found that the level of As in a given species is the result of several factors,
both environmental and genetic, with some species having an accumulative affinity for As,
regardless of their habitat. In this study, lower As levels were found in mushrooms growing
on wood (1/7256, 1/7268, 1/7273, 1/7275, 1/7294), supporting the work of Falandysz and
Rizal [61], who propose geogenic sources as the most important factor for As uptake.

The established maximum level for Cd and Pb in edible mushrooms is regulated by
EU regulations [62,63] and is 0.3 mg kg−1 for Pb and 1 mg kg−1 for Cd, wet weight (3 and
10 mg kg−1 dry weight at 90% moisture content). The maximum amount of As in fresh
mushrooms is regulated by Croatian legislation to 0.3 mg kg−1 (3 mg kg−1 dry weight) [64].
According to these regulations, P. multipedata (1/7263) and C. cornucopioides (1/7292) col-
lected in the forest area far from direct anthropogenic influences are not considered safe for
consumption due to elevated As and Pb content, respectively. Cd levels were well below
the maximum allowable limit in dry products. These results support the conclusions of
Fu et al. [32] who advise caution in the consumption of wild mushrooms due to possible
accumulation of these potentially toxic elements.

4.2. Macronutrients (Ca, Mg, K, Na)

In general, the highest concentrations of macroelements were determined in mush-
rooms belonging to the Psathyrellaceae family, while C. comatus (1/7274) was rich in Ca
and Na.

The determined concentrations of Ca, Mg, and K were in the usual range for wild
mushrooms (100–500 mg kg−1, 800–1800 mg kg−1, and 20–40 g kg−1, respectively; [50]),
although the values for individual mushroom species (L. perlatum, M. procera, C. cornucopi-
oides, L. nuda, A. cylindracea, C. comatus) did not always agree with those determined by
other researchers [23,52,53,56].

Concentrations of Ca ranged from 128 to 545 mg kg−1 (Table 2), except in P. dryinus
(1/7256), where an exceptionally low concentration (26 mg kg−1) was determined. The
concentrations of Mg and K varied from 0.939 to 1.88 g kg−1 and 17.1 to 49.5 g kg−1,
respectively, except for mushrooms from the family Psathyrellaceae (P. piluliformis (1/7268,
1/7273) and P. multipedata (1/7263)), where slightly higher values of Mg (around 2 g kg−1)
and significantly higher values of K (65.3–80.8 g kg−1) were determined. The determined
Na concentrations were outside the range suggested by Kalač [52] (100–400 mg kg−1); in
the majority of samples they were below 100 mg kg−1, while in mushrooms from the family
Psathyrellaceae (P. piluliformis (1/7268, 1/7273) and P. multipedata (1/7263)) and L. leucothites
(1/7293) and C. comatus (1/7274) from the family Agaricaeae were in the range of 0.653 to
1.01 g kg−1 (Table 2).

While the uptake of K was correlated with that of Mg and Na (r = 0.6 and 0.7, re-
spectively, p < 0.05; Table S1), taking into account all studied mushrooms, the uptake of
Na was significantly increased in species of the family Psathyrellaceae from different sites,
but was also site-specific, as samples 1/7273, 1/7274, and 1/7275 from Dotrščina Park
had significantly increased values compared to other mushrooms. However, the fact that
mushrooms of the same species collected from different sites (L. perlatum (1/7260 and
1/7267), I. gibba (1/7258 and 1/7272) and P. piluliformis (1/7268 and 1/7273)) had similar
concentrations of macroelements supports the finding that macronutrient uptake is mostly
species-dependent. L. deterrimus (1/7284 and1/7288), a mycorrhizal mushroom, showed
different concentrations of K and Na, which could indicate a possible importance of the
individual host tree in the uptake of major elements.
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4.3. Micronutrients (Cu, Fe, Mn, Mo, Se, Zn)

The obtained values for micronutrients were within the accepted range for wild
mushrooms (20–100 mg kg−1 for Cu, 30–150 mg kg−1 for Fe, 10–60 mg kg−1 for Mn,
<2 mg kg−1 for Se, 25–200 mg kg−1 for Zn; [52]). Only for Mo, several samples exceeded
the values found in Kalač [52] (<0.6 mg kg−1).

The concentrations of Cu and Fe ranged from 2.19 to 84.3 mg kg−1, and 11.0 to
105 mg kg−1, respectively (Table 2). The lowest values were found in P. dryinus (1/7256),
and the highest in L. perlatum (1/7260), and no site-, species-, or lifestyle-related trends
were observed. A comparison with data from related studies for specific mushrooms
(L. perlatum, C. comatus, M. procera, L. nuda, C. cornucopioides, L. leucothites, L. deterrimus,
A. cylindracea) revealed similar, but also divergent values [23,40,53–57,65].

The values for Mn ranged from 4.9 mg kg−1 to 38.2 mg kg−1, with the lowest con-
centrations obtained in P. dryinus (1/7256), L. deterrimus (1/7288), and A. cylindracea
(1/7294), and the highest in L. perlatum (1/7267), I. gibba (1/7272), and L. nuda (1/7291).
In general, the values obtained for certain species (L. perlatum, M. procera, C. comatus,
L. nuda, C. cornucopioides) were lower than those reported in the literature [23,28,33,57,65],
although higher values were found for L. nuda [29] and similar values for A. cylindracea
and C. comatus [53], L. leucothites [53], and M. procera [23,30].

A positive correlation between Mn and Fe (r = 0.62, p < 0.05) and Ni and Fe (r = 0.53,
p < 0.05; Table S1) in the investigated mushrooms suggests their interdependent uptake, as
previously reported by Kokkoris et al. [18]. The co-occurrence of Mn and Fe results from
the Fe-Mn oxides and oxyhydroxides associated with clay minerals in the soil. Moreover,
a strong correlation was observed between V and Fe (r = 0.66, p < 0.05; Table S1) due to
its association with Fe oxides [3]. This agrees with previously reported findings that Fe,
Mn, and partially Ni in topsoils from the Zagreb area are mostly of geological/pedological
origin [66].

The determined concentrations of Mo ranged from 0.007 mg kg−1 to 1.15 mg kg−1. The
lowest Mo content was determined in L. deterrimus (1/7284, 1/7288), P. dryinus (1/7256),
and P. piluliformis (1/7268, 1/7273), while P. flaccida (1/7262) and L. nuda (1/7291) exceeded
the usual content for mushrooms from uncontaminated areas [52]. In general, it was
observed that mushrooms growing on wood had lower Mo concentrations.

Selenium is a micronutrient normally present in mushrooms at 2 mg kg−1 [52].
This is in agreement with the results obtained; the concentrations obtained were mostly
<1 mg kg−1, except for the two samples with higher values; 1.59 mg kg−1 in P. multipedata
(1/7263) and 1.49 mg kg−1 in L. leucothites (1/7293). The important role of Se in biological
functions is supported by its positive correlation with macronutrients K and Mg (r = 0.62
and 0.5, respectively; p < 0.05; Table S1).

Concentrations of Zn ranged from 17.3 mg kg−1 in P. dryinus (1/7256) to 143 mg kg−1

in L. excipuliforme (1/7259). L. perlatum (1/7260 and 1/7267), as an accumulator of Zn [52],
showed higher values; however, they were not the highest recorded. Species from the
Psathyrellaceae family (P. multipedata (1/7263) and P. piluliformis (1/7268 and 1/7273)) and
Russulaceae (L. deterrimus, 1/7284 and 1/7288), which were from different sites, showed
similar Zn values, suggesting that species-specific affinities rather than soil geochem-
istry are important in Zn uptake. Considering specific mushroom species, similar values
were previously reported for C. comatus [27,30], M. procera [23,30,40], L. leucothites [67],
L. deterrimus [40], and A. cylindracea [53], but different concentrations can also be
found [33,53,55,57,65].

4.4. Lithogenic Group of Elements

The group of lithogenic elements (Al, Ba, Li, Ti, Cs, and Rb) was positively correlated
with each other (r = 0.50–0.87, p < 0.05; Table S1), indicating a common mechanism of their
uptake. Their concentrations were in a narrow range of values, considering the differences
between localities. Positive correlations of REY, Sr, and V with Al (Table S1) indicate their
common origin from the soil.
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Concentrations of Al varied from 7.83 mg kg−1 in P. dryinus (1/7256) to 99.3 mg kg−1

in P. piluliformis (1/7268). Similar values were reported for C. comatus [53] and L. nuda [28],
lower for A. cylindracea [53] and C. cornucopioides [28], and higher for L. perlatum [28].
According to the data for a number of wild species [68], the Ba content in mushrooms is
mostly below 1.6 mg kg−1. This is in agreement with the present results; only P. piluliformis
(1/7268) slightly exceeded this range with a value of 1.73 mg kg−1. Similar concentrations
of Ba were previously reported for C. comatus, and higher for A. cylindracea [53]. Lithium is
not a commonly occurring element in mushrooms, and the results obtained are consistent
with the usual reported range, such as below 0.19 mg kg−1 [69]. The content of Ti was up to
9.7 mg kg−1, in agreement with the usual content in wild mushrooms (<10 mg kg−1, [52]),
although Niedzielski et al. [53] found lower content in A. cylindracea and C. comatus. The
Cs content was mostly below 0.6 mg kg−1, except in C. cornucopioides (1/7292), where the
determined value was 1.96 mg kg−1, confirming an increased input of lithogenic elements,
as previously suggested. A strong positive correlation between Cs and Rb (r = 0.85, p < 0.05;
Table S1) results from their similar geochemical behaviour [70]. According to data collected
by Kalač [52], Rb is present in mushrooms in tens to hundreds of mg kg−1; in this study,
the content of Rb varied from 2.59 mg kg−1 in L. perlatum (1/7260) to 299 mg kg−1 in
C. cornucopioides (1/7292).

The highest concentrations of Cr and Ni were determined to be 0.761 mg kg−1 and
1.595 mg kg−1, respectively, in C. cornucopioides (1/7292) (Table 2). The concentrations of Ni
and Cr were generally lower compared to other studies [33,41,42,55], while similar levels
of Ni were determined in A. cylindracea [53]. The results showed equal Ni content in the
two samples of L. deterrimus sampled at widely separated sites (1/7284 and 1/7288), while
similar values were also observed in mushrooms belonging to the Tricholomataceae family
(1/7258, 1/7262, 1/7272, 1/7291) (Table 2); this may indicate that the accumulation of Ni is
species-specific. However, the positive correlation of Ni with Fe and V (r = 0.53, p < 0.05;
Table S1) suggests its association with Fe oxides and oxyhydroxides from soil. In contrast,
the lack of a significant correlation between Cr and other elements suggests that there are
multiple factors controlling its bioaccumulation.

4.5. Rare Earth Elements

The REY concentrations obtained (Table 3) are in accordance with the values reported
for saprobic macrofungi [71] and aboveground species [72], but are significantly higher
compared to the values reported for Suillus luteus [70] and lower compared to the values
reported by the ref. [73] for caps of M. procera (Table 5). Moreover, the mushrooms from
northwestern Croatia investigated in this study have much lower REY values compared to
the mushrooms of the genus Agaricus from the Prašnik area (eastern part of Croatia; [44]),
although all of them were grown on a pedological substrate enriched with REEs [43]. The
reason for the observed discrepancy is probably the fact that mushrooms of the genus
Agaricus are known to easily accumulate metals [11].

Table 5. The comparison of the determined REY concentration with the literature values for mushrooms from different
regions (all expressed in mg/kg). If not otherwise specified, the results refer to the fruiting body.

Croatia Poland Czech Republic Italy

Element
Agaricus sp.

(Caps and Stipes)
[44]

Agaricus sp.,
Trichaptum biforme

[12]

M. procera
(Caps and Stipes)

[34,35]
Edible [48] Boletaceae

(Edible) [49]
Different Fungal

Species [38]

La 1.373 0.083 ± 0.049 0.06 <0.01–0.08 0.023 0.015–0.488
Ce 4.137 0.18 ± 0.091 0.12 0.042 0.025–0.843
Pr 0.526 0.017 ± 0.009 0.04 0.02–1.8 0.0056 <DL–0.109
Nd 2.137 0.058 ± 0.003 0.17 0.11–0.45 0.020 0.011–0.446
Sm 0.467 0.012 ± 0.006 0.03 0.0041 0.0021–0.0822
Eu 0.099 0.0027 ± 0.018 <0.01 0.00068 <DL–0.019
Gd 0.305 0.011 ± 0.006 0.05 <0.01–0.05 0.0023 0.002–0.081
Tb 0.057 0.0018 ± 0.0009 0.03 0.00059 <DL–0.012
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Table 5. Cont.

Croatia Poland Czech Republic Italy

Element
Agaricus sp.

(Caps and Stipes)
[44]

Agaricus sp.,
Trichaptum biforme

[12]

M. procera
(Caps and Stipes)

[34,35]
Edible [48] Boletaceae

(Edible) [49]
Different Fungal

Species [38]

Dy 0.285 0.010 ± 0.005 <0.01 0.0022 0.001–0.0724
Ho 0.062 0.0023 ± 0.0012 0.04 <0.01–0.30 0.00042 0.0003–0.015
Er 0.163 0.0070 ± 0.0035 0.72 0.0013 0.0005–0.0429
Tm 0.027 0.0011 ± 0.0006 0.03 0.00017 0.0001–0.006
Yb 0.150 0.0073 ± 0.0037 0.02 0.0013 <DL–0.041
Lu 0.027 0.0011 ± 0.0005 0.02 0.00013 <DL–0.0058
Y 0.693 0.074 ± 0.039 0.04 0.009–0.549

∑REY 9.797 0.481 0.23 0.104

In general, the results indicate a large variability between the different species stud-
ied in terms of their ability for REY uptake and suggest that both the soil substrate
and the mushroom species influence the accumulation of this group of elements in the
mushroom tissue.

4.6. Factors Influencing the Element Uptake

In order to identify the role of different factors affecting the intake of elements, such
as species, lifestyle, dietary habits, and geographical location, the relationship between
the obtained element concentrations was investigated using principal component analysis
(PCA). The eigenvalues of the first two principal components (PCs) were greater than 1, in-
dicating their significance. The first two PCs explained 42.2% of the total variability among
32 variables; the first component (PC1) contributed 26.3%, while the second corresponded
to 15.9% of the total variance of the data set. PCA results are presented on the PCA loading
plot (Figure 2a) and PCA score plot (Figure 2b), which illustrate the alignment of variables
(elements) and samples (mushrooms) with respect to principal components.
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Based on these parameters, the following can be observed:

(i) Mushrooms belonging to the Psathyrellaceae family (1/7263, 1/7268, and 1/7273; col-
ored red in Figure 2b) showed high variability in element distribution, suggesting that
soil geochemistry/properties are the main factor determining the uptake of elements.
However, P. piluliformis (1/7268 and 1/7273) collected from widely separated sites
showed similarities in terms of high uptake of macronutrients (K, Na, Mg) and low
uptake of Mo and Cu, indicating that the uptake of these elements is species-specific.
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(ii) L. leucothites (1/7293) and A. cylindracea (1/7294) sampled from the same site in the
city of Zagreb, and P. dryinus (1/7256) (all colored green in Figure 2b) from another site
within the urban area were characterized by high Cd concentrations; these mushrooms
were collected near a road and, therefore, the elevated Cd levels could be explained
by traffic pollution. However, elevated levels of other elements derived from traffic
pollution, such as Pb, were not observed.

(iii) Mushrooms from the Tricholomataceae family (1/7262, 1/7272, and 1/7291; colored
blue) were grouped independently of sampling sites, suggesting that species-specific
affinities in element uptake predominate. These mushrooms were described by
slightly higher levels of Cu, Mn, and Mo and lower levels of Cd and macronutrients.

(iv) Significant similarity in the content of elements was observed in different mush-
rooms sampled within the green area at the Jelenovac site: L. excipuliforme (1/7259),
I. gibba (1/7258), L. perlatum (1/7260) (all colored purple in Figure 2b) and P. flaccida
(1/7262) (colored blue in Figure 2b). This strongly suggests that geochemistry and
soil properties are the main factors controlling elemental uptake, as these samples are
characterized by higher levels of Cu, Mn, and Mo and lower levels of K, Mg, and Na.

(v) PCA analysis confirmed the unique elemental composition of C. cornucopioides (1/7292;
colored orange in Figure 2b), which is distinguished from all other samples by its
significantly elevated values of Co, Ni, Pb, and REY.

The results presented showed that mushrooms belonging to the same species or family
collected in different areas had considerably different elemental contents, suggesting dif-
ferent soil geochemical composition and/or anthropogenic influences as the main factors
determining elemental content. Since the main distribution of trace elements in the studied
areas did not indicate an anthropogenic influence, it can be assumed that soil geochemical
properties are the most important factor determining these variations in chemical com-
position. The influence of different soil properties and geochemistry on the uptake of
elements by mushrooms may be more evident in studies comparing soils with markedly
different geological composition, as in the study by Nikkarinen and Mertanen [74] and
Alaimo et al. [37], than when comparing mushrooms growing in areas where differences in
soil geochemistry are less pronounced. However, several elements, such as As, Ni, Zn, and
macronutrients, showed similar behavior in certain mushroom species or families, indicat-
ing an important influence of species-specific affinity for certain elements. Finally, both
factors—soil geochemistry and species characteristics—have an important influence on the
uptake of elements, as also shown by other studies [36,38,39,52], although the prevalence
of each factor varies from species to species and depends on the element in question.

4.7. Health Risk Assessment

The data (THQ and HI values) obtained in the assessment of non-carcinogenic health
risk due to metal ingestion from the consumption of the wild mushrooms studied are
presented in Table 6. Toxicity was evaluated based on the calculated HI values. If the HI
value for a mixture is less than 1, it is considered unlikely that assessed exposure from
mushroom consumption will result in significant toxicity. On the other hand, there is great
concern about potential toxicity when the HI value is greater than 1 [48].

Table 6. Non-carcinogenic risk data (expressed by health risk indexes THQ and HI) obtained in the health risk assessment of
metals through the consumption of the edible wild mushrooms from Croatia. The RfD data are expressed as µg kg−1 day−1.

Target Hazard Quotient (THQ) Hazard
Index (HI)As Ba Be Cd Cu Fe Mn Ni Pb Sb Sr U Zn

1/7256 0.026 0.000 0.000 0.280 0.023 0.006 0.016 0.007 0.008 0.002 0.000 0.000 0.024 0.392
1/7258 0.436 0.003 0.000 0.156 0.479 0.056 0.063 0.011 0.016 0.015 0.000 0.000 0.102 1.337
1/7259 0.540 0.001 0.000 0.146 0.397 0.031 0.040 0.013 0.130 0.006 0.000 0.001 0.196 1.501
1/7260 0.742 0.001 0.000 0.129 0.866 0.060 0.081 0.015 0.060 0.006 0.000 0.001 0.149 2.111
1/7262 0.660 0.003 0.000 0.059 0.296 0.029 0.092 0.007 0.027 0.013 0.001 0.001 0.137 1.325
1/7263 5.047 0.002 0.000 0.150 0.801 0.029 0.034 0.011 0.041 0.070 0.001 0.001 0.134 6.321
1/7267 0.752 0.001 0.000 0.111 0.690 0.047 0.112 0.010 0.102 0.004 0.000 0.000 0.174 2.004
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Table 6. Cont.

Target Hazard Quotient (THQ) Hazard
Index (HI)As Ba Be Cd Cu Fe Mn Ni Pb Sb Sr U Zn

1/7268 0.119 0.004 0.000 0.163 0.116 0.052 0.067 0.007 0.031 0.012 0.001 0.000 0.122 0.694
1/7269 0.300 0.001 0.000 0.158 0.582 0.036 0.034 0.007 0.051 0.005 0.000 0.000 0.100 1.273
1/7272 0.905 0.002 0.000 0.089 0.538 0.045 0.107 0.014 0.015 0.007 0.000 0.000 0.092 1.815
1/7273 0.207 0.001 0.000 0.201 0.205 0.040 0.075 0.005 0.048 0.003 0.000 0.000 0.096 0.882
1/7274 0.670 0.001 0.000 0.200 0.435 0.033 0.043 0.004 0.019 0.011 0.001 0.000 0.080 1.496
1/7275 0.011 0.002 0.000 0.048 0.097 0.019 0.063 0.004 0.014 0.004 0.000 0.000 0.063 0.324
1/7284 0.875 0.003 0.000 0.244 0.170 0.037 0.024 0.010 0.021 0.002 0.001 0.001 0.182 1.570
1/7288 0.356 0.001 0.000 0.226 0.091 0.017 0.014 0.010 0.022 0.003 0.000 0.000 0.141 0.883
1/7291 0.812 0.001 0.000 0.073 0.421 0.028 0.110 0.009 0.063 0.004 0.000 0.000 0.080 1.602
1/7292 0.016 0.002 0.000 0.226 0.338 0.045 0.074 0.033 0.472 0.004 0.000 0.001 0.088 1.299
1/7293 0.425 0.001 0.000 1.869 0.269 0.014 0.021 0.003 0.035 0.036 0.000 0.000 0.103 2.776
1/7294 0.000 0.000 0.000 1.626 0.460 0.013 0.017 0.005 0.027 0.003 0.000 0.000 0.125 2.278

RfD 0.3 a 200 a 2 a 1 a 40 b 700 b 140 a 20 a 3.5 b 0.4 a 600 a 3 a 300 a

a—IRIS assessments (USEPA) [49]. b—from Dowlati et al. [48].

The risk assessment revealed that 14 of the 19 mushrooms studied, from both urban
and forest areas, had HI levels above 1; therefore, consumers of these mushrooms are
exposed to a significant non-carcinogenic health risk due to the high metal content. As,
Cd, and Cu, which have the highest THQ values, account for the largest proportion of
total toxicity.

The mushrooms that do not pose a risk to human health are those growing on wood—
1/7256, 1/7268, 1/7273, and 1/7275. The only mushroom growing in soil that is considered
safe for consumption is L. deterrimus (1/7288), which was growing in grassland within the
forest area.

Therefore, a diet that includes many wild mushrooms can be very risky. Dowlati et al. [48]
conducted a comprehensive review, meta-analysis, and evaluation of non-carcinogenic
health risk to humans based on the collected data on the concentrations of toxic metals
in edible mushrooms from different countries of the world. The health risk assessment
revealed that consumers from 8 out of 19 countries studied were exposed to a significant
non-carcinogenic health risk.

5. Conclusions

In the studied mushrooms, the most abundant elements were essential nutrients,
whose uptake seems to be more under a genetic influence and less influenced by site-
specific characteristics.

The content of toxic elements was low, and no influence of traffic pollution could be
detected, as similar concentrations of Pb were found in mushrooms from forest and urban
sites. While the concentrations of metals did not show variations according to substrate
(wood and soil), it was observed that mushrooms growing on wood generally had lower
levels of As and Mo.

Nonetheless, the health risk assessment revealed a high non-carcinogenic risk of
metals in 14 out of 19 mushrooms studied from both urban and forest areas, suggesting
that these mushrooms should be consumed with caution.

Despite a limited data set, the results suggest that both the geochemical composition
of substrate and the species-specific affinities influence the uptake of elements, with the
predominance of one of these factors depending on both the mushroom species and the
element of interest. The diversity of factors affecting the chemical composition of edible
mushrooms should certainly be considered not only in future studies, but also in the
evaluation of edible mushrooms as a source of certain metals in the diet.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7121068/s1, Table S1: title Spearman correlation coefficients of the investigated elements in
mushrooms. Correlation coefficients marked in red are significant at p < 0.05.
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42. Širić, I.; Kasap, A.; Bedeković, D.; Falandysz, J. Lead, cadmium and mercury contents and bioaccumulation potential of wild
edible saprophytic and ectomycorrhizal mushrooms Croatia. J. Environ. Sci. Health B. 2017, 52, 156–165. [CrossRef]

43. Salminen, R.; Batista, M.J.; Bidovec, M.; Demetriades, A.; De Vivo, B.; De Vos, W.; Duris, M.; Gilucis, A.; Gregorauskiene, V.;
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71. Borovička, J.; Kubrová, J.; Rohovec, J.; Řanda, Z.; Dunn, C.E. Uranium thorium and rare earth elements in macrofungi: What are

the genuine concentrations? Biometals 2011, 24, 837–845. [CrossRef] [PubMed]
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Abstract: Ascomycetous yeast species in the genus Wickerhamomyces (Saccharomycetales, Wicker-
hamomycetaceae) are isolated from various habitats and distributed throughout the world. Prior
to this study, 35 species had been validly published and accepted into this genus. Beneficially,
Wickerhamomyces species have been used in a number of biotechnologically applications of envi-
ronment, food, beverage industries, biofuel, medicine and agriculture. However, in some studies,
Wickerhamomyces species have been identified as an opportunistic human pathogen. Through an
overview of diversity, taxonomy and recently published literature, we have updated a brief review of
Wickerhamomyces. Moreover, two new Wickerhamomyces species were isolated from the soil samples of
Assam tea (Camellia sinensis var. assamica) that were collected from plantations in northern Thailand.
Herein, we have identified these species as W. lannaensis and W. nanensis. The identification of these
species was based on phenotypic (morphological, biochemical and physiological characteristics) and
molecular analyses. Phylogenetic analyses of a combination of the internal transcribed spacer (ITS)
region and the D1/D2 domains of the large subunit (LSU) of ribosomal DNA genes support that
W. lannaensis and W. nanensis are distinct from other species within the genus Wickerhamomyces. A
full description, illustrations and a phylogenetic tree showing the position of both new species have
been provided. Accordingly, a new combination species, W. myanmarensis has been proposed based
on the phylogenetic results. A new key for species identification is provided.

Keywords: ascomycetous yeast; distribution; new species; phylogeny; taxonomy; Wickerhamomyces

1. Introduction

The genus Wickerhamomyces was first proposed by Kurtzman et al. [1] in 2008 with
W. canadensis (basionym Hansenula canadensis) as the type species. This genus belongs to
the family Wickerhamomycetaceae of the order Saccharomycetales [1]. Wickerhamomyces
species can reproduce both asexually and sexually. Through asexual reproduction, the
species reproduce by budding and some species produce pseudohyphae and/or true
hyphae. Alternatively, in sexual reproduction they produce hat-shaped or spherical as-
cospores with an equatorial ledge for sexual reproduction [1,2]. Most of the known Wick-
erhamomyces species can utilize various carbon sources, but not methanol or hexadecane.
Nitrate utilization was observed in some species, while the diazonium blue B reaction was
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negative for all species. The predominant ubiquinone in the Wickerhamomyces species is
CoQ-7 [1,3].

Most species of the genus Wickerhamomyces have been transferred from the genera
Candida, Hansenula, Pichia and Williopsis based on phylogenetic analyses [1,2,4–6]. Cur-
rently, a total of 35 species have been accepted and recorded in the Index Fungorum [7].
A phylogenetic study of Arastehfar et al. [8] has suggested that Pichai myanmarensis [9]
should be transferred to the genus Wickerhamomyces, but W. myanmarensis has remained
invalidly published. Therefore, in this study, we have proposed the validation of this
name for a new combination species. In this case, 35 type species of Wickerhamomyces
and P. myanmarensis have been reported since 1891. It has been revealed that the highest
number of the Wickerhamomyces species were discovered during the period of 2011–2020,
followed by the period of 1951–1960 (6 species), the period of 1971–1980 (4 species) and
the period of 2001–2010 (3 species) (Figure 1). An increasing trend with regard to the
discovery of new species of Wickerhamomyces is expected to continue in the future. Wicker-
hamomyces species are widely distributed in tropical, subtropical, temperate and subpolar
areas throughout the world (Figure 2). It has been reported that the highest number of
Wickerhamomyces species were found in Asia (18 species), followed by Europe (12 species),
South America (8 species), Africa (7 species), North America (3 species), Oceania (1 species)
and Antartica (1 species) [7–82] (Table 1). Both W. anomalus and W. onychis are known to be
from Asia, Africa, Europe and South America [13−35,54−59]. Moreover, W. anomalus and
W. rabaulenis have been discovered in Antarctica (King George Island) [17] and Oceania
(Papua New Guinea) [67], respectively. Recently, W. psychrolipolyticus has been discovered
from Japan [65]. Consequently, Wickerhamomyces species have been successfully isolated
from various habitats, as has been summarized in Table 1.

Many species of Wickerhamomyces have been used in a variety of industries includ-
ing the medicinal, agricultural, biofuel, food and beverage industries, and a number of
others [64]. Most previous studies have focused on different strains of W. anomalus for
biotechnological applications. For example, the W. anomalus strains CBS261, HN006 and
HN010 are capable of excessively producing ethyl acetate. As a result, this species has been
used in the brewing of Baijiu (Chinese liquor) and in winemaking to improve the aroma
and quality of the finished product [83–85].

Wickerhamomyces anomalus strains BS91 and DMKU-RP04 could effectively inhibit plant
pathogenic fungi and have been used as a biological control agent in agriculture [86–88].
Notably, W. anomalus strains SDBR-CMU-S1-06 and Wa-32 have exhibited plant growth
promotion potential by solubilizing insoluble minerals, producing indole-3-acitic acid
(IAA) and siderophores, and by secreting various extracellular enzymes [16,89]. Moreover,
most strains of W. anomalus are known to produce killer toxins that possess antimicrobial
and larvicidal activities [90,91]. Wickerhamomyces bovis and W. silvicola have been observed
to produce mycocin, which exhibited fungicidal activity [92,93]. In addition, W. lynferdii
and W. sydowiorum have been recognized as relevant yeast species for the improvement
of the fermentation processes for coffee cherries and cocoa, respectively [79,94]. Further-
more, W. subpelliculosus has been used as an alternative to baker’s yeast [95], while W.
chambardii could produce amylase and cellulase enzymes that could be used to produce
bioethanol from corn straw [96,97]. Previous studies have found that the biosurfactants
produced by W. anomalus and W. edaphicus [47,98,99], the saturated fatty acids produced by
W. siamensis [100], xylitol produced by W. rabaulensis [101], cellulase enzymes produced
by W. psychrolipolyticus [65] and the extracellular polysaccharide produced by W. muco-
sus [102] could be applied in the bioremediation, biotechnological and cosmetic industries.
Furthermore, these substances could also be employed in the production of detergents,
food and various pharmaceuticals, as well as in the process of oil recovery enhancement.

On the other hand, some Wickerhamomyces species (e.g., W. anomalus and W. lynferdii)
have been responsible for the spoilage of beer and bakery products [103–106]. Some cases
of human infection caused by W. anomalus, W. myanmarensis and W. onychis have also been
reported, but only with patients with serious illness [8,107–111]. Based on this evidence,
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W. anomalus has been labeled a biosafety level 1 organism by the European Food Safety
Authority [112] and is considered safe for consumption by healthy individuals.

Currently, only eight Wickerhamomyces species, namely W. anomalus, W. ciferrii, W. edaphicus,
W. rabaulensis, W. siamensis, W. sydowiorum, W. tratensis and W. xylosicus, have been re-
ported in Thailand [4,8,16,17,19,20,46,70,78]. Accordingly, Thailand has been identified
as a hotspot for unexpected novel species and the newly recorded discovery of many
microorganisms [113,114]. In our previous investigation on yeasts in soil samples collected
from Assam tea (Camellia sinensis var. assamica) plantations in northern Thailand [16], we
obtained five yeast strains belonged to the genus Wickerhamomyces that represent potentially
new species. In our present study, we have described them into two novel species. These
two novel species are introduced based on their phenotypic (morphological, biochemical
and physiological data) and molecular characteristics. To confirm their taxonomic status,
phylogenetic relationship was determined by analysis of the combined sequence dataset of
the D1/D2 domains of LSU and ITS sequences.

Figure 1. The discovering of Wickerhamomyces type species since 1891 till the present time.

Figure 2. Global distribution of Wickerhamomyces species. The countries where Wickerhamomyces
species have been discovered are indicated in orange color.
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Table 1. Global distribution and isolation sources of Wickerhamomyces species.

No. Spices Known Distribution Isolation Source Reference

1
Wickerhamomyces alni (Phaff, M.W. Mill.

and M. Miranda) Kurtzman, Robnett and
Bas.-Powers

Canada Exudate of Alnus rubra [12]

2 Wickerhamomyces anomalus (E.C. Hansen)
Kurtzman, Robnett and Bas.-Powers

Algeria, Brazil,
China, Colombia, Ethiopia, India, Iraq,

King George Island, Lao, Russia, Slovakia
Sweden and Thailand

Process of beer and wine, phylloplane,
soil, water, coral reefs, Thai traditional

alcoholic starter, mangrove forest,
fermented food, flowers, fruits,

fermented grains, coffee processing,
wastewater treatment plant, Colombian

fermented beans and Brazilian spirit

[13–35]

3
Wickerhamomyces arborarius S.A. James,
E.J. Carvajal, Barahona, T.C. Harr., C.F.

Lee, C.J. Bond and I.N. Roberts
Ecuador Flower [36]

4 Wickerhamomyces bisporus (O. Beck)
Kurtzman, Robnett and Bas.-Powers Finland, France and USA

Platypus compositus, phoretic mites on Ips
typographus and bark beetles

(Dendroctonus)
[37–39]

5
Wickerhamomyces bovis (Uden and Carmo

Souza) Kurtzman, Robnett and
Bas.-Powers

Portugal Caecum of feral cattle (Bos taurus) [40]

6 Wickerhamomyces canadensis (Wick.)
Kurtzman, Robnett and Bas.-Powers Canada Beetle frass from Pinus resinosa [41]

7
Wickerhamomyces chambardii (C. Ramírez

and Boidin) Kurtzman, Robnett and
Bas.-Powers

France Chestnut [42]

8 Wickerhamomyces chaumierensis M.
Groenew., V. Robert and M.T. Sm. Guyana Surface of flower [43]

9 Wickerhamomyces ciferrii (Lodder)
Kurtzman, Robnett and Bas.-Powers Dominican Republic, USA and Thailand Fruit of Dipteryx odorata and male olive

fruit fly (Bactrocera oleae) [44–46]

10 Wickerhamomyces edaphicus Limtong,
Yongman., H. Kawas. and Fujiyama India and Thailand Forest and mangrove soils [4,47]

11
Wickerhamomyces hampshirensis

(Kurtzman) Kurtzman, Robnett and
Bas.-Powers

USA Frass of cut and dead of Quercus and
beetle (Xyloterinus politus) [48,49]

12 Wickerhamomyces kurtzmanii A.H. Li, Y.G.
Zhou and Q.M. Wang China Crater lake water [6]

13
Wickerhamomyces lynferdii (Van der Walt
and Johannsen) Kurtzman, Robnett and

Bas.-Powers
South Africa Soil [50]

14 Wickerhamomyces menglaensis F.L. Hui and
L.N. Huang China Rotting wood [51]

15 Wickerhamomyces mori F.L. Hui, Liang
Chen, X.Y. Chu, Niu and T. Ke China Gut of larvae of wood-boring insect on

trunk of Morus alba [52]

16
Wickerhamomyces mucosus (Wick. and
Kurtzman) Kurtzman, Robnett and

Bas.-Powers
USA Soil [53]

17
Wickerhamomyces myanmarensis (Nagats.,

H. Kawas. and T. Seki) J. Kumla, N.
Suwannarach and S. Lumyong

Iran and Myanmar Palm sugar in rum distiller, and blood
and central venous catheter of patients [8,9]

18 Wickerhamomyces ochangensis K.S. Shin South Korea Soil of potato field [11]

19 Wickerhamomyces onychis (Yarrow)
Kurtzman, Robnett and Bas.-Powers

Brazil, Ethiopia, Iraq, Malaysia,
Netherlands, Poland and Tunisia

Nail infection of Homo sapiens, fermented
food, cocoa beans, grape and tomato

during spontaneous fermentation,
and soil

[23,54–59]

20 Wickerhamomyces orientalis Sipiczki, S.
Nasr, H.D.T. Nguyen and Soudi Iran and Sri Lanka Fruits and rhizosphere soil [27,60]

21
Wickerhamomyces patagonicus V. de García,

Brizzio, C.A. Rosa, Libkind and
Van Broock

Argentina
Sap exudate on cut branches of
Nothofagus dombeyi and glacier

meltwater river
[61]

22
Wickerhamomyces pijperi (Van der Walt &
Tscheuschner) Kurtzman, Robnett and

Bas.-Powers
Egypt, Ghana and South Africa Buttermilk, cocoa fermentation and

orange juice [62–64]

23 Wickerhamomyces psychrolipolyticus Y.
Shimizu and K. Konno Japan Soil [65]

24 Wickerhamomyces queroliae C.A. Rosa, P.B.
Morais, Lachance and Pimenta Brazil Larva of Anastrepha mucronata from fruit

of Peritassa campestris [66]

25
Wickerhamomyces rabaulensis (Soneda and

S. Uchida) Kurtzman, Robnett and
Bas.-Powers

Ethiopia, Papua New Guinea and
Thailand

Excreta of snail, soils, decaying
agricultural residues, decaying leaves

and tree bark, and
fermented food

[23,67,68]

26 Wickerhamomyces scolytoplatypi Ninomiya Japan Gallery of beetles (Scolytoplatypus shogun)
in Fagus crenata [69]

27 Wickerhamomyces siamensis Kaewwich.,
Yongman., H. Kawas. and Limtong Thailand Phylloplane of Saccharum officinarum [70]
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Table 1. Cont.

No. Spices Known Distribution Isolation Source Reference

28 Wickerhamomyces silvicola (Wick.)
Kurtzman, Robnett and Bas.-Powers

Germany, South
Korea and USA

Flowers, gum of Prunus serotina and
Prunus wood [41,71,72]

29 Wickerhamomyces spegazzinii Masiulionis
and Pagnocca Argentina The fungus garden of an attine ant nest

(Acromyrmex lundii) [73]

30
Wickerhamomyces strasburgensis (C.

Ramírez and Boidin) Kurtzman, Robnett
and Bas.-Powers

France On leather tanned by vegetable means [74]

31
Wickerhamomyces subpelliculosus

(Kurtzman) Kurtzman, Robnett and
Bas.-Powers

Egypt and USA Fermenting cucumber brines, gut of
honey bee and molasses [75,76]

32
Wickerhamomyces sydowiorum (D.B. Scott
and Van der Walt) Kurtzman, Robnett

and Bas.-Powers

Brazil, Ivory Coast, South Africa
and Thailand

Frass of Sinoxylon ruficorne in dead
Combretum apiculatum, decayed plant leaf,
fermented cocoa, honey, sand and water

[59,77–80]

33 Wickerhamomyces sylviae Moschetti
and J.P. Samp. Italy Cloaca of migratory birds

(Sylvia communis) [81]

34
Wickerhamomyces tratensis Nakase,
Jindam., Am-In, Ninomiya and H.

Kawas.
Thailand Flower of mangrove apple

(Sonneratia caseolaris) [82]

35
Wickerhamomyces xylosicus Limtong,

Nitiyon, Kaewwich., Jindam., Am-In
and Yongman

Thailand Soil [5]

36 Wickerhamomyces xylosivorus R. Kobay., A.
Kanti and H. Kawas. Indonesia Decayed wood [4]

2. Materials and Methods
2.1. Yeast Strain

Five yeasts strains (SDBR-CMU-S2-02, SDBR-CMU-S2-06, SDBR-CMU-S2-14, SDBR-
CMU-S2-17 and CMU-S3-15) isolated from soils of Assam tea (C. sinensis var. assamica)
plantations in Thep Sadej, Doi Saket District, Chiang Mai Province and Sri Na Pan, Muang
District, Nan Province, northern Thailand [16] were selected for this present study. All
strains were deposited in the culture collection of the Sustainable Development of Biological
Resources, Faculty of Science, Chiang Mai University (SDBR-CMU), Chiang Mai Province
and Thailand Bioresource Research Center (TBRC), Pathum Thani Province, Thailand.

2.2. Yeast Identification
2.2.1. Morphological Study

The morphological characteristics of yeast strains were determined according to
established methods by Kurtzman et al. [2], Yarrow [3] and Limtong et al. [10]. Colony
characters were observed on yeast extract-malt extract agar (YMA) after two days of
incubation in darkness at 30 ◦C. Ascospore formation was investigated on YMA, 5% malt
extract agar (MEA), potato dextrose agar (PDA) and V8 agar after incubation at 25 ◦C in
the dark for four weeks. Micromorphological characteristics were examined under a light
microscope (Nikon Eclipse Ni U, Tokyo, Japan). Size data of the anatomical structure (e.g.,
cells, pseudohyphae, asci and ascospores) were based on at least 50 measurements of each
structure using the Tarosoft (R) Image Frame Work program.

2.2.2. Biochemical and Physiological Studies

Biochemical and physiological characterizations of yeast strains was followed the
previous studies [2,3,115]. Fermentation of carbohydrates including glucose, galactose,
maltose, sucrose, trehalose, melibiose, lactose, raffinose, and xylose were performed.
Additionally, assimilation tests for carbon (D-glucose, D-galactose, L-sorbose, N-acetyl
glucosamine, D-ribose, D-xylose, L-arabinose, D-arabinose, rhamnose, sucrose, maltose,
α,α-trehalose, α-methyl-D-glucoside, cellobiose, salicin, melibiose, lactose, raffinose, melez-
itose, inulin, soluble starch, glycerol, erythritol, ribitol, D-glucitol, D-mannitol, galactitol,
myo-inositol, D-glucono-1,5-lactone, 2-ketogluconic acid, 5-ketogluconic acid, D-gluconate,
D-glucuronate, D-galacturonic acid, DL-lactate, succinate, citrate, methanol, ethanol, and
xylitol) and nitrogen compounds (ammonium sulfate, potassium nitrate, sodium nitrite,
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ethylamine hydrochloride, L-lysine, cadaverine, and creatine) were determined. Moreover,
the effects of temperature on growth were examined by cultivation on YMA at temperature
ranging from 15–45 ◦C and diazonium blue B reactions were tested [116].

2.2.3. Molecular Study

Each yeast strain was grown in 5 mL of yeast extract-malt extract broth in 18 × 180 mm
test tubes with shaking at 150 rpm on an orbital shaker in the dark for two days. Yeast cells
were harvested by centrifugation at 11,000 rpm and washed three times with sterile dis-
tilled water. Genomic DNA was extracted from yeast cells using DNA Extraction Mini Kit
(FAVORGEN, Taiwan) following the manufacturer’s protocol. The ITS region and D1/D2
domains of LSU gene were amplified by polymerase chain reactions (PCR) using ITS1/ITS4
primers [117] and NL1/NL4 primers [118], respectively. The amplification of both D1/D2
domains and ITS region process consisted of an initial denaturation at 95 ◦C for 5 min, fol-
lowed by 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 52 ◦C for 45 s, an extension
at 72 ◦C for 1 min and 72 ◦C for 10 min on a peqSTAR thermal cycler (PEQLAB Ltd., UK).
PCR products were checked and purified by a PCR clean up Gel Extraction NucleoSpin®

Gel and PCR Clean-up Kit (Macherey-Nagel, Germany). Final PCR products were sent
to 1st Base Company Co., Ltd., (Kembangan, Malaysia) for sequencing. The obtained se-
quences were used to query GenBank via BLAST (http://blast.ddbj.nig.ac.jp/top-e.html,
accessed on 25 August 2021).

Phylogenetic analysis was carried out based on the combined dataset of ITS and
D1/D2 domains of LSU sequences. Sequences from this study along with those obtained
from previous studies and the GenBank database were selected and provided in Table 2.
Multiple sequence alignment was performed using MUSCLE [119]. A combination of
D1/D2 domains of LSU and ITS alignment was deposited in TreeBASE under the study ID
number 28785. A phylogenetic tree was constructed under maximum likelihood (ML) and
Bayesian inference (BI) methods. The ML analysis was carried out using RAxML-HPC2 on
XSEDE (8.2.10) in CIPRES Science Gateway V. 3.3 [120] using GTRCAT model with 25 cate-
gories and 1000 bootstrap (BS) replications. The optimum nucleotide substitution model
was obtained using jModeltest v.2.3 [121] under the Akaike information criterion (AIC)
method. The BI analysis was performed using MrBayes 3.2.6 software for Windows [122].
The selected optimal model of each gene is similar as GTR + I + G model. Six simultaneous
Markov chains were run with one million generations and starting from random trees
and keeping one tree every 100th generation until the average standard deviation of split
frequencies was below 0.01. The value of burn-in was set to discard 25% of trees when
calculating the posterior probabilities. Bayesian posterior probabilities (PP) were obtained
from the 50% majority rule consensus of the trees kept. The tree topologies were visualized
in FigTree v1.4.0 [123].

Table 2. DNA sequences used in the molecular phylogenetic analysis. Type strains indicated by “T”.

Yeast Species Strain
GenBank Acession Number

Reference
ITS D1/D2

Wickerhamomyces alni NRRL Y-11625T - EF550294 [1]

CBS 6986 NR154966 KY110065 [124]

Wickerhamomyces anomalus NRRL Y-366T - EF550341 [1]

H1Wh JQ857021 JQ856997 [17]

Wickerhamomyces arborarius Bq 164T NR_55000 FN908198 [36]

Wickerhamomyces bisporus NRRL Y-1482T - EF550296 [1]

Wickerhamomyces bovis NRRL YB-4184T - EF550298 [1]

CBS 2616 NR154968 KY110109 [124]

Wickerhamomyces canadensis NRRL Y-1888T - EF550300 [1]

GoToruMP327 EF093299 EF016107 [125]
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Yeast Species Strain
GenBank Acession Number

Reference
ITS D1/D2

Wickerhamomyces chambardii NRRL Y-2378T - EF550344 [1]

CBS 1900 NR154969 KY110114 [124]

Wickerhamomyces chaumierensis CBS 8565T HM156503 HM156533 [43]

Wickerhamomyces ciferrii NRRL Y-1031T - EF550339 [1]

UCDFST 83-22 MH153583 MH130275 [126]

Wickerhamomyces edaphicus S-29T AB436771 AB436763 [10]

CBS 10408 KY105904 KY110120 [124]

Wickerhamomyces hampshirensis NRRL YB-4128T - EF550334 [1]

Wickerhamomyces kurtzmanii TF5-16-2T MK573939 MK573939 [6]

Wickerhamomyces lannaensis
SDBR-CMU-S3-15T OK135750 MT639220 This study, [16]

SDBR-CMU-S2-02 OK135752 MT623569 This study, [16]

SDBR-CMU-S2-06 OK135753 MT613722 This study, [16]

Wickerhamomyces lynferdii NRRL Y-7723T EF550342 EF550342 [1]

BCRC 22676 NR111798 - [127]

Wickerhamomyces menglaensis NYNU 1673T KY213818 KY213812 [51]

Wickerhamomyces mori NYNU 1216T JX204288 JX204287 [52]

NYNU 1204 JX292100 JX292099 [52]

Wickerhamomyces mucosus NRRL YB-1344T - EF550337 [1]

CBS 6341 Z93877 KY110124 [124]

Wickerhamomyces myanmarensis CBS 9786T - AB126678 [9]

SU-263 MH236221 MH236219 [8]

Wickerhamomyces nanensis SDBR-CMU-S2-17T OK143510 MT613875 This study, [16]

SDBR-CMU-S2-14 OK143511 MT623571 This study, [16]

Wickerhamomyces ochangensis N7a-Y2T NR154971 HM485464 [11]

CBS 11843 KY105909 - [124]

Wickerhamomyces onychis NRRL Y-7123T - EF550279 [1]

CBS 5587 KY105910 KY110125 [124]

Wickerhamomyces orientalis KH-D1T KF938677 KF938676 [60]

12-101 KU253704 KU253703 [60]

Wickerhamomyces patagonicus CRUB 1724T FJ793131 FJ666399 [61]

CBS 11398 NG057185 KY110126 [124]

Wickerhamomyces pijperi NRRL YB-4309T - EF550335 [1]

CBS 2887 HM156502 KY110127 [124]

Wickerhamomyces psychrolipolyticus Y08-202-2T - LC333101 [65]

Y08-202-2 - LC333102 [65]

Wickerhamomyces queroliae UFMG-T05-200T EU580140 EU580140 [66]

Wickerhamomyces rabaulensis NRRL Y-7945T - EF550303 [1]

CBS 6797 KY105914 KY110128 [124]

Wickerhamomyces scolytoplatypi NBRC 11029T - AB534166 [69]

CBS 12186 KY105915 KY110130 [124]
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Table 2. Cont.

Yeast Species Strain
GenBank Acession Number

Reference
ITS D1/D2

Wickerhamomyces siamensis DMKU-RK359T NR111029 AB714248 [70]

CBS 12570 KY105916 KY110131 [124]

Wickerhamomyces silvicola NRRL Y-1678T - EF550302 [1]

GLMC 1708 MT156140 MT156324 [71]

Wickerhamomyces spegazzinii JLU025T KJ832072 KJ832071 [73]

Wickerhamomyces strasburgensis NRRL Y-2383T - EF550333 [1]

Wickerhamomyces subpelliculosus NRRL Y-1683T NR111336 EF550340 [1,127]

Wickerhamomyces sydowiorum NRRL Y-7130T NR138219 EF550343 [1,36]

NRRL Y-10996 FR690145 FR690073 [36]

Wickerhamomyces sylviae PYCC6345T - KF240728 [81]

U92A1 - KF240729 [81]

Wickerhamomyces tratensis NBRC 107799T AB607029 AB607028 [82]

CBS 12176 KY105935 KY110150 [124]

Wickerhamomyces xylosica CBS 12320T NR160310 AB557867 [5]

NT31 AB704715 NG064304 [5]

Wickerhamomyces xylosivorus NBRC 111553T NR155013 LC202858 [4]

14Y125 - NG057186 [4]

Saccharomyces cerevisiae NRRL Y-12632T AY046146 JQ689017 [128]

Spathaspora allomyrinae CBS 13924T KP054268 KP054267 [129]

Note: sepecies obtained in this study are in bold.

3. Results
3.1. Phylogenetic Results

The sequences of five yeast strains were deposited in the GenBank database (Table 2).
The alignment of a combination of ITS and D1/D2 domains of the LSU genes contained
1544 characters including gaps (ITS: 1−823 and D1/D2 domains of LSU: 824−1544). RAxML
analysis of the combined dataset yielded a best scoring tree with a final ML optimization
likelihood value of −12,120.4323. The matrix contained 776 distinct alignment patterns
with 42.33% undetermined characters or gaps. Estimated base frequencies were recorded
as follows: A = 0.2730, C = 0.1821, G = 0.2603, T = 0.2844; substitution rates AC = 1.0574,
AG = 2.0209, AT = 1.4684, CG = 0.6712, CT = 4.4165, GT = 1.0000. The gamma distribution
shape parameter alpha was equal to 0.2698 and the Tree-Length was equal to 4.4075. In
addition, the final average standard deviation of the split frequencies at the end of the
total MCMC generations was calculated as 0.00638 through BI analysis. Phylograms of the
ML and BI analyses were similar in terms of topology (data not shown). Therefore, the
phylogram obtained from the ML analysis was selected and presented for this study. The
phylogram was comprised of 67 sequences of Wickerhamomyces strains (including 37 type
strains obtained from either previous studies or the present study) and two sequences (Sac-
charomyces cerevisiae NRRL 12632 and Spathaspora allomyrinae CBS 13924) of the outgroup
(Figure 3). Our phylogenetic analysis separated Wickerhamomyces by different species based
on different topologies. Our analysis confirmed that W. myanmarensis (previously known
as P. myanmarensis) belonged to the genus Wickerhamomyces according to the phylogenetic
results of Arastehfar et al. [8] and Shimizu et al. [65]. Moreover, a phylogram clearly sepa-
rated our yeast strains into two monophyletic clades with high support values (BS = 100%
and PP = 1.0). The results indicated that our two yeast strains, SDBR-CMU-S2-17 and
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SDBR-CMU-S2-14 (introduced as W. nanensis), were clearly distinguished from the pre-
viously known species of Wickerhamomyces. Moreover, three yeast strains in this study,
SDBR-CMU-S2-02, SDBR-CMU-S2-15, and CMU-S3-06 (described here as W. lannaensis)
formed a sister clade to W. ochangensis with high support (BS = 100% and PP = 1.0).

Figure 3. Phylogram derived from maximum likelihood analysis of 69 sequences of the combined ITS and D1/D2 sequences.
Saccharomyces cerevisiae NRRL 12632 and Spathaspora allomyrinae CBS 13924 were used as the outgroup. The numbers above
branches represent bootstrap percentages (left) and Bayesian posterior probabilities (right). Bootstrap values ≥ 75% and
Bayesian posterior probabilities ≥ 0.90 are shown. Sequences obtained in this study are in red. Superscription “T” means
the type strains.
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3.2. Taxonomic Description of New Species
3.2.1. Wickerhamomyces lannaensis S. Nundaeng, J. Kumla, N. Suwannarach and
S. Lumyong, sp. nov. (Figure 4)

Mycobank No.: 841356
Etymology: “lannaensis” refers to Lanna kingdom the historic name of northern

Thailand, the collection locality of the type strain of the species.
Holotype: Thailand, Chiang Mai Province, Thep Sadej, Doi Saket District, in soil from

Assam tea (C. sinensis var. assamica) plantation, May 2017, J. Kumla and N. Suwannarach,
(holotype SDBR-CMU-S3-15T, culture ex-type TBRC 15533)

Figure 4. Wickerhamomyces lannaensis (holotype SDBR-CMU-S3-15). Culture (a), single colony (b) and
budding cells (c) on YMA after two days at 30 ◦C. Scale bar a and b = 10 cm, c = 10 µm.

Description: The streak culture on YMA after two days at 30 ◦C is circular from
(1–2 mm in diameter), white to cream color, smooth surface, dull-shining, entire margin,
and raised elevation. After growth on YMA at 30 ◦C for two days, the cells are spheroidal
to short ovoidal (3.6–3.8 × 2.4–2.6 µm), occur singly or in budding pairs. Pseudohyphae
and true hyphae were absent. Ascospores were not obtained for individual strains and
strain pairs on YMA, 5% MEA, PDA and V8 agar after incubation at 30 ◦C for one month.
Urea hydrolysis and diazonium blue B reactions are negative. Fermentation tests, glucose
is delayed positive, but galactose, maltose, sucrose, trehalose, melibiose, lactose, raffi-
nose, and xylose are negative. D-glucose, D-xylose, rhamnose, cellobiose, salicin, inulin
(weak), glycerol, D-glucitol, D-mannitol, D-glucono-1,5-lactone, D-gluconate, DL-lactate
(weak), succinate, and ethanol are assimilated. No growth was observed in L-sorbose,
N-acetyl glucosamine, D-ribose, L-arabinose, D-arabinose, sucrose, maltose, α,α-trehalose,
α-methyl-D-glucoside, melibiose, lactose, raffinose, melezitose, soluble starch, erythritol,
ribitol, galactitol, myo-inositol, 2-ketogluconic acid, 5-ketogluconic acid, D-glucuronate,
D-galacturonic acid, citrate, methanol, and xylitol. For the assimilation of nitrogen com-
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pounds, growth on ammonium sulfate, potassium nitrate, sodium nitrite, ethylamine HCl,
cadaverine, and creatine (weak) are positive and on L-lysine is latent positive.

Growth in the vitamin-free medium is weak positive. Growth was observed at 15 ◦C
and 30 ◦C, but not at 35, 37, 40, 42 and 45 ◦C. Growth in the presence of 50% glucose is
positive, but growth in the presence of 0.01% cycloheximide, 0.1% cycloheximide, 60%
glucose, 10% NaCl with 5% glucose and 15% NaCl with 5% glucose are negative. Acid
formation is negative.

Additional strains examined: Thailand, Nan Province, Muang District, Sri Na Pan, in
soil from Assam tea (C. sinensis var. assamica) plantation, September 2016, J. Kumla and
N. Suwannarach, SDBR-CMU-S2-02, SDBR-CMU-S2-06.

GenBank accession numbers: holotype SDBR-CMU-S3-15 (D1/D2: MT639220, ITS:
OK135750); additional strains SDBR-CMU-S2-02 (D1/D2: MT623569, ITS: OK135752) and
SDBR-CMU-S2-06 (D1/D2: MT613722, ITS: OK135753).

Note: Based on phylogenetic analyses, W. lannaensis formed a monophyletic clade in
a well-supported clade and was found to be closely related to W. ochangensis (Figure 3).
Wickerhamomyces lannaensis can be distinguished from W. ochangensis by its ability to
assimilate inulin and creatine and its growth in 50% glucose medium [11]. Additionally,
W. ochangensis was able to grow at a temperature of 37 ◦C, while W. lannaensis could not
grow at 37 ◦C [11].

3.2.2. Wickerhamomyces nanensis J. Kumla, S. Nundaeng, N. Suwannarach and S. Lumyong,
sp. nov. (Figure 5)

Mycobank No.: 841357
Etymology: “nanensis” refers to Nan Province of Thailand, the collection locality of

the type strain of the species.
Holotype: Thailand, Nan Province, Muang District, Sri Na Pan, in soil from Assam

tea (C. sinensis var. assamica) plantation, September 2016, J. Kumla, N. Suwannarach and
S. Khuna, (holotype SDBR-CMU-S2-17T, culture ex-type TBRC 15534)

Description: The streak culture on YMA after two days at 30 ◦C is circular from
(1–2 mm in diameter), white to cream color, smooth surface, dull-shining, entire margin,
and raised elevation. After growth on YMA at 30 ◦C for two days, the cells are spheroidal
to short ovoidal (3.8–4.0 × 2.4–2.5 µm), occur singly or in budding pairs. Pseudohyphae
(4.8–6.9 × 2.2–2.9 µm) were produced in Dalmau plate culture on 5% MEA and PDA after
7 days at 25 ◦C, but true hyphae are not obtained. Ascospores were not observed for
individual strains and strain pairs on YMA, 5% MEA, PDA and V8 agar after incubation
at 30 ◦C for one month. Urea hydrolysis and diazonium blue B reactions are negative.
Fermentation test, glucose is delayed positive, but galactose, maltose, sucrose, trehalose,
melibiose, lactose, raffinose, and xylose are not positive. D-glucose, D-galactose, cellobiose,
salicin, glycerol, D-mannitol, D-glucono-1,5-lactone, DL-lactate (weak), succinate, citrate,
and ethanol are assimilated. No growth was observed in L-sorbose, N-acetyl glucosamine,
D-ribose, D-xylose, L-arabinose, D-arabinose, rhamnose, sucrose, maltose, α,α-trehalose,
α-methyl-D-glucoside, melibiose, lactose, raffinose, melezitose, inulin, soluble starch,
erythritol, ribitol, D-glucitol, galactitol, myo-inositol, 2-ketogluconic acid, 5-ketogluconic
acid, D-gluconate, D-glucuronate, D-galacturonic acid, methanol, and xylitol. For the
assimilation of nitrogen compounds, growth on ammonium sulfate, potassium nitrate
(weak), sodium nitrite (weak), ethylamine HCl, l-lysine, and creatine (slow) are positive,
but cadaverine is not. Growth in the vitamin-free medium is weak. Growth was observed
at 15 ◦C and 30 ◦C, but not at 35, 37, 40, 42 and 45 ◦C. Growth in the presence of 50%
glucose and acid formation are positive, but growth in the presence of 0.01% cycloheximide,
0.1% cycloheximide, 60% glucose, 10% NaCl with 5% glucose, and 15% NaCl with 5%
glucose are negative.

Additional strain examined: Thailand, Nan Province, Muang District, Sri Na Pan, in
soil from Assam tea (C. sinensis var. assamica) plantation, September 2016, J. Kumla and
N. Suwannarach, SDBR-CMU-S2-14.
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GenBank accession numbers: holotype SDBR-CMU-S2-17 (D1/D2: MT613875, ITS:
OK143510); additional strain SDBR-CMU-S2-14 (D1/D2: MT623569, ITS: OK143511).

Note: Several morphological and biochemical characteristics of W. nanensis were
similar to W. chambardii. However, W. chambardii differed from W. nanensis by its ascospore
formation and could not assimilate D-mannitol [2]. Phylogenetic analyses clearly separated
W. nanensis and W. chambardii as different species. Moreover, W. nanensis formed a mono-
phyletic clade in a well-supported clade and was separated from other Wickerhamomyces
species (Figure 3).

Figure 5. Wickerhamomyces nanensis (holotype SDBR-CMU-S3-15). Culture (a), single colony (b) and
budding cells (c) on YMA after two days at 30 ◦C. Pseudohypahae (d) on 5% MAE agar after 7 days
at 25 ◦C. Scale bar a and b = 10 cm, c and d = 10 µm.
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3.3. New Combination

Wickerhamomyces myanmarensis (Nagats., H. Kawas. and T. Seki) J. Kumla, N. Suwan-
narach and S. Lumyong, comb. nov.

Mycobank No.: 841356
Basionym: Pichia myanmarensis Nagats., H. Kawas. and T. Seki, Int. J. Syst. Evol.

Microbiol. 55: 1381, 2005.
Note: The combined ITS and D1/D2 phylogenetic analyses indicated that the type

species, P. myanmarensis, belongs to the genus Wickerhamomyces and has a close phyloge-
netic relationship with W. anomalus (Figure 3). Accordingly, the phylogenetic results of
Arastehfar et al. [8] and Shimizu et al. [65] found that P. myanmarensis was placed within
the genus Wickerhamomyces.

3.4. Key to Species of Wickerhamomyces

A key to the identification of the Wickerhamomyces species introduced in the present
study was derived from the key described by Kurtzman et al. [2]. Key characteristics are
shown in Table 3.

1. a. Melibiose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
b. Melibiose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . 7

2. (1) a. Raffinose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . 3
b. Raffinose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . .W. kurtzmanii

3. (2) a. Citrate is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
b. Citrate is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . W. orientalis

4. (3) a. Ribitol is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
b. Ribitol is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . ..W. spegazzinii

5. (4) a. Growth at 37 ◦C . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . .W. edaphicus
b. Growth is absent at 37 ◦C . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

6. (5) a. Ascospores observed on 5% MEA . . . . . . . . . . . . . . . . . . ... . . . . . . W. sydowiorum
b. Ascospores not observed on 5% MEA . . . . . . . . . . . . . . . . . . ... . . . . . . W. arborarius

7. (1) a. Raffinose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . .. 8
b. Raffinose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . 19

8. (7) a. Nitrate is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
b. Nitrate is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . .. 15

9. (8) a. L-Rhamnose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . 10
b. L-Rhamnose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . 12

10. (9) a. L-Arabinose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . .W. ciferrii
b. L-Arabinose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . 11

11. (10) a. Sucrose is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . W. psychrolipolyticus
b. Sucrose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . W. xylosivorus

12. (9) a. Growth in vitamin-free medium . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . .. 13
b. Growth is absent in vitamin-free medium . . . . . . . . . . . . . . . . . . . W. subpelliculosus

13. (12) a. Soluble starch is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . .. 14
b. Soluble starch is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . W. lynferdii

14. (13) a. D-Arabinose is assimilated . . . . . . . . . . . . . . . .. . . . . . . .. . . . .. W. myanmarensis
b. D-Arabinose is not assimilated . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . W. anomalus

15. (8) a. Ribitol is assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
b. Ribitol is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . .. 17

16. (15) a. Galactose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. strasburgensis
b. Galactose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . W. rabaulensis

17. (15) a. Growth in vitamin-free medium . . . . . . . . . . . . . . . . . . . .... . . . . . W. patagonicus
b. Growth is absent in vitamin-free medium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

18. (17) a. Citrate is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. onychis
b. Citrate is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . W. siamensis

19. (7) a. 2-Keto-D-gluconate is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
b. 2-Keto-D-gluconate is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 21
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20. (19) a. D-Glucitol is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. mucosus
b. D-Glucitol is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .W. xylosicus

21. (19) a. D-Arabinose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 22
b. D-Arabinose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .23

22. (21) a. Growth at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . W. sylviae
b. Growth is absent at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. mori

23. (21) a. Galactose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
b. Galactose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . 27

24. (23) a. L-Arabinose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. silvicola
b. L-Arabinose is not assimilated . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . 25

25. (24) a. Sucrose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. scolytoplatypi
b. Sucrose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

26. (24) a. D-Mannitol is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. nanensis
b. D-Mannitol is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .W. chambardii

27. (23) a. L-Sorbose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . W. pijperi
b. L- Sorbose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

28. (27) a. D-Xylose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
b. D-Xylose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. tratensis

29. (28) a. Sucrose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
b. Sucrose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

30. (29) a. Cellobiose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
b. Cellobiose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. queroliae

31. (30) a. D-Glucitol is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
b. D-Glucitol is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. chaumierensis

32. (31) a. Growth at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
b. Growth is absent at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

33. (32) a. L-Arabinose is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. bovis
b. L-Arabinose is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. W. canadensis

34. (32) a. Nitrate is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
b. Nitrate is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. hampshirensis

35. (34) a. True hyphae are formed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. bisporus
b. True hyphae are not formed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. alni

36. (29) a. Citrate is assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. menglaensis
b. Citrate is not assimilated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

37. (36) a. Growth at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. ochangensis
b. Growth is absent at 37 ◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. lannaensis
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4. Discussion

Traditional methods of identification and characterization for the Wickerhamomyces
species are based primarily on phenotypical characteristics. These are further recognized
as relevant morphological, biochemical, and physiological characteristics [41,128]. How-
ever, identification can be difficult because some species have similar appearances, and
some biochemical characteristics are consistent across a number of species. In accordance
with this evidence, previous species of Wickerhamomyces were originally classified into
various yeast genera [1,2,4,5,50,70,75]. In 2008, the genus Wickerhamomyces was proposed
by Kurtzman et al. [1], wherein this genus was clearly separated from other yeast genera
based on phylogenetic evidence. Subsequently, some previously identified species were
then transferred from the genera Candida, Hansenula, Pichia, and Williopsis [1,4,5,50,54,70].
Therefore, molecular phylogenetic analysis is necessary to concretely identify the Wick-
erhamomyces species. Species of the genus Wickerhamomyces are known to be widely dis-
tributed throughout the world and have been isolated from various habitats as shown
in Table 1. Prior to conducting our study, Wickerhamomyces consisted of 35 accepted and
published species according to molecular phylogenetic analysis. Our phylogenetic results
were similar to those of Arastehfar et al. [8] and Shimizu et al. [65] who indicated that
P. myanmarensis should be placed in the genus Wickerhamomyces. Consequently, we have
proposed that this yeast species be named W. myanmarensis.

Yeast diversity has been investigated in various habitats throughout different re-
gions of Thailand [5,10,15,16,18,19,46,70,78]. Wickerhamomyces anomalus was first species
reported in Thailand in 2002 [20]. In 2009, the first new species, W. edaphicus has been
discovered in Thailand [10]. Until now, a total of eight Wickerhamomyces species have
been found [5,10,20,46,68,70,78,82]. However, W. siamensis, W. tratensis, and W. xylosicus
were only known to be from Thailand [5,70,82]. In this study, two new Wickerhamomyces
species, namely W. lannaensis and W. nanensis, that were isolated from soil collected from
Assam tea plantations in northern Thailand were proposed based on identification through
molecular phylogenetic and phenotypic (morphological, biochemical, and physiological
characteristics) analyses. Therefore, effective identification of the Wickerhamomyces species
has increased the number of species found in Thailand to 10 species and has led to 38 global
species. This present discovery has increased the number of species of yeast known to be
from Thailand and is considered important in terms of stimulating deeper investigations
of yeast varieties in Thailand. Ultimately, these findings will help researchers gain a better
understanding of the distribution and ecology of Wickerhamomyces.

Many species of the genus Wickerhamomyces have been investigated, and some strains
have been used in a variety of biotechnology, food, and beverage industries, as well as
in medical and agricultural fields [83–102]. Despite the fact that many Wickerhamomyces
species can survive in a variety of environments, climate change has had an impact on
both the terrestrial biome and the aquatic environment. These environments are known to
serve as habitats for a number of microorganisms [130–134] and may have an impact on the
global diversity and distribution of Wickerhamomyces. Therefore, in addition to studying
the diversity and distribution of newly identified species, future research should focus on
the effects of climate change on Wickerhamomyces.
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Abstract: The genus Calonectria includes pathogens of various agricultural, horticultural, and forestry
crops. Species of Calonectria are commonly collected from soils, fruits, leaves, stems, and roots. Some
species of Calonectria isolated from soils are considered as important plant pathogens. Understanding
the species diversity and distribution characteristics of Calonectria species in different soil layers will
help us to clarify their long-term potential harm to plants and their patterns of dissemination. To
our knowledge, no systematic research has been conducted concerning the species diversity and
distribution characteristics of Calonectria in different soil layers. In this study, 1000 soil samples were
collected from five soil layers (0–20, 20–40, 40–60, 60–80, and 80–100 cm) at 100 sampling points in
one 15-year-old Eucalyptus urophylla hybrid plantation in southern China. A total of 1037 isolates
of Calonectria present in all five soil layers were obtained from 93 of 100 sampling points. The
1037 isolates were identified based on DNA sequence comparisons of the translation elongation factor
1-alpha (tef1), β-tubulin (tub2), calmodulin (cmdA), and histone H3 (his3) gene regions, as well as
the combination of morphological characteristics. These isolates were identified as C. hongkongensis
(665 isolates; 64.1%), C. aconidialis (250 isolates; 24.1%), C. kyotensis (58 isolates; 5.6%), C. ilicicola
(47 isolates; 4.5%), C. chinensis (2 isolates; 0.2%), and C. orientalis (15 isolates; 1.5%). With the exception
of C. orientalis, which resides in the C. brassicae species complex, the other five species belonged
to the C. kyotensis species complex. The results showed that the number of sampling points that
yielded Calonectria and the number (and percentage) of Calonectria isolates obtained decreased with
increasing depth of the soil. More than 84% of the isolates were obtained from the 0–20 and 20–40 cm
soil layers. The deeper soil layers had comparatively lower numbers but still harbored a considerable
number of Calonectria. The diversity of five species in the C. kyotensis species complex decreased
with increasing soil depth. The genotypes of isolates in each Calonectria species were determined by
tef1 and tub2 gene sequences. For each species in the C. kyotensis species complex, in most cases, the
number of genotypes decreased with increasing soil depth. The 0–20 cm soil layer contained all of
the genotypes of each species. To our knowledge, this study presents the first report of C. orientalis
isolated in China. This species was isolated from the 40–60 and 60–80 cm soil layers at only one
sampling point, and only one genotype was present. This study has enhanced our understanding of
the species diversity and distribution characteristics of Calonectria in different soil layers.

Keywords: fungal ecology; multi-gene phylogeny; plant pathogen; soil-borne fungi; tree disease

1. Introduction

Species in the genus Calonectria (Hypocreales, Nectriaceae) are phytopathogenic fungi
that cause serious losses to plant crops in tropical and subtropical regions of the world [1–6].
Many species of Calonectria are important pathogens of agricultural, horticultural, and
forestry crops and these species occur in approximately 335 plant species in nearly 100 plant
families [1]. Species of Calonectria have been isolated from soils, fruits, leaves, stems, and
roots [1,4,7–14]. The fungi are best known as foliar, shoot, and root pathogens [1,2,4,5], and
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they are commonly associated with disease symptoms, including seedling damping-off,
seedling rot, cutting rot, leaf spots, leaf blight, shoot blight, crown cankers, stem lesions,
collar and root rots, and tuber rot [1,14–23].

Some species of Calonectria isolated from soils are important plant pathogens. Calonec-
tria ilicicola is a soil-borne fungal pathogen of worldwide importance that causes black
rot disease in peanut and red crown rot in soybean [21,24–28]. Recently, we isolated
five Calonectria species, namely C. aconidialis, C. auriculiformis, C. hongkongensis, C. pseu-
doreteaudii, and C. reteaudii, from soils in a plantation of Eucalyptus trees [14]. Inoculation
results showed that all five species caused leaf spot, leaf blight, and seedling rot to the
tested Eucalyptus genotypes within three days [14].

Previous research results indicated a high level of species diversity of Calonectria in
southern China, especially in soils [9,11,13,14,23]. Currently, a total of 125 Calonectria species
have been described using DNA sequence-based phylogenetic analyses and morphological
comparisons [5,13,29–35]. A total of 25 species of Calonectria have been identified and
described in China based on DNA sequence data [5,9,11,13,14,36]. Of these species, 17 have
been isolated from soils, with 11 from soils under plantation Eucalyptus trees [5,9,11,14].

Some Calonectria species can survive in soil for long periods, and microsclerotia are
the primary survival structures [37]. Microsclerotia of some Calonectria species can survive
in the absence of hosts for 15 years or more [38,39]. Calonectria microsclerotia have been
recorded at depths of up to 66 cm below the soil surface [40]. Long-term survival and deep
soil presence of microsclerotia are serious threats to the management of diseases caused by
Calonectria species.

Understanding the diversity and distribution characteristics of Calonectria species
in different soil layers will help us to clarify their potential long-term harm to plants
and potential dissemination patterns. Very little research has been conducted concerning
the distribution characteristics of microsclerotia in soils, and the few published studies
have focused only on the surface soil [38,41]. In the past several years, studies have been
conducted to understand Calonectria species diversity in forest soils [9–11,13,14,36], but
all of the soil samples obtained for Calonectria isolation were collected from the 0–20 cm
soil layer. In this study, a relatively large number of soil samples were collected from five
different soil layers up to 100 cm depth in one 15-year-old Eucalyptus urophylla hybrid
plantation. Isolates of Calonectria from this plantation were obtained and identified. The
aims of this study were as follows: (1) to understand the species diversity of Calonectria in
different soil layers; and (2) to understand the distribution characteristics of each Calonectria
species in different soil layers.

2. Materials and Methods
2.1. Study Site, Soil Sampling, and Calonectria Isolation

This study was performed in a Eucalyptus urophylla hybrid plantation (21◦15′31.74′′ N,
110◦06′35′′ E; altitude 90 m) located in the South China Experimental Nursery, China
Eucalypt Research Centre (CERC), ZhanJiang, GuangDong Province, China. The Eucalyp-
tus plantation is located on the northern edge of the tropics, with a maritime monsoon
climate [42]. The average annual precipitation is 1777 mm, and the period from May to
October accounts for 84.1% of the annual precipitation. The annual average temperature
is 23.4 ◦C (http://en.weather.com.cn; accessed date: 10 August 2021). The soil type is
Rhodi-Udic Ferralosols, according to the Chinese Soil Taxonomy Classification [42,43]. The
area of the Eucalyptus plantation is about 6 ha (400 × 150 m), and the planting density of
Eucalyptus trees is 3 × 2 m. The Eucalyptus trees were 15 years old.

One hundred points in the Eucalyptus plantation were selected for soil sampling. The
100 points were randomly distributed in the plantation, and the distance between adjacent
sampling points was 10 m. Soil samples were collected from five layers at each sampling
point: 0–20, 20–40, 40–60, 60–80, and 80–100 cm. Two soil samples were collected in each
soil layer for each sampling point. In total, 1000 soil samples were collected from the
100 sampling points. Each of the soil samples was placed in a resealable plastic bag and
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transferred to the laboratory for Calonectria isolation. The soil samples were collected from
July to August 2020.

For Calonectria isolation, the collected soil was transferred into a plastic cylinder
sampling cup (diameter = 4.5 cm, height = 5 cm, and volume = 80 mL) (Chengdu Rich
Science Industry Co., Ltd., Chengdu, China); the soil sample occupied two-thirds of the
volume of the whole sampling cup volume. The soil sample was moistened by spraying
with sterile water and stirred evenly with a sterilized bamboo stick. Medicago sativa
(alfalfa) seeds were scattered onto the soil surface after it was surface-disinfested (30 s
in 75% ethanol and washed several times with sterile water) in the sampling cup. The
sampling cup with soil and alfalfa seeds was incubated at 25 ◦C under 12 h of daylight and
12 h of darkness. After one week, sporulating conidiophores with typical morphological
characteristics of Calonectria species [1] were produced on infected alfalfa tissue. Using a
dissection microscope (AxioCam Stemi 2000C, Carl Zeiss, Germany), the single conidial
mass was scattered onto 2% malt extract agar (MEA) (20 g malt extract powder and 20 g
agar powder per liter of water: malt extract powder was obtained from Beijing Shuangxuan
microbial culture medium products factory, Beijing, China; the agar powder was obtained
from Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) using a sterile needle.
After incubation at 25 ◦C for three to four hours, the germinated conidia were individually
transferred onto fresh MEA under the dissection microscope and incubated at 25 ◦C for
one week to obtain single-conidium cultures. For each soil sample, the soil was transferred
into two plastic sampling cups for Calonectria isolation.

2.2. DNA Extraction, PCR Amplification, and Sequencing

All isolates obtained in this study were used for DNA extraction and sequence com-
parisons. DNA was extracted from 10-day-old cultures. Mycelia were collected using
a sterilized scalpel and transferred to 2-mL Eppendorf tubes. The total genomic DNA
was extracted using the CTAB protocol described by van Burik and co-authors [44]. The
extracted DNA was dissolved in 30 µL TE buffer (1 M Tris-HCl and 0.5 M EDTA, pH 8.0),
and 2.5 µL RNase (10 mg/mL) was added at 37 ◦C for one hour to degrade RNA. Finally,
the DNA concentration was measured using a NanoDrop 2000 spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA).

According to previous research results, sequences of partial gene regions of translation
elongation factor 1-alpha (tef1) and β-tubulin (tub2), as well as calmodulin (cmdA) and
histone H3 (his3), were used to successfully identify Calonectria species [5,14]. These four
partial gene regions were amplified using the primer pairs EF1-728F/EF2, T1/CYLTUB1R,
CAL-228F/CAL-2Rd, and CYLH3F/CYLH3R, respectively. The PCR procedure was con-
ducted as described by Liu and Chen [36] and Wang and Chen [23].

To obtain accurate sequences for each of the sequenced isolates, all of the PCR products
were sequenced in both forward and reverse directions using the same primers used
for PCR amplification by the Beijing Genomics Institute, Guangzhou, China. All of the
sequences obtained in this study were edited using MEGA v. 7.0 software [45] and were
deposited in GenBank (https://www.ncbi.nlm.nih.gov; accessed date: 18 September 2021).
The tef1 and tub2 gene regions were sequenced for all Calonectria isolates. The isolates were
genotyped by the tef1 and tub2 sequences. Based on the genotypes generated by tef1 and
tub2 sequences, up to eight isolates for each tef1-tub2 genotype were selected for sequencing
the cmdA and his3 gene regions.

2.3. Multi-Gene Phylogenetic Analyses, Morphology, and Species Identification

A standard nucleotide BLAST search was conducted using the tef1, tub2, cmdA, and
his3 sequences to preliminarily identify the species from which the isolates were obtained
in this study. Sequences of tef1, tub2, cmdA, and his3 gene regions obtained in this study
were compared with sequences of type specimen strains of published Calonectria species.
Sequences of all of the published species in the relevant species complexes were used for
sequence comparisons and phylogenetic analyses. The datasets of Liu and co-authors [5]
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were used as templates for analyses, while sequences of other recently described Calonectria
species [13,32–35] were also used for sequence comparisons.

Sequences of each of the tef1, tub2, cmdA, and his3 gene regions, as well as the com-
bination of these four gene regions, were aligned using the online version of MAFFT v. 7
(http://mafft.cbrc.jp/alignment/server; accessed date: 7 August 2021) with the align-
ment strategy FFT-NS-i (Slow; interactive refinement method). Sequence alignments were
manually edited using MEGA v. 7.0 software [45] after initial alignments.

For Calonectria species, maximum parsimony (MP) and maximum likelihood (ML)
are frequently used for phylogenetic analyses [5,9,12,14]. Both MP and ML were used for
phylogenetic analyses of sequence datasets of each of the four genes and the combination of
the four gene regions in order to test whether the analysis results between the two methods
were consistent. The MP and ML analyses were conducted by the methods described
by Liu and Chen [36]. Phylogenetic trees were viewed by MEGA v. 7.0 [45]. Sequence
data of two isolates of Curvicladiella cignea (CBS 109167 and CBS 109168) were used as
outgroups [5].

The isolates selected for sequencing tef1, tub2, cmdA, and his3 gene regions were
used for morphological studies. Size of macroconidia and width of vesicles are the most
typical asexual characteristics used for morphological comparisons for species of Calonec-
tria [5,9,11,13,14,29,36]. In order to induce asexual structures, isolates were cultured on 2%
MEA in Petri dishes at 25 ◦C for 10 days. Sterile water was then added to the Petri dishes,
and a sterilized, soft-bristled paintbrush was used to dislodge the mycelium from the
agar surface. The water was then removed, and the dishes were placed upside down and
incubated at 25 ◦C for 2–3 days. This resulted in asexual structures being produced on the
surface of the cultures for some Calonectria isolates, a pattern that has been noted for Calonec-
tria pteridis by Graça and co-authors [46] and for Calonectria pentaseptata (synonymized as
a synonym of C. pseudoreteaudii in Liu and co-authors [5]) by Wang and Chen [23]. Fifty
measurements of macroconidia and vesicles were measured for the selected isolates that
produced abundant macroconidia and vesicles.

2.4. Calonectria Species Diversity in Different Soil Layers

After all of the Calonectria isolates were identified, the number of isolates present in
each identified species was counted. The species diversity associated with soil layers was
computed. The distribution characteristics of each Calonectria species in each soil layer were
recorded, including the number of sampling points from which each Calonectria species
was obtained and the number of isolates of each Calonectria species in each of the five soil
layers.

2.5. Genotyping of Isolates within Each Calonectria Species

After all of the Calonectria isolates were identified, we examined the genotype diversity
of each identified Calonectria species in the five different soil layers. The genotypes of
isolates within each species were determined based on tef1 and tub2 sequences, and the
number of isolates belonging to each genotype was recorded.

2.6. Genotype Diversity of Calonectria Species in Different Soil Layers

Based on the results of genotype analysis of each isolate determined by the sequences
of tef1 and tub2 gene regions, the numbers of genotypes of each Calonectria species in
different soil layers were counted. To investigate possible evolutionary relationships
among the observed tef1–tub2 genotypes for the Calonectria species identified in this study
with the most dominant species, minimum spanning networks (MSN) were constructed
using Bruvo’s distance with the R packages poppr and ape [47,48].
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3. Results
3.1. Soil Sampling and Calonectria Isolation

One thousand soil samples from 100 sample points were collected from the E. urophylla
hybrid plantation, with 200 soil samples from each of the five soil layers. For each soil
sample, two plastic sampling cups with soil and alfalfa seeds were used for the incubation
of Calonectria. After the conidia were transferred onto fresh MEA and incubated at 25 ◦C,
more than 90% of the conidia germinated within four hours. For each sampling cup,
one to four single conidia were transferred onto fresh MEA to obtain one to four single-
conidium cultures. In total, Calonectria fungi were isolated from 93 sampling points in
the plantation; the totals were 92, 40, 20, 7, and 5 from the 0–20, 20–40, 40–60, 60–80, and
80–100 cm soil layers, respectively (Supplementary Table S1, Supplementary Figure S1).
One thousand and thirty-seven isolates of Calonectria were obtained, with 564 (54.4%),
310 (29.9%), 107 (10.3%), 28 (2.7%), and 28 isolates (2.7%) from the 0–20, 20–40, 40–60,
60–80, and 80–100 cm soil layers, respectively, and 84.3% of the isolates were distributed in
the 0–20 and 20–40 cm soil layers (Table 1, Supplementary Table S2, Figure 1). From the
results, it was clear that the number of sampling points that yielded Calonectria and the
number (and percentage) of Calonectria isolates obtained decreased with increasing soil
depth (Supplementary Figure S1, Figure 1).

Table 1. Number of isolates obtained for each Calonectria species from each soil layer.

Soil Layer C.
hongkongensis

C.
aconidialis C. kyotensis C. ilicicola C. chinensis C.

orientalis
All six Calonectria

species Percentage

0–20 cm 373 140 33 16 2 0 564 54.4%
20–40 cm 203 74 14 19 0 0 310 29.9%
40–60 cm 61 20 7 8 0 11 107 10.3%
60–80 cm 8 8 4 4 0 4 28 2.7%

80–100 cm 20 8 0 0 0 0 28 2.7%
All five

soil layers 665 250 58 47 2 15 1037
Percentage 64.1% 24.1% 5.6% 4.5% 0.2% 1.5%

Figure 1. Numbers and percentages of Calonectria isolates obtained in each of the five soil layers.

3.2. Sequencing

The tef1 and tub2 genes were amplified for all the 1037 isolates obtained in this study
(Supplementary Table S2). Twenty-two genotypes were generated based on tef1 and tub2
gene sequences (Table 2). Depending on the isolate number of each tef1-tub2 genotype, one
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to eight isolates of each genotype were selected; finally, 85 isolates in total were selected
to sequence the cmdA and his3 gene regions (Table 3). The sequence fragments were
approximately 500, 565, 685, and 440 bp for the tef1, tub2, cmdA, and his3 gene regions,
respectively.

Table 2. Isolate numbers of each genotype from each Calonectria species.

Calonectria Species
Number of Genotypes

Determined by tef1 and
tub2 Gene Sequences

Genotype Determined
by tef1 and tub2 Gene

Sequences
Number of Isolates of

Each Genotype
Number of isolates of

Each Calonectria
Species

C. hongkongensis 11 AA 561 665
AB 1
AC 4
AD 7
AE 2
AF 20
AG 15
AH 4
BA 15
CA 5
DA 31

C. aconidialis 3 AA 156 250
AB 9
AC 85

C. kyotensis 3 AA 33 58
AB 19
BA 6

C. ilicicola 3 AA 26 47
AB 9
BB 12

C. chinensis 1 AA 2 2
C. orientalis 1 AA 15 15

All six Calonectria species 22 1037 1037

3.3. Multi-Gene Phylogenetic Analyses, Morphology, and Species Identification

The standard nucleotide BLAST search results conducted using the tef1, tub2, cmdA,
and his3 sequences showed that the isolates obtained in the current study belonged to
two species complexes of Calonectria, namely, the C. kyotensis species complex and the C.
brassicae species complex. The 85 Calonectria isolates with four gene regions sequenced
were used for phylogenetic analyses (Table 3). Based on the recently published results
in Liu and co-authors [5] and Crous and co-authors [34], sequences of tef1, tub2, cmdA,
and his3 of published species in the C. kyotensis species complex and C. brassicae species
complex, respectively, were used for sequence comparisons and phylogenetic analyses
(Table 4).

The partition homogeneity test (PHT) comparing the tef1, tub2, cmdA, and his3 gene
combination datasets generated a p-value of 0.001, indicating that the accuracy of the com-
bined datasets did not suffer relative to the individual partitions [60]. Thus, sequences of
the four loci were combined for analyses. Between the MP and ML trees, the overall topolo-
gies were similar for the phylogenetic trees based on tef1, tub2, cmdA, and his3 individually
and the combination datasets, but the relative positions of some Calonectria species slightly
differed. The five ML trees are presented in Figure 2 and Supplementary Figures S2–S5.
The numbers of taxa and parsimony-informative characters, statistical values of the MP
analyses, and parameters of the best-fit substitution models of ML analyses are provided
in Table 5.
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Table 5. Statistical values of datasets for maximum parsimony and maximum likelihood analyses in this study.

Dataset No. of Taxa No. of bp 1
Maximum Parsimony

PIC 2 No. of Trees Tree Length CI 3 RI 4 RC 5 HI 6

tef1 157 522 241 110 588 0.697 0.973 0.678 0.303
tub2 156 597 256 1000 694 0.635 0.967 0.614 0.365

cmdA 156 697 277 1000 617 0.676 0.969 0.655 0.324
his3 153 478 166 973 602 0.570 0.960 0.547 0.430

tef1/tub2/cmdA/his3 157 2303 944 150 2671 0.609 0.962 0.586 0.391

Dataset
Maximum likelihood

Subst. mode 7 NST 8 Rate matrix Rates

tef1 TIM2+G 6 1.8670 3.4436 1.8670 1.0000 5.0336 Gamma
tub2 TPM3uf+I+G 6 1.4137 4.7965 1.0000 1.4137 4.7965 Gamma

cmdA TrN+G 6 1.0000 3.5934 1.0000 1.0000 7.2024 Gamma
his3 GTR+I+G 6 2.5191 8.8466 5.6820 2.1055 15.5239 Gamma

tef1/tub2/cmdA/his3 GTR+I+G 6 1.5966 4.2868 1.3927 0.9904 5.5003 Gamma
1 bp = base pairs. 2 PIC = number of parsimony informative characters. 3 CI = consistency index. 4 RI = retention index. 5 RC = rescaled
consistency index. 6 HI = homoplasy index. 7 Subst. model = best fit substitution model. 8 NST = number of substitution rate categories.

The phylogenetic analyses showed that the 85 Calonectria isolates were clustered in
six groups (Group A, Group B, Group C, Group D, Group E, and Group F) based on tef1,
tub2, cmdA, his3, and combined tef1/tub2/cmdA/his3 analyses (Figure 2, Supplementary
Figures S2–S5). The analyses showed that isolates in Groups A, B, C, D, and E belonged
to the C. kyotensis species complex. Isolates in Groups A, B, C, and E were clustered with
or were closest to C. hongkongensis, C. kyotensis, C. chinensis, and C. ilicicola, respectively,
based on the tef1, tub2, cmdA, his3, and combined tef1/tub2/cmdA/his3 trees (Figure 2,
Supplementary Figures S2–S5). Therefore, isolates in Groups A, B, C, and E were identified
as C. hongkongensis, C. kyotensis, C. chinensis, and C. ilicicola, respectively. Isolates in Group D
were clustered in two sub-groups, sub-group D1 and sub-group D2, in the tub2 tree. Isolates
in sub-group D1 were clustered with or were closest to C. aconidialis; isolates in sub-group
D2 were clustered with C. asiatica (Supplementary Figure S3); isolates in Group D were
clustered with or were closest to C. aconidialis based on the tef1, cmdA, his3, and combined
tef1/tub2/cmdA/his3 trees (Figure 2, Supplementary Figures S2, S4, and S5). Isolates in
Group D were identified as C. aconidialis. Isolates in Group F belonged to the C. brassicae
species complex. These isolates were consistently only clustered with C. orientalis based
on the tef1, tub2, his3, and combined tef1/tub2/cmdA/his3 trees and were clustered with
both C. orientalis and C. brassicae in the cmdA tree (Figure 2, Supplementary Figures S2–S5).
Isolates in Group F were identified as C. orientalis.
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Figure 2. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
the dataset of combined tef1, tub2, cmdA, and his3 gene sequences in this study. Bootstrap support
values ≥ 70% are presented above the branches as follows: ML/MP. Bootstrap values < 70% or
absent are marked with “*”. Isolates highlighted in six different colors, and bold were obtained in this
study. Ex-type isolates are marked with “T”. The “B” species codes are consistent with the recently
published results in Liu and co-authors [5]. Curvicladiella cignea (CBS 109167 and CBS 109168) was
used as the outgroup taxon.
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Based on the results of phylogenetic analyses and induction of asexual structures,
17 isolates representing six Calonectria species were selected for macroconidia and vesi-
cle morphological comparisons (Tables 3 and 6). These representative isolates could be
classified into two groups based on the shape of the vesicles. Isolates of C. aconidialis, C.
chinensis, C. hongkongensis, C. ilicicola, and C. kyotensis produce sphaeropedunculate vesicles,
while the vesicles of C. orientalis are typically clavate. With the exception of C. ilicicola
isolates, which produce 1(–3) septate macroconidia, isolates of the other five species all
produced one septate macroconidium (Table 6). The shape of the vesicle and the number
of macroconidia septations for each of the six Calonectria species found in this study were
consistent with the described strains of relevant species in previous studies [1,9,29,49]
(Table 6).

The morphological comparisons showed that significant variation existed in the size
of macroconidia or width of vesicles among some isolates of each species of C. aconidialis,
C. hongkongensis, and C. kyotensis identified in this study. For example, the macroconidia
of C. aconidialis isolate CSF20985 were much longer than those of the other two tested
C. aconidialis isolates CSF20323 and CSF20376. In C. hongkongensis, the macroconidia of
isolate CSF20383 were longer than those of the other four isolates; the vesicles of isolate
CSF20924 were wider than those of other isolates. In C. kyotensis, the macroconidia of
isolate CSF20276 were much longer than those of isolate CSF21191 (Table 6).

The measurement results further showed that macroconidia size and vesicle width of
isolates of some species obtained in this study were not always similar to the originally
described strains of the same Calonectria species. For example, the macroconidia lengths of
isolates of C. chinensis and C. orientalis obtained in this study were much shorter than the
originally described strains of the relevant species [29,49] (Table 6).

3.4. Calonectria Species Diversity in Different Soil Layers

Based on the sequence comparisons of tef1, tub2, cmdA, and his3 sequences, the
1037 Calonectria isolates were identified as C. hongkongensis (665 isolates; 64.1%), C. aconi-
dialis (250 isolates; 24.1%), C. kyotensis (58 isolates; 5.6%), C. ilicicola (47 isolates; 4.5%),
C. chinensis (2 isolates; 0.2%), and C. orientalis (15 isolates; 1.5%) (Table 1). Calonectria
hongkongensis was dominant, followed by C. aconidialis. Each of the two dominant species
was isolated from more than or close to 50% of all of the sampling points, and the two
species accounted for 88.2% of all of the Calonectria isolates obtained in this study (Table 1,
Supplementary Table S1, Figure 3). Both C. chinensis and C. orientalis were only isolated
from one sampling point; C. chinensis was only isolated from the 0–20 cm soil layer, and
only two isolates were obtained; C. orientalis was isolated from the soil layers of 40–60 and
60–80 cm, and 11 and 4 isolates in the two soil layers were obtained, respectively (Table 1,
Supplementary Table S1, Figure 3).

With the exception of C. orientalis in the C. brassicae species complex, the diversity of
species in the C. kyotensis species complex decreased with increasing soil depth. Five, four,
four, four, and two species were identified in the soil layers of 0–20, 20–40, 40–60, 60–80,
and 80–100 cm, respectively (Table 1, Supplementary Table S1).

For each of the five species in the C. kyotensis species complex, the number of sampling
points containing Calonectria decreased with increasing depth of the soil, with the exception
of C. hongkongensis in soil layers of 60–80 cm (2 sampling points) and 80–100 cm (4 sampling
points) (Supplementary Table S1, Figure 4A); the number of isolates obtained decreased
with increasing soil depth, with the exception of C. hongkongensis in the 60–80 cm soil layer
(8 isolates) and 80–100 cm (20 isolates) as well as C. ilicicola in the 0–20 cm (16 isolates) and
20–40 cm (19 isolates) soil layers (Table 1, Figure 4B). Most isolates were obtained from the
soil layers 0–20 and 20–40 cm, accounting for 86.6%, 85.6%, 81%, 74.5%, and 100% of all of
the obtained isolates within each species of C. hongkongensis, C. aconidialis, C. kyotensis, C.
ilicicola, and C. chinensis, respectively (Figure 5).
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Figure 3. Numbers and percentages of isolates obtained for each Calonectria species from all soil samples collected.

Figure 4. Number of sampling points yielded different Calonectria species in each of the five soil layers (A), and numbers of
isolates obtained for different Calonectria species in each of the five soil layers (B).
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Figure 5. Relative abundances of each Calonectria species in each of the five soil layers. Relative abundance was based on
the proportional frequencies of isolates of each Calonectria species in each soil layer.

3.5. Genotyping of Isolates within Each Calonectria Species

For the 1037 Calonectria isolates obtained and identified in this study, the genotype
results based on tef1 and tub2 sequences indicated that 11, 3, 3, 3, 1, and 1 genotype(s)
existed in C. hongkongensis, C. aconidialis, C. kyotensis, C. ilicicola, C. chinensis, and C. orientalis,
respectively (Table 2). The isolates presenting the dominant genotype (genotype AA)
accounted for 84.4%, 62.4%, 56.9%, 55.3%, 100%, and 100% of all of the isolates obtained
from C. hongkongensis, C. aconidialis, C. kyotensis, C. ilicicola, C. chinensis, and C. orientalis,
respectively (Table 2).

3.6. Genotype Diversity of Calonectria Species in Different Soil Layers

The tef1-tub2 genotypes of each Calonectria species in each soil layer are listed in Table 7
and are shown in Figure 6. For each species in the C. kyotensis species complex, the results
showed that the number of genotypes decreased with increasing soil depth, with the excep-
tion of C. hongkongensis and C. aconidialis in the 60–80 cm (one genotype) and 80–100 cm
(two genotypes) soil layers (Table 7, Figure 6A,B); the 0–20 cm soil layer contained all of
the genotypes of each species in the C. kyotensis complex (Table 7, Figure 6A–E). For the
genotype with the most isolates of each species in the C. kyotensis complex, the majority of
isolates were obtained from 0–20 cm soil layer, with the exception of C. ilicicolla (Table 7,
Figure 6A–E). Only one genotype of C. orientalis was present in the 40–60 and 60–80 cm soil
layers (Table 7, Figure 6F).
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Table 7. Isolate numbers of each genotype in each soil layer for each Calonectria species.

Calonectria
Species

Soil
Layer

Genotype
Determined
by tef1 Gene
Sequences

Number of
Isolates

Based on tef1
Genotype

Genotype
Determined

by tub2 Gene
Sequence

Number of
Isolates

Based on
tub2

Genotype

Genotype
Determined
by tef1 and
tub2 Gene
Sequences

Number of
Isolates

Based on tef1
and tub2

Genotype

Number of
Isolates in
Each Soil
Layer for

Each Species

C. hongkongensis 0–20 cm A 346 A 337 AA 310 373
B 15 B 1 AB 1
C 1 C 4 AC 4
D 11 D 5 AD 5

E 2 AE 2
F 9 AF 9
G 11 AG 11
H 4 AH 4

BA 15
CA 1
DA 11

20–40 cm A 186 A 197 AA 180 203
C 4 D 2 AD 2
D 13 F 4 AF 4

CA 4
DA 13

40–60 cm A 58 A 50 AA 47 61
D 3 F 7 AF 7

G 4 AG 4
DA 3

60–80 cm A 8 A 8 AA 8 8
80–100 cm A 16 A 20 AA 16 20

D 4 DA 4
C. aconidialis 0–20 cm A 140 A 98 AA 98 140

B 1 AB 1
C 41 AC 41

20–40 cm A 74 A 40 AA 40 74
B 8 AB 8
C 26 AC 26

40–60 cm A 20 A 6 AA 6 20
C 14 AC 14

60–80 cm A 8 A 8 AA 8 8
80–100 cm A 8 A 4 AA 4 8

C 4 AC 4
C. kyotensis 0–20 cm A 31 A 27 AA 25 33

B 2 B 6 AB 6
BA 2

20–40 cm A 10 A 12 AA 8 14
B 4 B 2 AB 2

BA 4
40–60 cm A 7 B 7 AB 7 7
60–80 cm A 4 B 4 AB 4 4

80–100 cm – – – – – – 0
C. ilicicola 0–20 cm A 9 A 4 AA 4 16

B 7 B 12 AB 5
BB 7

20–40 cm A 18 A 14 AA 14 19
B 1 B 5 AB 4

BB 1
40–60 cm A 8 A 8 AA 8 8
60–80 cm B 4 B 4 BB 4 4

80–100 cm – – – – – – 0
C. chinensis 0–20 cm A 2 A 2 AA 2 2

20–40 cm – – – – – – 0
40–60 cm – – – – – – 0
60–80 cm – – – – – – 0

80–100 cm – – – – – – 0
C. orientalis 0–20 cm – – – – – – 0

20–40 cm – – – – – – 0
40–60 cm A 11 A 11 AA 11 11
60–80 cm A 4 A 4 AA 4 4

80–100 cm – – – – – – 0
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Figure 6. The isolate numbers of each genotype of each Calonectria species in five soils layers. The genotypes were
determined by DNA sequences of tef1 and tub2 gene regions. (A): C. hongkongensis; (B): C. aconidialis; (C): C. kyotensis; (D) C.
ilicicola; (E): C. chinensis; (F): C. orientalis.
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The minimum spanning network (MSN) analysis was conducted for C. hongkongensis,
which was considered as the dominant species identified in this study. The analysis
revealed that most isolates of C. hongkongensis were genotype AA (561 isolates), followed
by genotypes DA (31 isolates) and AF (20 isolates); genotype AA was present in the isolates
from all five soil layers; genotypes AB, AC, AE, AH, and BA were present only in the
isolates from the 0–20 cm soil layer, and the other genotypes were present in isolates from
two to four soil layers. Isolates from the 0–20 cm soil layer contained all of the genotypes
(Figure 7).

Figure 7. Minimum spanning network constructed using Bruvo’s distances showing that the C. hongkongensis isolates were
grouped into 11 genotypes based on tef1 and tub2 sequences. The size of a node is proportional to the number of represented
tef1-tub2 genotypes.

4. Discussion

In this study, more than 1000 Calonectria isolates were obtained from five soil layers
at 100 sampling points in one Eucalyptus plantation. All of the isolates were identified
based on DNA sequence comparisons of multiple gene regions. Six Calonectria species were
identified, namely, C. aconidialis, C. chinensis, C. hongkongensis, C. ilicicola, and C. kyotensis
in the C. kyotensis species complex, and C. orientalis in the C. brassicae species complex.
Calonectria hongkongensis (64.1% of all of the isolates) was the dominant species, followed
by C. aconidialis (24.1% of all of the isolates). To our knowledge, this is the first report of C.
orientalis in China. The species diversity and distribution characteristics of the six species
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in different soil layers were clarified. The results showed that the number of sampling
points from which Calonectria was obtained, and the number of Calonectria isolates obtained
decreased with increasing depth of the soil. The majority of isolates (84.3% of all the isolates)
were obtained from soil layers of 0–20 and 20–40 cm. The diversity of the five species in
the C. kyotensis species complex decreased with increasing soil depth. For each species in
the C. kyotensis species complex, in most cases, the number of genotypes decreased with
increasing soil depth, and the 0–20 cm soil layer contained all of the genotypes of each
species.

Five species, namely, C. aconidialis, C. chinensis, C. hongkongensis, C. ilicicola, and C.
kyotensis, in the C. kyotensis species complex were isolated from the soil of the Eucalyp-
tus plantation in this study. These five species have been frequently isolated from soils
in several other regions in southern China, especially from soils in Eucalyptus planta-
tions [9,11,14,49]. Calonectria ilicicola is considered as a soil-borne fungal pathogen that has
been isolated from a number of diseased plant species in China [21,61]. This study presents
the first record of C. ilicicola isolated from soil in a Eucalyptus plantation. Results of this and
previous studies suggest that all five of the species in the C. kyotensis species complex are
potentially widely distributed in Eucalyptus plantation soils in other regions of southern
China [9,11,14].

This study is the first report of C. orientalis in China, and this species is the first
Calonectria species in the C. brassicae species complex found in China. Calonectria orientalis
has been isolated from soil in Indonesia [29]. Some other species in the C. brassicae species
complex have also been frequently isolated from soils. With the exception of C. orientalis,
the other species in the C. brassicae species complex isolated from soils were all from
Ecuador and Brazil in South America [5,10,29–31,56]. Most of the Calonectria species in
the C. brassicae species complex have only been isolated from South America but not from
Asia [5] and C. orientalis, in this study, was only isolated from one of the 100 sampling
points. These results suggest that C. orientalis is not widely distributed in China.

For the five species in the C. kyotensis species complex, the results of this study
indicate that the diversity of the five species decreased with increasing soil depth, and the
number of sampling points containing Calonectria and the number of Calonectria isolates
obtained also decreased with soil depth. Most isolates were obtained from the 0–20 and
20–40 cm soil layers. In most cases, the number of genotypes decreased with increasing
soil depth for each species, and the 0–20 cm soil layer contained all of the genotypes of each
species. These results suggest that 0–20 cm is the best soil depth for Calonectria isolation
and for examining the species and genotype diversity of Calonectria in soils in Eucalyptus
plantations in southern China. In several previous studies specialized in the research
on Calonectria species diversity, soil samples were also exclusively collected from the
surface layer, all from the 0–20 cm layer [9–11,13,14,36]. These studies have characterized
the diversity of Calonectria species well. Results of a number of other studies indicated
that microbial diversity and richness are typically affected by the soil depth [62–67], and
shallower layers usually have a higher level of microbial diversity [62,63,66–68]. This
pattern is consistent with the results of the present study. A possible reason for the vertical
distribution of soil microbes is the harsher environment in deeper soil layers, where the
soil density is higher, oxygen concentrations are lower, and carbon and nutrients are
less available [69]. For Calonectria, which includes some important pathogens of various
agricultural, horticultural, and forestry crops worldwide, as well as for other genera of fungi
in forests, no systematic research has been conducted to examine the species diversity and
distribution characteristics in different soil layers. This study showed that the deeper soil
layers had comparatively fewer but still contained many Calonectria. It remains unknown
whether the Calonectria were originally distributed in deeper soil layers or whether the
fungi in deeper soil layers migrated from surface layers, perhaps through the infiltration
of rainwater. Studies on the population diversity differences among different soil layers
should be conducted to address this question. Furthermore, the Calonectria distributed in
deeper soil layers increase the challenge of controlling the diseases caused by these fungi.
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This study examined the species diversity and distribution characteristics of Calonec-
tria in five soil layers in a Eucalyptus plantation in southern China. Six species were isolated
from soils in a relatively small Eucalyptus plantation, indicating that the diversity of Calonec-
tria species in these soils in southern China is relatively high. This study also revealed that
the species diversity and number of genotypes of each Calonectria species decreased with
increasing soil depth, a pattern that helps us to understand the distribution characteristics
of Calonectria species in different layers of soil. For some Calonectria species, there were
relatively large numbers of isolates obtained from different soil layers, especially for C.
hongkongensis and C. aconidialis in the 0–20, 20–40, and 40–60 cm soil layers. The genetic
structures and population biology of these species in the different soil layers are unknown,
but additional studies may increase our understanding of the distribution characteristics
and dissemination patterns of Calonectria species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7100857/s1, Table S1: Number of sampling points containing each Calonectria species in
each soil layer, Table S2: All 1037 isolates obtained and sequenced in this study, Figure S1: Number of
sampling points that yielded Calonectria in each of the five soil layers, Figure S2: Phylogenetic tree of
Calonectria species based on maximum likelihood (ML) analyses of the tef1 gene sequences, Figure S3:
Phylogenetic tree of Calonectria species based on ML analyses of the tub2 gene sequences, Figure S4:
Phylogenetic tree of Calonectria species based on ML analyses of the cmdA gene sequences, Figure S5:
Phylogenetic tree of Calonectria species based on ML analyses of the his3 gene sequences.

Author Contributions: S.C. conceived and designed the experiments. L.L. and S.C. collected the
samples. L.L. performed the laboratory work. L.L., W.W. and S.C. analyzed the data. S.C. and L.L.
wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This study was initiated through the bilateral agreement between the Governments of South
Africa and China and supported by The National Key R&D Program of China (China-South Africa
Forestry Joint Research Centre Project; project No. 2018YFE0120900), the National Ten-thousand
Talents Program (Project No. W03070115) and the GuangDong Top Young Talents Program (Project
No. 20171172).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: We thank JiaLong Han, LanSen Sun, Ying Liu, and XueYing Liang for their
assistance in collecting samples. We thank QianLi Liu for sequencing the tub2 gene region of some
isolates in Table 4. We thank FeiFei Liu for analyzing the genotype data. We thank GuoQing Li,
WenWen Li, and QuanChao Wang who provided assistance in laboratory work and checking the
data. We thank LetPub (www.letpub.com; accessed date: 27 August 2021 and 6 October 2021) for
providing linguistic assistance during the preparation of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Crous, P.W. Taxonomy and pathology of Cylindrocladium (Calonectria) and Allied Genera; APS Press: St. Paul, MN, USA, 2002.
2. Lombard, L.; Crous, P.W.; Wingfield, B.D.; Wingfield, M.J. Species concepts in Calonectria (Cylindrocladium). Stud. Mycol. 2010, 66,

1–14. [CrossRef]
3. Vitale, A.; Crous, P.W.; Lombard, L.; Polizzi, G. Calonectria diseases on ornamental plants in Europe and the Mediterranean basin:

An overview. J. Plant Pathol. 2013, 95, 463–476.
4. Daughtrey, M.L. Boxwood blight: Threat to ornamentals. Annu. Rev. Phytopathol. 2019, 57, 189–209. [CrossRef]
5. Liu, Q.L.; Li, J.Q.; Wingfield, M.J.; Duong, T.A.; Wingfield, B.D.; Crous, P.W.; Chen, S.F. Reconsideration of species boundaries

and proposed DNA barcodes for Calonectria. Stud. Mycol. 2020, 97, 100106. [CrossRef] [PubMed]
6. Li, J.Q.; Barnes, I.; Liu, F.F.; Wingfield, M.J.; Chen, S.F. Global genetic diversity and mating type distribution of Calonectria

pauciramosa: An important wide host-range plant pathogen. Plant Dis. 2021. [CrossRef]
7. Lombard, L.; Rodas, C.A.; Crous, P.W.; Wingfield, B.D.; Wingfield, M.J. Calonectria (Cylindrocladium) species associated with dying

Pinus cuttings. Persoonia 2009, 23, 41–47. [CrossRef] [PubMed]

140



J. Fungi 2021, 7, 857

8. Lombard, L.; Zhou, X.D.; Crous, P.W.; Wingfield, B.D.; Wingfield, M.J. Calonectria species associated with cutting rot of Eucalyptus.
Persoonia 2010, 24, 1–11. [CrossRef] [PubMed]

9. Lombard, L.; Chen, S.F.; Mou, X.; Zhou, X.D.; Crous, P.W.; Wingfield, M.J. New species, hyper-diversity and potential importance
of Calonectria spp. from Eucalyptus in South China. Stud. Mycol. 2015, 80, 151–188. [CrossRef]

10. Alfenas, R.F.; Lombard, L.; Pereira, O.L.; Alfenas, A.C.; Crous, P.W. Diversity and potential impact of Calonectria species in
Eucalyptus plantations in Brazil. Stud. Mycol. 2015, 80, 89–130. [CrossRef]

11. Li, J.Q.; Wingfield, M.J.; Liu, Q.L.; Barnes, I.; Roux, J.; Lombard, L.; Crous, P.W.; Chen, S.F. Calonectria species isolated from
Eucalyptus plantations and nurseries in South China. IMA Fungus 2017, 8, 259–286. [CrossRef]

12. Pham, N.; Barnes, I.; Chen, S.F.; Liu, F.F.; Dang, Q.; Pham, T.; Lombard, L.; Crous, P.W.; Wingfield, M.J. Ten new species of
Calonectria from Indonesia and Vietnam. Mycologia 2019, 111, 78–102. [CrossRef]

13. Wang, Q.C.; Liu, Q.L.; Chen, S.F. Novel species of Calonectria isolated from soil near Eucalyptus plantations in southern China.
Mycologia 2019, 111, 1028–1040. [CrossRef]

14. Wu, W.X.; Chen, S.F. Species diversity, mating strategy, and pathogenicity of Calonectria species from diseased leaves and soils in
the Eucalyptus plantation in southern China. J. Fungi 2021, 7, 73. [CrossRef]

15. Old, K.M.; Wingfield, M.J.; Yuan, Z.Q. A Manual of Diseases of Eucalypts in South-East Asia; Center for International Forestry
Research: Jakarta, Indonesia, 2003.

16. Rodas, C.A.; Lombard, L.; Gryzenhout, M.; Slippers, B.; Wingfield, M.J. Cylindrocladium blight of Eucalyptus grandis in Colombia.
Australas. Plant Pathol. 2005, 34, 143–149. [CrossRef]

17. Lechat, C.; Crous, P.W.; Groenewald, J.Z. The enigma of Calonectria species occurring on leaves of Ilex aquifolium in Europe. IMA
Fungus 2010, 1, 101–108. [CrossRef]

18. Chen, S.F.; Lombard, L.; Roux, J.; Xie, Y.J.; Wingfield, M.J.; Zhou, X.D. Novel species of Calonectria associated with Eucalyptus leaf
blight in Southeast China. Persoonia 2011, 26, 1–12. [CrossRef]

19. Gehesquière, B.; Crouch, J.A.; Marra, R.E.; van Poucke, K.; Rys, F.; Maes, M.; Gobin, B.; Höfte, M.; Heungens, K. Characterization
and taxonomic reassessment of the box blight pathogen Calonectria pseudonaviculata, introducing Calonectria henricotiae sp. nov.
Plant Pathol. 2016, 65, 37–52. [CrossRef]

20. Lopes, U.P.; Alfenas, R.F.; Zambolim, L.; Crous, P.W.; Costa, H.; Pereira, O.L. A new species of Calonectria causing rot on ripe
strawberry fruit in Brazil. Australas. Plant Pathol. 2017, 47, 1–11. [CrossRef]

21. Gai, Y.; Deng, Q.; Chen, X.; Guan, M.; Xiao, X.; Xu, D.; Deng, M.; Pan, R. Phylogenetic diversity of Calonectria ilicicola causing
Cylindrocladium black rot of peanut and red crown rot of soybean in southern China. J. Gen. Plant Pathol. 2017, 83, 273–282.
[CrossRef]

22. Freitas, R.G.; Alfenas, R.F.; Guimarães, L.M.S.; Badel, J.L.; Alfenas, A.C. Genetic diversity and aggressiveness of Calonectria pteridis
in Eucalyptus spp. Plant Pathol. 2019, 68, 869–877. [CrossRef]

23. Wang, Q.C.; Chen, S.F. Calonectria pentaseptata causes severe leaf disease on cultivated Eucalyptus in Leizhou Peninsula of southern
China. Plant Dis. 2020, 104, 493–509. [CrossRef] [PubMed]

24. Bell, D.K.; Sobers, E.K. A peg, pod, and root necrosis of peanuts caused by a species of Calonectria. Phytopathology 1966, 56,
1361–1364.

25. Johnston, S.A.; Beute, M.K. Histopathology of Cylindrocladium black rot of peanut. Phytopathology 1975, 64, 649–653. [CrossRef]
26. Pataky, J.K.; Beute, M.K.; Wynne, J.C.; Carlson, G.A. Peanut yield, market quality and value reductions due to Cylindrocladium

black rot. Peanut Sci. 1983, 10, 62–66. [CrossRef]
27. Berner, D.K.; Berggren, G.T.; Snow, J.P.; White, E.P. Distribution and management of red crown rot of soybean in Louisiana. Appl.

Agric. Res. 1988, 3, 160–166.
28. Yamamoto, R.; Nakagawa, A.; Shimada, S.; Komatsu, S.; Kanematsu, S. Histopathology of red crown rot of soybean. J. Gen. Plant

Pathol. 2016, 83, 23–32. [CrossRef]
29. Lombard, L.; Crous, P.W.; Wingfield, B.D.; Wingfield, M.J. Phylogeny and systematics of the genus Calonectria. Stud. Mycol. 2010,

66, 31–69. [CrossRef] [PubMed]
30. Lombard, L.; Wingfield, M.J.; Alfenas, A.C.; Crous, P.W. The forgotten Calonectria collection: Pouring old wine into new bags.

Stud. Mycol. 2016, 85, 159–198. [CrossRef]
31. Marin-Felix, Y.; Groenewald, J.Z.; Cai, L.; Chen, Q.; Marincowitz, S.; Barnes, I.; Bensch, K.; Braun, U.; Camporesi, E.; Damm, U.;

et al. Genera of phytopathogenic fungi: GOPHY 1. Stud. Mycol. 2017, 86, 99–216. [CrossRef]
32. Crous, P.W.; Luangsa-ard, J.J.; Wingfield, M.J.; Carnegie, A.J.; Hernández-Restrepo, M.; Lombard, L.; Roux, J.; Barreto, R.W.;

Baseia, I.G.; Cano-Lira, J.F.; et al. Fungal Planet description sheets: 785–867. Persoonia 2018, 41, 238–417. [CrossRef]
33. Crous, P.W.; Carnegie, A.J.; Wingfield, M.J.; Sharma, R.; Mughini, G.; Noordeloos, M.E.; Santini, A.; Shouche, Y.S.; Bezerra, J.D.P.;

Dima, B.; et al. Fungal Planet description sheets: 868–950. Persoonia 2019, 42, 291–473. [CrossRef]
34. Crous, P.W.; Hernández-Restrepo, M.; Schumacher, R.K.; Cowan, D.A.; Maggs-Kölling, G.; Marais, E.; Wingfield, M.J.; Yilmaz, N.;

Adan, O.C.G.; Akulov, A.; et al. New and Interesting Fungi. 4. Fungal Syst. Evol. 2021, 7, 255–343. [CrossRef]
35. Crous, P.W.; Cowan, D.A.; Maggs-Kölling, G.; Yilmaz, N.; Thangavel, R.; Wingfield, M.J.; Noordeloos, M.E.; Dima, B.; Brandrud,

T.E.; Jansen, G.M.; et al. Fungal Planet description sheets: 1182–1283. Persoonia 2021, 46, 313–528.
36. Liu, Q.L.; Chen, S.F. Two novel species of Calonectria isolated from soil in a natural forest in China. MycoKeys 2017, 26, 25–60.

[CrossRef]

141



J. Fungi 2021, 7, 857

37. Phipps, P.M.; Beute, M.K.; Barker, K.R. An elutriation method for quantitative isolation of Cylindrocladium crotalariae microsclerotia
from peanut field soil. Phytopathology 1976, 66, 1255–1259. [CrossRef]

38. Thies, W.F.; Patton, R.F. The biology of Cylindrocladium scoparium in Wisconsin forest tree nurseries. Phytopathology 1970, 60,
1662–1668. [CrossRef]

39. Sobers, E.K.; Littrell, R.H. Pathogenicity of three species of Cylindrocladium to select hosts. Plant Dis. Report. 1974, 58, 1017–1019.
40. Anderson, P.J. Rose Canker and Its Control; Massachusetts Agricultural Experiment Station Bulletin: Boston, MA, USA, 1918;

Volume 183, pp. 11–46.
41. Dumas, M.T.; Greifenhagen, S.; Halicki-Hayden, G.; Meyer, T.R. Effect of seedbed steaming on Cylindrocladium floridanum, soil

microbes and the development of white pine seedlings. Phytoprotection 1998, 79, 35–43. [CrossRef]
42. Xu, Y.; Du, A.; Wang, Z.; Zhu, W.; Li, C.; Wu, L. Effects of different rotation periods of Eucalyptus plantations on soil physiochemical

properties, enzyme activities, microbial biomass and microbial community structure and diversity. For. Ecol. Manag. 2020, 456,
117683. [CrossRef]

43. Cooperative Research Group on Chinese Soil Taxonomy. Chinese Soil Taxonomy; Science Press: Beijing, China, 2001.
44. van Burik, J.A.; Schreckhise, R.W.; White, T.C.; Bowden, R.A.; Myerson, D. Comparison of six extraction techniques for isolation

of DNA from filamentous fungi. Med. Mycol. 1998, 36, 299–303. [CrossRef]
45. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Mol. Biol.

Evol. 2016, 33, 1870–1874. [CrossRef]
46. Graça, R.N.; Alfenas, A.C.; Maffia, L.A.; Titon, M.; Alfenas, R.F.; Lau, D.; Rocabado, J.M.A. Factors influencing infection of

eucalypts by Cylindrocladium pteridis. Plant Pathol. 2009, 58, 971–981. [CrossRef]
47. Paradis, E.; Claude, J.; Strimmer, K. APE: Analyses of phylogenetics and evolution in R language. Bioinformatics 2004, 20, 289–290.

[CrossRef] [PubMed]
48. Kamvar, Z.N.; Tabima, J.F.; Grünwald, N.J. Poppr: An R package for genetic analysis of populations with clonal, partially clonal,

and/or sexual reproduction. PeerJ 2014, 2, e281. [CrossRef] [PubMed]
49. Crous, P.W.; Groenewald, J.Z.; Risede, J.M.; Simoneau, P.; Hywel-Jones, N.L. Calonectria species and their Cylindrocladium

anamorphs: Species with sphaeropedunculate vesicles. Stud. Mycol. 2004, 50, 415–430.
50. Kang, J.C.; Crous, P.W.; Schoch, C.L. Species concepts in the Cylindrocladium floridanum and Cy. spathiphylli complexes (Hypocre-

aceae) based on multi-allelic sequence data, sexual compatibility and morphology. Syst. Appl. Microbiol. 2001, 24, 206–217.
[CrossRef] [PubMed]

51. Victor, D.; Crous, P.W.; Janse, B.J.H.; Wingfield, M.J. Genetic variation in Cylindrocladium floridanum and other morphologically
similar Cylindrocladium species. Syst. Appl. Microbiol. 1997, 20, 268–285. [CrossRef]

52. Boedijn, K.B.; Reitsma, J. Notes on the genus Cylindrocladium (Fungi: Mucedineae). Reinwardtia 1950, 1, 51–60.
53. Terashita, T. A new species of Calonectria and its conidial state. Trans. Mycol. Soc. Japan 1968, 8, 124–129.
54. Tubaki, K. Studies on the Japanese Hyphomycetes. V. Leaf & stem group with a discussion of the classification of Hyphomycetes and

their perfect stages. J. Hattori Bot. Lab. 1958, 20, 142–244.
55. El-Gholl, N.E.; Alfieri, S.A., Jr.; Barnard, E.L. Description and pathogenicity of Calonectria clavata sp. nov. Mycotaxon 1993, 48,

201–216.
56. Crous, P.W.; Groenewald, J.Z.; Risède, J.M.; Simoneau, P.; Hyde, K.D. Calonectria species and their Cylindrocladium anamorphs:

Species with clavate vesicles. Stud. Mycol. 2006, 55, 213–226. [CrossRef]
57. Crous, P.W.; Wingfield, M.J.; Alfenas, A.C. Additions to Calonectria. Mycotaxon 1993, 46, 217–234.
58. Decock, C.; Crous, P.W. Curvicladium gen. nov., a new hyphomycete genus from French Guiana. Mycologia 1998, 90, 276–281.

[CrossRef]
59. Lombard, L.; van der Merwe, N.A.; Groenewald, J.Z.; Crous, P.W. Generic concepts in Nectriaceae. Stud. Mycol. 2015, 80, 189–245.

[CrossRef]
60. Cunningham, C.W. Can three incongruence tests predict when data should be combined? Mol. Biol. Evol. 1997, 14, 733–740.

[CrossRef] [PubMed]
61. Pei, W.H.; Cao, J.F.; Yang, M.Y.; Zhao, Z.J.; Xue, S.M. First report of black rot of medicago sativa caused by Cylindrocladium

parasiticum (teleomorph Calonectria ilicicola) in Yunnan province, China. Plant Dis. 2015, 99, 890. [CrossRef]
62. Fierer, N.; Schimel, J.P.; Holden, P.A. Variations in microbial community composition through two soil depth profiles. Soil Biol.

Biochem. 2003, 35, 167–176. [CrossRef]
63. Jumpponen, A.; Jones, K.L.; Blair, J. Vertical distribution of fungal communities in tallgrass prairie soil. Mycologia 2010, 102,

1027–1041. [CrossRef] [PubMed]
64. de Araujo Pereira, A.P.; Santana, M.C.; Bonfim, J.A.; de Lourdes Mescolotti, D.; Cardoso, E.J.B.N. Digging deeper to study the

distribution of mycorrhizal arbuscular fungi along the soil profile in pure and mixed Eucalyptus grandis and Acacia mangium
plantations. Appl. Soil Ecol. 2018, 128, 1–11. [CrossRef]

65. Grishkan, I.; Lázaro, R.; Kidron, G.J. Vertical divergence of cultivable microfungal communities through biocrusted and bare soil
profiles at the Tabernas Desert, Spain. Geomicrobiol. J. 2020, 37, 534–549. [CrossRef]

66. Upton, R.N.; Sielaff, A.C.; Hofmockel, K.S.; Xu, X.; Polley, H.W.; Wilsey, B.J. Soil depth and grassland origin cooperatively shape
microbial community co-occurrence and function. Ecosphere 2020, 11, e02973. [CrossRef]

142



J. Fungi 2021, 7, 857

67. Frey, B.; Walthert, L.; Perez-Mon, C.; Stierli, B.; Köchli, R.; Dharmarajah, A.; Brunner, I. Deep soil layers of drought-exposed
forests harbor poorly known bacterial and fungal communities. Front. Microbiol. 2021, 12, 674160. [CrossRef]

68. Na, X.; Ma, S.; Ma, C.; Liu, Z.; Xu, P.; Zhu, H.; Liang, W.; Kardol, P. Lycium barbarum L. (goji berry) monocropping causes microbial
diversity loss and induces Fusarium spp. enrichment at distinct soil layers. Appl. Soil Ecol. 2021, 168, 104107. [CrossRef]

69. Lennon, J.T. Microbial life deep underfoot. mBio 2020, 11, e03201-19. [CrossRef] [PubMed]

143





Fungi
Journal of

Article

Four New Species of Hemileccinum (Xerocomoideae, Boletaceae)
from Southwestern China

Mei-Xiang Li 1,2,3, Gang Wu 1,2 and Zhu L. Yang 1,2,*

Citation: Li, M.-X.; Wu, G.; Yang, Z.L.

Four New Species of Hemileccinum

(Xerocomoideae, Boletaceae) from

Southwestern China. J. Fungi 2021, 7,

823. https://doi.org/10.3390/

jof7100823

Academic Editors: Anush Kosakyan,

Rodica Catana and Alona Biketova

Received: 27 August 2021

Accepted: 28 September 2021

Published: 30 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 CAS Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany,
Chinese Academy of Sciences, Kunming 650201, China; limeixiang@mail.kib.ac.cn (M.-X.L.);
wugang@mail.kib.ac.cn (G.W.)

2 Yunnan Key Laboratory for Fungal Diversity and Green Development, Kunming Institute of Botany, Chinese
Academy of Sciences, Kunming 650201, China

3 College of Life Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: fungi@mail.kib.ac.cn

Abstract: The genus Hemileccinum belongs to the subfamily Xerocomoideae of the family Boletaceae.
In this study, phylogenetic inferences of Hemileccinum based on sequences of a single-locus (ITS)
and a multi-locus (nrLSU, tef1-α, rpb1, rpb2) were conducted. Four new species, namely H. abidum,
H. brevisporum, H. ferrugineipes and H. parvum were delimited and proposed based on morphological
and molecular evidence. Descriptions and line-drawings of them were presented, as well as their
comparisons to allied taxa. Our study shed new light on the recognition of the genus. The pileipellis
of the species in this genus should mostly be regarded as (sub)epithelium to hyphoepithelium,
because the pileipellis of most studied species here is composed of short inflated cells in the inner
layer (subpellis) and filamentous hyphae in outer layer (suprapellis). The basidiospores of the studied
species, including the type species, H. impolitum, have a warty surface.

Keywords: boletes; taxonomy; morphology; molecular phylogeny

1. Introduction

The genus Hemileccinum Šutara was created based on the species H. impolitum (Fr.)
Šutara as the type, and H. depilatum (Redeuilh) Šutara [1]. These two species were both
originally placed in the genus Boletus L. [2] and later were transferred to the genus Leccinum
because of the lateral stipe stratum of the leccinoid type which is predominantly anticlinally
arranged, breaking up into characteristic fascicles of hyphae ending in elements of the
caulohymenium during growth of the stipe [1,3,4]. However, molecular phylogenetic
analyses indicated that these two species are very distant from the species of both Leccinum
and Boletus, but similar to the species of Xerocomus; thus they were accordingly transferred
to Xerocomus [5,6]. Based on the previous molecular evidence and his own further mor-
phological observations, Šutara established the genus Hemileccinum to accommodate these
two species. He emphasized that Hemileccinum was diagnosed by the anatomical structure
of the peripheral stipe layers having a lateral stipe stratum of the leccinoid type, which
distinguished this genus not only from all the other species belonging to the Xerocomus
s.l. but also from those in the genus Boletus [1]. Wu et al. confirmed the monophyly
of Hemileccinum and found an additional diagnosed character of this genus, namely the
irregularly warty basidiospores under SEM [7,8]. Meanwhile, the genus Corneroboletus
N.K. Zeng & Zhu L. Yang was confirmed as a synonym of Hemileccinum due to the similar
basidiospore ornamentation and the closely phylogenetic relationship [8].

As ectomycorrhizal fungi, species in the genus Hemileccinum are widely distributed
in temperate, subtropical and tropical regions, and play an important role in forest
ecology [1,8–14]. However, the species diversity of Hemileccinum was relatively poorly
known in the world until recent studies suggested existence of other potentially new specie

145



J. Fungi 2021, 7, 823

of the genus [8,10]. Until now, only 10 species of the genus have been reported in the world
according to the database of INDEX FUNGORUM (accessed date: 27 August 2021). Among
them, H. impolitum and H. depilatum are from Europe [1], H. subglabripes (Peck) Halling,
H. rubropunctum (Peck) Halling and H. hortonii (A.H. Sm. & Thiers) M. Kuo & B. Ortiz are
from North America [8,9]. In Asia, H. rugosum G. Wu & Zhu L. Yang is described from
China, and H. indecorum (Massee) G. Wu & Zhu L. Yang is from tropical China, Singapore,
Thailand [8,15,16].

During past fungal investigations in southwestern China, we encountered four po-
tential new species of Hemileccinum. Our aim in this study is to clarify their molecular
phylogenetic positions and to delimit them based on morphological data and molecular
evidence.

2. Materials and Methods
2.1. Sample Collection and Morphological Study

In total, seventeen collections were examined in this study, which were collected
from the Yunnan Province of southwestern China during the years 2007–2017 (Figure 1).
The macroscopic characters of the specimens were described based on fresh basidiomata,
and the dried specimens were deposited in the Cryptogamic Herbarium of the Kunming
Institute of Botany, Chinese Academy of Sciences (KUN-HKAS). Color codes of the form
“5C4” indicate the plate, row, and color block from Kornerup and Wanscher [17]. For
microscopic observation, a ZEISS Axiostar Plus microscope (Oberkochen, Germany) was
used and the dried specimens were revived in 5% KOH solution or distilled water. More-
over, Melzer’s reagent was applied to test color reactions of the tissue fragments to the
solution. Microscopic studies follow Li et al. and Zhou et al. [18,19]. In the descriptions
of basidiospores, the abbreviation [n/m/p] means n basidiospores measured from m
basidiomata of p collections. The range notation (a)b–c(d) stands for the dimensions of
basidiospores in which b–c contains a minimum of 90% of the measured values while a and
d in the brackets stand for the extreme values. Q is used to imply “length/width ratio” of a
basidiospore in side view; Qm means average Q of all basidiospores ± sample standard
deviation. To observe basidiospore ornamentations, a ZEISS Sigma 300 scanning electron
microscope (SEM) (Oberkochen, Germany) was used. Genera are abbreviated as follows:
H. for Hemileccinum, Ca. for Castanopsis, C. for Castanea, L. for Lithocarpus, P. for Pinus, Q.
for Quercus and Rug. for Rugiboletus.

2.2. Molecular Procedures and Phylogenetic Analyses

Total genomic DNA was obtained with the Ezup Column Fungi Genomic DNA
Purification Kit (Sangon Biotech, Shanghai, China) according to the manual from material
dried with silica gel. A total of five nuclear loci were sequenced, including the internal
transcribed spacer (ITS), the large subunit of nuclear ribosomal RNA gene (nrLSU), the
polymerase II subunit one (rpb1) gene, the second largest subunit of RNA polymerase
II (rpb2), and the translation elongation factor 1-α gene (tef1-α). The primer pairs of
ITS1/ITS4 [20,21], LROR/LR5 [22,23] were used for amplifying ITS, nrLSU, respectively.
The primer pairs used for amplifying the rpb1, rpb2, tef1-α, followed those in Wu et al. [7].
PCR was performed in a total volume of 25 µL containing 1 µL forward primer, 1 µL reverse
primer, 9.5 µL nuclease-free H2O, 12.5 µL BlasTaqTM 2×PCR MasterMix (abm, Richmond,
VA, Canada) and 1 µL DNA template. PCR protocol was as follows: pre-denaturation at
95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 60 s, 52 ◦C for 60 s,
and 72 ◦C for 80 s, and then a final elongation at 72 ◦C for 8 min was included. The
PCR products were purified with a Gel Extraction and PCR Purification Combo Kit (Spin-
column) (Bioteke, Beijing, China), and then sequenced by ABI-3730-XL DNA Analyzer
(Applied Biosystems, Foster City, CA, USA) by using the same primer pairs as in the PCR
amplification for sequencing.
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Figure 1. Fresh basidiomata of Hemileccinum species. (a–c) H. albidum ((a,b) Type, KUN-HKAS81120, (c) KUN-HKAS87225);
(d–f) H. brevisporum ((d) KUN-HKAS67896, (e) KUN-HKAS59445, (f) Type, KUN-HKAS89150); (g–i) H. ferrugineipes ((g,h)
Type, KUN-HKAS115554, (i) KUN-HKAS75054); (j–l) H. parvum ((j–l) Type, KUN-HKAS115553) Bars = 30 mm.
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2.3. Phylogenetic Analyses

We used BLAST to compare the obtained sequences of the newly collected materials
with those in the GenBank database. The BLAST results were used to predict the phyloge-
netic relationship between the newly collected specimens and known species and indicated
that the new materials were genetically similar to the other species of Hemileccinum. In
this study, two datasets were produced, the ITS dataset, and the combined nrLSU, tef1-α,
rpb1 and rpb2 dataset. The ITS sequences of Hemileccinum species from China were used to
infer relationships of Chinese species with those from Europe, North America and East
Asia. In the analysis of ITS dataset, Phylloporus rubrosquamosus N.K. Zeng, Zhu L. Yang &
L.P. Tang, Phylloporus rubeolus N.K. Zeng, Zhu L. Yang & L.P. Tang, Hourangia cheoi (W.F.
Chiu) Xue T. Zhu & Zhu L. Yang and Hourangia pumila (M.A. Neves & Halling) Xue T.
Zhu, Halling & Zhu L. Yang were chosen as outgroup [24–26]. The combined dataset was
mainly used to infer phylogenetic relationships and systematic positions of the Chinese
species. In the multigene phylogenetic analysis, including all known genera in the sub-
family Xerocomoideae were included. We screened the relevant sequences deposited in
GenBank, which were mainly submitted by Wu et al. [7,8], Gelardi et al. [27], Zhu et al. [26],
Zeng et al. [24], Neves et al. [28]. We collected a total of 13 ingroup species of 8 known
genera within Xerocomoideae and 2 outgroup species outside Xerocomoideae but in the
Boletaceae. Detailed information of the voucher specimens is given in Table 1.

The sequences were assembled with SeqMan implemented in Lasergene v7.1 (DNAS-
TAR Inc., Madison, WI, USA), and then aligned by using MAFFT v7.310 [29]. The software
Bioedit v7.2.5 [30] was used to check aligned matrices. To assess any potential conflicts
in the gene tree topologies for these five loci, single-locus matrices were analyzed using
maximum likelihood (ML) in RAxML v8.0.20 [31]. Sequences of the loci without conflicts
were then concatenated using Phyutility 2.2 [32,33] for further phylogenetic analyses. The
best-fitted substitution model for each gene was determined through MrModeltest v2.4 [34]
by using Akaike Information Criterion (AIC). GTR + I + G was inferred as the best-fit model
for the nrLSU, tef1-α, rpb1 and ITS selected according to the AIC in MrModeltest v2.4 [34].
SYM + I + G was selected as the best model for rpb2. For the ultimate phylogenetic analyses,
Maximum Likelihood (ML) analysis and Bayesian Inference were conducted by RAxML
v8.0.20 [31] and MRBAYES v3.2.7 [35], respectively. The parameters of RAxML were set
as defaults with 500 bootstrap replicates, except the substitution model which was set as
GTRGAMMAI.

BI analyses were conducted with two independent runs of one cold and three heated
chains. Runs were performed for 2 million generations, and trees sampled every 100 gen-
erations. The convergence was determined with the average standard deviation of split
frequencies (<0.01) Chain convergence was determined using Tracer v1.5 to confirm suffi-
ciently large ESS values (>200). The sampled trees were subsequently summarized by using
the “sump” and “sumt” commands with a 25% burn-in [31,35]. The Bayesian posterior
probabilities (BPP) of internodes were estimated based on the majority rule consensus with
the remaining trees.

148



J.
Fu

ng
i2

02
1,

7,
82

3

Ta
bl

e
1.

Sp
ec

im
en

s
us

ed
in

ph
yl

og
en

et
ic

an
al

ys
is

an
d

th
ei

r
G

en
Ba

nk
ac

ce
ss

io
n

nu
m

be
rs

.T
he

ne
w

ly
ge

ne
ra

te
d

se
qu

en
ce

s
ar

e
sh

ow
n

in
bo

ld
.

Sp
ec

ie
s

V
ou

ch
er

Lo
ca

li
ty

G
en

B
an

k
A

cc
es

si
on

N
um

be
r

R
ef

er
en

ce
s

IT
S

nr
LS

U
rp

b2
rp

b1
te

f1
-α

H
em

ile
cc

in
um

ru
go

su
m

K
U

N
-H

K
A

S8
43

55
C

hi
na

-
K

T9
90

57
8

K
T

99
04

13
K

T9
90

93
1

K
T9

90
77

4
[8

]
H

em
ile

cc
in

um
ru

go
su

m
K

U
N

-H
K

A
S8

49
70

C
hi

na
-

K
T9

90
57

7
K

T
99

04
12

-
K

T9
90

77
3

[8
]

H
em

ile
cc

in
um

ru
go

su
m

K
U

N
-H

K
A

S5
02

84
C

hi
na

-
K

T9
90

57
6

K
T

99
04

11
-

K
T9

90
77

2
[8

]
H

em
ile

cc
in

um
su

bg
la

br
ip

es
M

IC
H

:K
U

O
-0

72
30

80
2

U
SA

-
M

K
60

17
38

M
K

76
63

00
-

M
K

72
10

92
[1

0]
H

em
ile

cc
in

um
su

bg
la

br
ip

es
M

IC
H

:K
U

O
-0

70
70

70
2

U
SA

-
M

K
60

17
37

M
K

76
62

99
-

M
K

72
10

91
[1

0]
H

em
ile

cc
in

um
su

bg
la

br
ip

es
M

IC
H

:K
U

O
-0

83
01

40
2

U
SA

-
M

K
60

17
39

M
K

76
63

01
-

M
K

72
10

93
[1

0]
H

em
ile

cc
in

um
su

bg
la

br
ip

es
72

20
6

U
SA

-
K

F0
30

30
3

-
K

F0
30

37
4

K
F0

30
40

4
[3

6]
H

em
ile

cc
in

um
su

bg
la

br
ip

es
29

41
69

U
SA

M
N

12
82

37
-

-
-

-
fr

om
G

en
Ba

nk
H

em
ile

cc
in

um
su

bg
la

br
ip

es
36

60
-

K
M

24
89

36
-

-
-

-
fr

om
G

en
Ba

nk
H

em
ile

cc
in

um
de

pi
la

tu
m

21
37

33
3

U
SA

A
Y

12
70

32
-

-
-

-
fr

om
G

en
Ba

nk
H

em
ile

cc
in

um
de

pi
la

tu
m

A
F2

84
5

Be
lg

iu
m

-
-

M
G

21
26

33
-

M
G

21
25

91
[3

7]
H

em
ile

cc
in

um
de

pi
la

tu
m

Bd
1

-
-

A
F1

39
71

2
-

-
-

[5
]

H
em

ile
cc

in
um

im
po

lit
um

Bi
m

1
G

er
m

an
y

-
A

F1
39

71
5

-
K

F0
30

37
5

JQ
32

70
34

[3
6]

H
em

ile
cc

in
um

im
po

lit
um

47
69

8
Po

rt
ug

al
A

J4
19

18
7

-
-

-
-

[3
8]

H
em

ile
cc

in
um

im
po

lit
um

BI
57

40
7

Th
ai

la
nd

K
M

23
59

97
-

-
-

-
fr

om
G

en
Ba

nk
H

em
ile

cc
in

um
im

po
lit

um
BI

57
40

8
Th

ai
la

nd
K

M
23

59
98

-
-

-
-

fr
om

G
en

Ba
nk

H
em

ile
cc

in
um

im
po

lit
um

17
17

3
U

SA
JF

90
77

83
-

-
-

-
[3

9]
H

em
ile

cc
in

um
im

po
lit

um
K

U
N

-H
K

A
S8

48
69

G
er

m
an

y
-

K
T9

90
57

5
K

T
99

04
10

K
T9

90
93

0
K

T9
90

77
1

[8
]

H
em

ile
cc

in
um

in
de

co
ru

m
K

U
N

-H
K

A
S6

31
26

C
hi

na
-

K
F1

12
44

0
-

-
-

[7
]

H
em

ile
cc

in
um

in
de

co
ru

m
O

R
08

63
Th

ai
la

nd
-

-
M

H
61

47
72

-
M

H
61

47
26

[1
6]

H
em

ile
cc

in
um

ru
br

op
un

ct
um

JL
F5

66
66

U
SA

M
H

19
08

26
-

-
-

-
fr

om
G

en
Ba

nk
H

em
ile

cc
in

um
ru

br
op

un
ct

um
M

ES
25

6
U

SA
FJ

48
04

28
-

-
-

-
[4

0]
H

em
ile

cc
in

um
ru

br
op

un
ct

um
N

Y-
79

27
88

R
EH

-8
50

1
U

SA
-

M
K

60
17

68
M

K
76

63
27

-
M

K
72

11
22

[1
0]

H
em

ile
cc

in
um

ru
br

op
un

ct
um

N
Y-

01
19

39
24

R
EH

-9
59

7
U

SA
-

M
K

60
17

69
M

K
76

63
28

-
M

K
72

11
23

[1
0]

H
em

ile
cc

in
um

sp
.

K
U

N
-H

K
A

S5
34

21
C

hi
na

-
K

F1
12

43
2

K
F1

12
75

1
K

F1
12

56
5

K
F1

12
23

5
[7

]
H

em
ile

cc
in

um
ho

rt
on

ii
M

IC
H

K
U

O
-0

70
50

70
6

U
SA

-
M

K
60

18
21

M
K

76
63

77
-

M
K

72
11

75
[1

0]
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S8
72

25
C

hi
na

M
Z

92
37

77
M

Z
92

37
74

M
Z

93
63

17
M

Z
93

63
34

M
Z

93
63

51
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S8
33

55
C

hi
na

M
Z

92
37

78
M

Z
92

37
75

M
Z

93
63

21
M

Z
93

63
40

M
Z

93
63

57
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

(T
)

K
U

N
-H

K
A

S8
11

20
C

hi
na

M
Z

92
37

82
M

Z
92

37
66

M
Z

93
63

20
M

Z
93

63
39

M
Z

93
63

52
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S5
05

03
C

hi
na

M
Z

92
37

81
M

Z
92

37
67

M
Z

93
63

19
M

Z
93

63
35

M
Z

93
63

55
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S5
03

50
C

hi
na

M
Z

92
37

79
M

Z
92

37
68

M
Z

93
63

23
M

Z
93

63
42

M
Z

93
63

59
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S8
45

54
C

hi
na

M
Z

92
37

80
-

M
Z

93
63

18
M

Z
93

63
36

M
Z

93
63

58
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

al
bi

du
m

K
U

N
-H

K
A

S8
57

53
C

hi
na

M
Z

92
37

86
-

M
Z

93
63

25
M

Z
93

63
37

M
Z

93
63

53
T

hi
s

st
ud

y

149



J.
Fu

ng
i2

02
1,

7,
82

3

Ta
bl

e
1.

C
on

t.

Sp
ec

ie
s

V
ou

ch
er

Lo
ca

li
ty

G
en

B
an

k
A

cc
es

si
on

N
um

be
r

R
ef

er
en

ce
s

IT
S

nr
LS

U
rp

b2
rp

b1
te

f1
-α

H
em

il
ec

ci
nu

m
al

bi
du

m
K

U
N

-H
K

A
S8

71
05

C
hi

na
-

M
Z

92
37

69
M

Z
93

63
27

M
Z

93
63

38
M

Z
93

63
56

T
hi

s
st

ud
y

H
em

il
ec

ci
nu

m
al

bi
du

m
K

U
N

-H
K

A
S8

33
33

C
hi

na
M

Z
92

37
84

-
M

Z
93

63
26

M
Z

93
63

44
M

Z
93

63
61

T
hi

s
st

ud
y

H
em

il
ec

ci
nu

m
al

bi
du

m
K

U
N

-H
K

A
S8

34
00

C
hi

na
M

Z
92

37
83

M
Z

92
37

70
M

Z
93

63
24

M
Z

93
63

41
M

Z
93

63
54

T
hi

s
st

ud
y

H
em

il
ec

ci
nu

m
al

bi
du

m
K

U
N

-H
K

A
S1

15
74

9
C

hi
na

M
Z

92
37

85
-

M
Z

93
63

22
M

Z
93

63
43

M
Z

93
63

60
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

br
ev

is
po

ru
m

(T
)

K
U

N
-H

K
A

S8
91

50
C

hi
na

M
Z

92
37

88
M

Z
92

37
64

M
Z

93
63

28
M

Z
93

63
45

M
Z

93
63

62
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

br
ev

is
po

ru
m

K
U

N
-H

K
A

S5
94

45
C

hi
na

-
K

T9
90

57
9

K
T

99
04

14
K

T9
90

93
2

K
T9

90
77

5
[8

]
H

em
il

ec
ci

nu
m

br
ev

is
po

ru
m

K
U

N
-H

K
A

S6
78

96
C

hi
na

M
Z

92
37

87
M

Z
92

37
65

M
Z

93
63

29
M

Z
93

63
46

M
Z

93
63

63
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

fe
rr

ug
in

ei
pe

s
(T

)
K

U
N

-H
K

A
S1

15
55

4
C

hi
na

M
Z

92
37

92
M

Z
92

37
73

M
Z

93
63

30
M

Z
93

63
50

M
Z

97
30

11
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

fe
rr

ug
in

ei
pe

s
K

U
N

-H
K

A
S7

50
54

C
hi

na
-

K
F1

12
37

7
K

F1
12

74
9

K
F1

12
56

3
K

F1
12

23
4

[7
]

H
em

il
ec

ci
nu

m
fe

rr
ug

in
ei

pe
s

K
U

N
-H

K
A

S9
33

10
C

hi
na

M
Z

92
37

91
-

M
Z

93
63

31
M

Z
93

63
47

M
Z

97
30

12
T

hi
s

st
ud

y
H

em
il

ec
ci

nu
m

pa
rv

um
K

U
N

-H
K

A
S9

97
64

C
hi

na
M

Z
92

37
89

M
Z

92
37

71
M

Z
93

63
32

M
Z

93
63

49
M

Z
97

30
09

T
hi

s
st

ud
y

H
em

il
ec

ci
nu

m
pa

rv
um

(T
)

K
U

N
-H

K
A

S1
15

55
3

C
hi

na
M

Z
92

37
90

M
Z

92
37

72
M

Z
93

63
33

M
Z

93
63

48
M

Z
97

30
10

T
hi

s
st

ud
y

H
ei

m
io

po
ru

s
sp

.
K

U
N

-H
K

A
S5

34
51

C
hi

na
-

K
F1

12
34

5
K

F1
12

80
5

K
F1

12
61

6
K

F1
12

22
6

[7
]

H
ei

m
io

po
ru

s
af

f.
ja

po
ni

cu
s

K
U

N
-H

K
A

S5
22

36
C

hi
na

-
K

F1
12

34
6

K
F1

12
80

7
K

F1
12

61
7

K
F1

12
22

7
[7

]
H

ei
m

io
po

ru
s

ja
po

ni
ca

s
K

U
N

-H
K

A
S5

22
37

C
hi

na
-

K
F1

12
34

7
K

F1
12

80
6

K
F1

12
61

8
K

F1
12

22
8

[7
]

A
ur

eo
bo

le
tu

s
te

nu
is

K
U

N
-H

K
A

S7
51

04
C

hi
na

-
K

T9
90

51
8

K
T

99
03

59
K

T9
90

89
7

K
T9

90
72

2
[8

]
A

ur
eo

bo
le

tu
s

th
ib

et
an

us
K

U
N

-H
K

A
S7

66
55

C
hi

na
-

K
F1

12
42

0
K

F1
12

75
2

K
F1

12
62

6
K

F1
12

23
6

[7
]

Pu
lc

hr
ob

ol
et

us
ro

se
oa

lb
id

us
A

M
B

12
75

7
It

al
y

-
N

G
_0

60
12

6
-

-
K

J7
29

51
2

[2
7]

A
le

ss
io

po
ru

s
ic

hn
us

an
us

A
M

B
12

75
6

It
al

y
-

N
G

_0
57

04
4

-
-

K
J7

29
51

3
[2

7]
Ph

yl
lo

po
ru

s
ru

br
os

qu
am

os
us

K
U

N
-H

K
A

S5
25

52
C

hi
na

-
K

F1
12

39
1

K
F1

12
78

0
-

K
F1

12
28

9
[7

]
Ph

yl
lo

po
ru

s
ru

br
os

qu
am

os
us

K
U

N
-H

K
A

S5
45

59
C

hi
na

N
R

12
01

24
N

G
_0

42
66

8
-

-
JQ

96
71

75
[2

4,
25

]
Ph

yl
lo

po
ru

s
ru

be
ol

us
K

U
N

-H
K

A
S5

25
73

C
hi

na
JQ

96
72

59
JQ

96
72

16
-

-
JQ

96
71

72
[2

4,
25

]
X

er
oc

om
us

fr
at

er
nu

s
K

U
N

-H
K

A
S5

53
28

C
hi

na
-

K
T9

90
68

1
K

T
99

04
97

-
K

T9
90

86
9

[8
]

X
er

oc
om

us
ve

lu
tin

us
K

U
N

-H
K

A
S6

81
35

C
hi

na
-

K
T9

90
67

3
-

K
T9

91
01

1
K

T9
90

86
1

[8
]

H
ou

ra
ng

ia
ch

eo
i

Ya
ng

51
53

C
hi

na
K

P1
36

99
7

K
P1

36
94

7
K

P1
36

97
5

K
P1

36
96

6
K

P1
36

92
4

[2
6]

H
ou

ra
ng

ia
pu

m
ila

R
EH

80
63

In
do

ne
si

a
JQ

00
36

26
N

G
_0

60
63

6
-

-
-

[2
8]

Bo
le

te
llu

s
in

di
st

in
ct

us
K

U
N

-H
K

A
S7

76
23

C
hi

na
-

K
T9

90
53

1
K

T
99

03
71

-
K

T9
90

73
3

[8
]

Bo
le

te
llu

s
in

di
st

in
ct

us
K

U
N

-H
K

A
S8

06
81

C
hi

na
-

K
T9

90
53

2
K

T
99

03
68

K
T9

90
90

3
K

T9
90

73
4

[8
]

Le
cc

in
um

va
ri

ic
ol

or
K

U
N

-H
K

A
S5

77
58

C
hi

na
-

K
F1

12
44

5
K

F1
12

72
5

K
F1

12
59

1
K

F1
12

25
1

[7
]

Le
cc

in
um

af
f.

sc
ab

ru
m

K
U

N
-H

K
A

S5
72

66
C

hi
na

-
K

F1
12

44
2

K
F1

12
72

2
K

F1
12

59
0

K
F1

12
24

8
[7

]
Le

cc
in

um
m

on
tic

ol
a

K
U

N
-H

K
A

S7
66

69
C

hi
na

-
K

F1
12

44
3

K
F1

12
72

3
K

F1
12

59
2

K
F1

12
24

9
[7

]
Le

cc
in

el
lu

m
cr

em
eu

m
K

U
N

-H
K

A
S9

06
39

C
hi

na
-

-
K

T
99

04
20

K
T9

90
93

6
K

T9
90

78
1

[8
]

Le
cc

in
el

lu
m

sp
.

K
U

N
-H

K
A

S5
34

10
C

hi
na

-
K

T9
90

58
5

K
T

99
04

21
K

T9
90

93
7

-
[8

]

150



J. Fungi 2021, 7, 823

3. Results
3.1. Molecular Phylogenetic Analysis

A total of 79 sequences, including 16 for ITS, 12 for nrLSU, 17 for tef1-α, 17 for rpb1,
and 17 for rpb2 were newly generated in the present study and aligned with sequences
downloaded from GenBank and previous studies. Sequences retrieved from GenBank
and obtained in this study were listed in Table 1. ML and BI analyses of the ITS dataset
resulted in almost identical topologies and thus only the tree inferred from ML analysis
was displayed (Figure 2). Our phylogenetic analyses indicated that Hemileccinum formed a
monophyletic group with evident support (MLB/BPP = 100%/1.0). Eight phylogenetic
species of the genus Hemileccinum were retrieved, and four of them could be new to science.

Figure 2. Maximum-Likelihood phylogenetic tree generated from ITS dataset. Bootstrap values (BP) ≥ 50% from ML
analysis and Bayesian posterior probabilities (PP) ≥ 0.90 are shown on the branches. Newly described species are indicated
in bold and their type specimens are marked with (T).

According to the four single-locus phylogenetic analyses, no strongly supported (>70%
of ML) conflict of topologies was observed. Therefore, sequences of the four DNA loci
were concatenated for the final analysis. ML and BI analyses of the concatenated data set
resulted in almost identical topologies and thus only the tree inferred from ML analysis was
displayed (Figure 3). Our molecular phylogenetic analysis indicated that Hemileccinum is a
monophyletic genus with high statistic supports (BP = 98%, PP = 1). Thirteen phylogenetic
species of the genus Hemileccinum were retrieved, and four of them could be new to science.
By further morphological examinations of the related specimens of those four potential
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new species, we verified their taxonomic statuses of new species. For detailed information
of each species, see below.

Figure 3. Maximum-Likelihood analysis of Hemileccinum with nrLSU, tef1-α, rpb1 and rpb2 sequence data. Bootstrap values
(BP) ≥ 50% from ML analysis and Bayesian posterior probabilities (PP) ≥ 0.90 are shown on the branches. Newly described
species are indicated in bold and their type specimens are marked with (T).

3.2. Taxonomy

Hemileccinum albidum Mei-Xiang Li, Zhu L. Yang & G. Wu, sp. nov., Figure 1a–c,
Figures 4a–c and 5.

MycoBank no: 840704
Etymology: The epithet ‘albidum’ refers to the somewhat white stipe of this species.
Type: CHINA. Yunnan Province: Jingdong County, Ailao Mt., alt. 2490 m, associated

with Castanopsis ceratacantha, Ca. rufescens, Lithocarpus xylocarpus, Quercus griffithii, 22 July
2013, Jiao Qin 682 (KUN-HKAS81120).

Diagnosis: Hemileccinum albidum is distinguished by the combination characters of
the even pileus, and the whitish, nearly smooth stipe, with only small, granular scales at
the base.

Description: Basidioma stipitate-pileate, small to medium-sized. Pileus 3–9 cm diam,
hemispherical to applanate, finely rugose, then smooth, finely subtomentose, dry or slightly
viscid when wet; surface of Pileus grey-brown when young, then chrome yellow (5A8),
pompeian yellow (5C7) to ochraceous (2D2–5) or golden brown (5D7), somewhat paler
along the pileus edge; context white (1A1), yellowish (2A4–5) to brownish (5B5–8, 6C6–
8), unchanging on exposure. Hymenophore depressed around the apex of the stipe;
hymenophoral surface yellowish (2A4–5) to yellow to sulphur yellow (4A5–4A6) or oliva-
ceous yellow (2A6–7), unchanging when bruised; pores roundish, 0.5–1.0(1.5)/mm; tubes
up to 10 mm long, concolorous with the hymenophoral surface, unchanging when bruised.
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Stipe 5–16 cm long, 1.0–2.5 cm wide, subcylindrical; surface whitish (8A1), cream (1A2)
to pale yellow-brown (2A3) or pinkish (13A2) to purplish (11B3–5), fibrillose, sometimes
covered with small pale granular scales; context unchanging in color when cut. Basal
mycelium white (1A1).

Basidia 25–38 × 10–14 µm, clavate, 4-spored, sterigmata 4–6 µm long. Basidiospores
[120/3/3] (10)11–12.5 × (4.0)4.5–5.5 µm, [Q = (2.00)2.18–2.66(2.75), Qm = 2.36 ± 0.12],
subfusiform in side view with distinct suprahilar depression, subfusoid in ventral view,
brownish yellow, inamyloid, with tiny warts and pinholes on the surface under SEM.
Hymenophoral trama nearly phylloporoid with hyphae of the lateral strata touching or almost
touching each other with hyphae diverging from the central strand to the subhymenium.
Cheilocystidia 41–50 × 8–11 µm, lanceolate to clavate or ventricose, thin-walled, colorless.
Pleurocysitidia 46–56 × 8–13 µm, ventricose-subfusiform, with long beak, thin-walled.
Pileipellis an hyphoepithelium 170–230 µm thick, composed of moniliform hyphal segments
5–37 µm wide, thin-walled, with narrowly cylindrical to shortly cystidioid terminal cells
10–75 × 3–20 µm. Pileal trama composed of interwoven hyphae 5–34 µm wide. Stipitipellis
ca. 130 µm thick, hymeniform, terminal cells broadly clavate, 20–43× 10–22 µm, sometimes
connected with narrow, filamentous hyphae at the outer layer. Caulocystidia abundant,
26–43 × 7–12 µm, thin-walled. Stipe trama composed of parallel hyphae, 3.5–12.0 µm wide.
Clamp connections absent in all tissues.

Habitat and distribution: Scattered in subtropical forests dominated by plants of the
family Fagaceae (Castanopsis ceratacantha, Ca. rufescens, Ca. calathiformis, Lithocarpus xylo-
carpus, L. hancei, L. mairei and Quercus griffithii); on acidic, loamy, humid soils; moderately
common in southwestern China; fruiting in June to August in southwestern China (Yunnan
Province) between 1968 and 2490 m altitude.

Additional specimens examined: CHINA. Yunnan Province: Jingdong County, Ailao Mt.,
alt. 2490 m, associated with Castanopsis ceratacantha, Ca. rufescens, Lithocarpus xylocarpus
and Quercus griffithii, 21 July 2006, Zhu-Liang Yang 4706 (KUN-HKAS50503); same location,
20 July 2006, Yan-Chun Li 596 (KUN-HKAS50350); same location, 23 July 2013, Bang
Feng 1359 (KUN-HKAS115749); Longling County, Zhenan Town, alt. 1968 m, associated
with Castanopsis calathiformis and Lithocarpus hancei, 11 July 2014, Xiao-Bin Liu 459 (KUN-
HKAS87105); same location, 22 July 2014, Xiao-Bin Liu 673 (KUN-HKAS87225); same
location, 25 August 2014, Chen Yan 155 (KUN-HKAS85753); Longling County, Xueshan
Village, alt. 2000 m, associated with Castanopsis ceratacantha, Lithocarpus mairei and Quercus
griffithii, 19 June 2014, Jiao Qin 916 (KUN-HKAS83333); same location, 21 June 2014, Jiao
Qin 938 (KUN-HKAS83355); same location, 31 July 2014, Jiao Qin 983 (KUN-HKAS83400);
same location, 14 June 2014, Li-Hong Han 258 (KUN-HKAS84554).

Notes: Hemileccinum albidum is distinguished by combination characters of the even
pileus and whitish stipe surface covered with concolorous, small granular scales. Phyloge-
netically, H. albidum is closely related to H. brevisporum. However, the former species differs
in its whitish stipe and larger basidiospores (11.0–12.5 × 4.5–5.5 µm). Morphologically, the
size, pileus color and shape of H. albidum are similar to those of the European H. depilatum.
However, the latter is different from the former by its wrinkled or hammered pileus and the
pileipellis composed of hyphae of spherical and shortly cylindrical, terminal cells 16.5–44.0
× 8.5–30.0 µm [4]. Ecologically, H. albidum occurs under trees of Fagaceae in subtropical
regions while H. depilatum is distributed in hardwoods, especially with trees of Ulmus and
Carpinus in temperate regions [41,42] (Appendix A).
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Figure 4. Basidiospores of Hemileccinum albidum, H. brevisporum, H. ferrugineipes, H. parvum and H. impolitum under SEM.
(a–c) H. albidum (Type, KUN-HKAS81120); (d–f) H. brevisporum (Type, KUN-HKAS89150); (g–i) H. ferrugineipes (Type,
KUN-HKAS115554,); (j–l) H. parvum (Type, KUN-HKAS115553); (m–o) H. impolitum (KUN-HKAS84869).
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Figure 5. Microscopic features of H. albidum (Type, KUN-HKAS81120). (a). Hymenium and subhy-
menium; (b). Basidiospores; (c). Cheilocystidia; (d). Pleurocystidia; (e). Stipitipellis; (f). Pileipellis.
Bars: a = 20 µm, b = 30 µm, c–e = 20 µm, f = 10 µm.

Hemileccinum brevisporum Mei-Xiang Li, Zhu L. Yang & G. Wu, sp. nov., Figure 1d–f,
Figures 4d–f and 6.

MycoBank no: 840701
Etymology: The epithet ‘brevisporum’ refers to the short basidiospores.
Type: CHINA. Yunnan Province: Menghai County, alt. 1700 m, associated with

Castanopsis calathiformis, Ca. indica and Lithocarpus truncates, 1 July 2014, Kuan Zhao 487
(KUN-HKAS89150).

Diagnosis: Differs from other Hemileccinum species by the combined characters of the
dense fine-grained scales on the stipe surface, the shorter basidiospores measuring 9–11 ×
4–5 µm and small basidia measuring 18.5–27.0 × 8–11 µm.

Description: Basidioma stipitate-pileate, fleshy, small to medium-sized. Pileus 9 cm diam,
glabrous to slightly subtomentose, dry, convex to planate, pale yellow-brown (2A3) to pale
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red-brown (7A5); context yellowish (3A5–3A6), unchanging when bruised. Hymenophoral
surface and tubes concolorous, flash yellow (3A8) to dull yellow (3B3–3B4), unchanging
when bruised, pores roundish, 1.0–1.5/mm, tubes 11 mm long, unchanging when injured.
Stipe 13–15 cm long, 2.0–2.3 cm wide, subcyclindrical, surface of stipe cream (2A2–3A2)
to yellowish (2A4–2A5) at upper part, pale yellow-brown to yellow-brown (6C8) at lower
part, covered with small yellowish brown (5D8) dotted scales, context of stipe cream to pale
yellow (1A2–1A3), unchanging when bruised. Basal mycelium white to cream (2A2–3A2).

Figure 6. Microscopic features of H. brevisporum (Type, KUN-HKAS89150). (a). Hymenium and
subhymenium; (b). Basidiospores; (c). Pleurocystidia; (d). Cheilocystidia; (e). Stipitipellis; (f).
Pileipellis. Bars: a = 20 µm, b = 30 µm, c–e = 20 µm, f = 10 µm.

Basidia 18.5–27.0 × 8–11 µm, clavate, hyaline in 5% KOH, 4-spored. Basidiospores
[80/2/2], 9–11 × 4–5 µm, [Q = (2.22)2.35–2.50(2.75), Qm = 2.37 ± 0.15], subfusiform and
inequilateral in side view with distinct suprahilar depression, subfusoid in ventral view,
yellowish to brownish, smooth under light microscopy, but with tiny warts on the surface
under SEM. Hymenophoral trama nearly phylloporoid with hyphae of the lateral strata
touching or almost touching each other with hyphae diverging from the central strand to
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the subhymenium; hyphae subcylindrical to cylindrical, 3.5–14.0 µm wide. Cheilocystidia
37–50 × 11–13 µm, ventricose-subfusiform, with long beak, thin-walled. Pleurocystidia
48–67 × 12–16 µm, ventricose subfusiform, with long beak, thin-walled. Pileipellis an
hyphoepithelium 150–210 µm thick, composed of moniliform hyphal segments 5–35 µm
wide, thin-walled, with narrowly cylindrical to shortly cystidioid terminal cells 6–53 ×
4–20 µm. Pileal trama composed of interwoven hyphae 5–37 µm wide. Stipitipellis ca.
100 µm thick, hymeniform, terminal cells broadly clavate, 13–30 × 7.0–12.5 µm, sometimes
connected with narrow, filamentous hyphae at the outer layer. Caulobasidia abundant,
18.5–28.0 × 9.0–12.0 µm, thin-walled. Stipe trama composed of parallel hyphae, 4–12 µm
wide. Clamp connections absent.

Habitat and distribution: Scattered in subtropical forests dominated by the families
Fagaceae (Castanopsis calathiformis, Ca. indica, Ca. orthacantha, Lithocarpus hancei, L. mairei
and Quercus griffithii) and Pinaceae (Pinus yunnanensis or P. armandii); on acidic or slightly
alkaline, loamy soils; rather rare; fruiting in July to August in southwestern to northwestern
Yunnan between 1700 and 2120 m altitude.

Additional specimens examined: CHINA. Yunnan Province: Longling County, alt. 2010 m,
associated with Castanopsis calathiformis, Lithocarpus hancei and Pinus yunnanensis, 9 July
2009, Yan-Chun Li 1698 (KUN-HKAS59445); Jianchuan County, Laojunshan town, alt.
2120 m, associated with Castanopsis orthacantha, Lithocarpus mairei, Quercus griffithii and
Pinus armandii, 9 August 2010, Qing Cai 334 (KUN-HKAS67896).

Notes: Hemileccinum brevisporum is morphologically similar to H. impolitum because
of the ornamentation in the stipe and the slightly subtomentose pileus surface [1,41,42].
However, H. impolitum, originally described from Europe, differs from H. brevisporum,
by its much stockier stipe, and larger basidiospores (12–15 × 4–6 µm). Ecologically, H.
brevisporum occurs under trees of Fagaceae and Pinaceae in subtropical regions while H.
impolitum is distributed in hardwood or floodplain forests, especially with trees of Quercus
and Fagus in temperate regions [41,42] (Appendix A).

Hemileccinum ferrugineipes Mei-Xiang Li, Zhu L. Yang & G. Wu, sp. nov., Figure 1g–i,
Figures 4g–i and 7.

MycoBank no: 840700
Etymology: The epithet ‘ferrugineipes’ refers to the reddish brown stipe of this species.
Type: CHINA. Yunnan Province: Pu’er City, Simao District, Taiyanghe Nature Reserve,

alt. 1200 m, associated with Castanopsis ferox, Ca. calathiformis, Cyclobalanopsis xanthotricha,
Quercus fabri, Q. variabilis and Lithocarpus glabra, 24 June 2016, Jian-Wei Liu 584 (KUN-
HKAS115554).

Diagnosis: Differs from other Hemileccinum species by the combined characters of
rugose pileus, creamy yellow stipe surface when young becoming reddish when mature,
and densely scaled surface of the stipe.

Description: Basidioma stipitate-pileate, small to medium-sized. Pileus 3–10 cm diam,
clavate to planate, surface rugose, slightly subtomentose, dry, yellowish brown (5E5), olive
brown (4E5–6) to dull brown (5E8–5F8), context cream to yellowish (2A4–5), unchanging
when bruised. Hymenophoral surface and tubes concolorous, yellow (1A2–1A3) to ochre-
ous (5B7–5C7), unchanging when bruised, pores roundish, 1.5–2.5/mm; tubes 4–6 mm
long, unchanging when injured. Stipe 4–10 cm long, 1–2 cm wide, subcylindrical, surface
yellowish to yellow at upper part, lower part pale red-brown of stipe pileus; covered
with longitudinal striations and densely dotted scales, context cream (1A2) to yellowish,
unchanging when bruised. Basal mycelium cream.

Basidia 23–35 × 9–13 µm, clavate, hyaline in 5% KOH, 4-spored. Basidiospores [80/2/2],
11.0–12.5 × 4–5 µm, [Q = (2.30)2.40–2.78(3.00), Qm = 2.63 ± 0.19], subfusiform in side view
with distinct suprahilar depression, ellipsoid to somewhat oblong in face view, yellowish
to brownish, smooth under light microscopy, but with tiny warts under SEM. Hymenophoral
trama nearly phylloporoid with hyphae of the lateral strata touching or almost touching
each other with hyphae diverging from the central strand to the subhymenium; hyphae
subcylindrical to cylindrical, 4–13 µm wide. Cheilocystidia 36–63 × 7–11 µm, ventricose-
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subfusiform, with long beak, thin-walled. Pleurocystidia 37–62 × 8–12 µm, ventricose
subfusiform, with long beak, thin-walled. Pileipellis an hyphoepithelium 170–270 µm
thick, composed of moniliform hyphal segments 5–42 µm wide, thin-walled; always with
narrowly cylindrical to shortly cystidioid terminal cells, 20–127 × 4–12 µm. Pileal trama
composed of interwoven hyphae 6–38 µm wide. Stipitipellis ca.30–40 µm thick, hymeniform,
terminal cells broadly clavate, 15.0–32.0 × 6.5–15.5 µm. Caulobasidia abundant, 28–44 ×
9–12 µm, thin-walled. Stipe trama composed of parallel hyphae, 5–13 µm wide. Clamp
connections absent.

Figure 7. Microscopic features of H. ferrugineipes (Type, KUN-HKAS115554). (a). Hymenium and
subhymenium; (b). Basidiospores; (c). Pleurocystidia; (d). Cheilocystidia; (e). Stipitipellis; (f).
Pileipellis. Bars: a = 20 µm, b = 30 µm, c–e = 20 µm, f = 10 µm.

Habitat and distribution: Scattered in subtropical forests dominated by plants of the
family Fagaceae (Castanopsis ferox, Ca. calathiformis, Ca. hystrix, Cyclobalanopsis xanthotricha,
Quercus fabri, Q. variabilis and Lithocarpus glabra); on acidic or slightly alkaline, loamy soils;
rather rare; fruiting in June to August in southwestern to northwestern Yunnan between
1200 and 1690 m altitude.

Additional specimens examined: CHINA. Yunnan Province: Baoshan City, Longyang
District, alt. 1690 m, associated with Castanopsis calathiformis, Quercus fabri and Lithocarpus
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glabra, 30 July 2017, Pan-Meng Wang 350 (KUN-HKAS93310); Lanping County, alt. 1400 m,
associated with Castanopsis hystrix, Quercus fabri and Lithocarpus glabra, 16 August 2011,
Gang Wu 759 (KUN-HKAS75054).

Notes: Hemileccinum ferrugineipes is characterized by its rugose pileus and small, dense,
dotted scales on the reddish-brown stipe. Phylogenetically, the American species H. sub-
glabripes is close to H. ferrugineipes, but differs from it by its fairly long and slender, nearly
smooth stipe [9,10,43–45]. Morphologically, H. ferrugineipes is similar to Rugiboletus ex-
tremiorientalis (Lj.N.Vassiljeva) G. Wu & Zhu L. Yang and H. hortonii in the rugose pileus
and dense scales on the stipe [44–47]. However, H. ferrugineipes differs from Rug. extrem-
iorientalis, originally described from subtropical Yunnan, China, by its reddish slightly
densely scaled surface of the stipe and hyphoepithelium pileipellis. H. ferrugineipes differs
from H. hortonii, originally described from Illinois, USA, by its tightly wrinkled pileus and
the stockier stipe [9,44,45]. Ecologically, H. ferrugineipes occurs under trees of Fagaceae
in subtropical regions; H. hortonii is scattered or in groups on the ground under mixed
deciduous woods, occasionally under conifers; H. hortonii is rather rare and might be found
in eastern North America, west to Michigan [44,45] (Appendix A).

Hemileccinum parvum Mei-Xiang Li, Zhu L. Yang & G. Wu, sp. nov., Figure 1j–l,
Figures 4j–l and 8.

MycoBank no: 840703
Etymology: The epithet ‘parvum’ refers to the small basidioma.
Type: CHINA. Yunnan Province: Wenshan City, Malipo County, alt. 1200 m, associated

with Castanea henryi, C. mollissima, Lithocarpus bonnetii and Quercus marlipoensis, 30 July
2017, 532624MF-201-Wu 2299 (KUN-HKAS115553).

Diagnosis: Differs from other Hemileccinum species by the combined characters of the
small basidioma, and the rugose surface of pileus, the pale yellow context staining pale
blue very slowly when bruised.

Description: Basidioma stipitate-pileate, small. Pileus 3.3–3.6 cm diam, rugose, slightly
subtomentose, hemispherical, brownish (5B5–8, 6C6–8) at the central part, becoming paler
towards the margin (brownish or yellowish); context pale yellow (1A2–1A3), staining
pale blue very slowly when bruised at some spots, 4–5 mm thick. Hymenophoral surface
and tubes concolorous, light yellow (3B4–3B5), pores roundish, 1.5–2.0/mm, unchanging
when bruised; tubes 4–5 mm long, sinuate near the stipe. Stipe 6.0–9.7 cm long, 0.4–0.9 cm
wide, clavate, central, solid, pale yellow (2A2–2A4) at the upper part and becoming paler
downwards, surface ornamented with coarsely small squamules; context light yellow
(3B4–3B5), unchanging when bruised. Basal mycelium white (1A1).

Basidia 20.5–32.0 × 8.0–10.5 µm, clavate, 4-spored; sterigmata up to 4–5 µm long.
Basidiospores [80/2/2], 12–14 × 4.5–5.0 µm, [Q = (2.40)2.50–2.80(2.88), Qm = 2.69 ± 0.11],
subfusiform and inequilateral in side view with distinct suprahilar depression, subfusoid
in ventral view, yellowish to brownish, inamyloid, smooth under light microscopy, but
with tiny warts on the surface under SEM. Hymenophoral trama phylloporoid with hyphae
of the lateral strata touching or almost touching each other with hyphae diverging from the
central strand to the subhymenium; hyphae subcylindrical to cylindrical, 4–12 µm wide.
Cheilocystidia 41–50 × 8–11 µm, lanceolate to clavate or ventricose, thin-walled, colorless.
Pleurocysitidia 45–65 × 9–11 µm, ventricose-subfusiform, with long beak, thin-walled.
Pileipellis an hyphoepithelium 160–240 µm thick, composed of moniliform hyphal segments
6–30 µm wide, thin-walled, with narrowly cylindrical to shortly cystidioid terminal cells
10–87 × 5–17 µm. Pileal trama composed of interwoven hyphae 6–30 µm wide. Stipitipellis
ca. 100 µm thick, hymeniform, terminal cells broadly clavate, 20.0–43.0 × 10.0–21.5 µm,
sometimes connected with narrow, filamentous hyphae at the outer layer. Caulocystidia
abundant, 24.5–60.0 × 10.5–19.0 µm, thin-walled. Stipe trama composed of parallel hyphae,
3.5–12.0 µm wide. Clamp connections absent in all tissues.

Habitat and distribution: Scattered in subtropical forests dominated by plants of the
family Fagaceae (Castanea henryi, C. mollissima, Lithocarpus bonnetii and Quercus marlipoensis);
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on acidic, wet, fertile soils; rather rare; fruiting in July in southeastern Yunnan between
1200 and 1300 m altitude.

Figure 8. Microscopic features of H. parvum (Type, KUN-HKAS115553) (a). Basidiospores; (b).
Hymenium and subhymenium; (c). Pleurocystidia; (d). Cheilocystidia; (e). Stipitipellis; (f). Pileipellis.
Bars: a = 30 µm, b–e = 20 µm, f = 10 µm.

Additional specimens examined: Yunnan Province: Wenshan City, Malipo County, alt.
1300 m, associated with Castanea henryi, C. mollissima, Lithocarpus bonnetii and Quercus
marlipoensis, 27 July 2016, Gang Wu 1645 (KUN-HKAS99764).

Notes: Hemileccinum parvum is morphologically similar to H. subglabripes because
of the slightly wrinkled pileus and the slender stipe [9,48], However, H. subglabripes,
originally described from the USA, differs from H. parvum by the nearly smooth stipe of
the latter covered with branny particles on the stem which are pale and easily overlooked,
and the larger basidioma. Our data show that H. parvum is phylogenetically close to H.
rubropunctum, but the latter differs by its longer stipe and the red scales on it [10,44,45].
Ecologically, H. parvum occurs under trees of Fagaceae in subtropical southeastern Yunnan;
H. subglabripes inhabits mixed deciduous trees, sometimes under spruce in eastern and
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particularly northern North America; and H. rubropunctum grows in mixed woods with
oak or chestnut in northeastern North America [44,45] (Appendix A).

4. Discussion

The genus Hemileccinum Šutara is geographically widely distributed, but its species
diversity is poorly known. In Asia, only two species have been previously reported with
molecular evidence. One is H. indecorum from tropical areas, and the other is H. rugosum
from subtropical Yunnan, China [8,15]. In this study, four new species in China were
recognized and delimited. They are well-supported by molecular phylogenetic and mor-
phological evidence. The host specificity, altitude and edaphic factors seem to be important
for determining the distribution of different species of Hemileccinum. Our newly described
species are distributed in the broad-leaved and mixed forests in southwestern China.
Hemileccinum albidum and H. brevisporum are distributed on high altitudes: between 1700
and 2500 m a.s.l., while H. ferrugineipes: 1200–1700 m a.s.l., and H. parvum: 1200-1300 m a.s.l.
Hemileccinum albidum, H. ferrugineipes and H. parvum are found in subtropical forests and
associated with plants of the family Fagaceae (Castanopsis ceratacantha, Ca. rufescens, Ca.
ferox, Ca. hystrix, Ca. calathiformis; Castanea henryi, C. mollissima; Cyclobalanopsis xanthotricha;
Lithocarpus xylocarpus, L. hancei, L. mairei, L. glabra, L. bonnetii; Quercus griffithii, Q. fabri,
Q. variabilis, Q. marlipoensis), growing mostly on acidic soils. However, H. ferrugineipes
can also be found in slightly alkaline habitats. Hemileccinum brevisporum is found in sub-
tropical broad-leaved and mixed forests, growing with members of Fagaceae (Castanopsis
calathiformis, Ca. indica, Ca. orthacantha; Lithocarpus hancei, L. mairei; Quercus griffithii) and
Pinaceae (Pinus yunnanensis or P. armandii) on acidic or slightly alkaline soils. The species
we described here are hardly seen in the wild mushroom market, thus their edibility is
unknown yet. However, referring to the edibility of the European/American species of
Hemileccinum [41–45,49], the newly described species could also be edible, but we need
more investigations to confirm this.

Overall, the proposed new species are significantly different from the Asian species
H. indecorum because the viscid pileus and stipe of the latter species are densely covered
with whitish to dirty white, small conical to subconical to irregular squamules [15]. They
also quite differ from the European species H. impolitum, which has a relatively bald
pileal surface and a collapsed trichoderm pileipellis when mature [1]. Šutara reported
that the basidiospores of H. impolitum are smooth [1]. Our re-examination of European
material of H. impolitum under SEM indicated that there are irregular warts on the surface
of basidiospores as with those of other species in Hemileccinum (Figure 4m–o). Accordingly,
H. depilatum (Redeuilh) Šutara should also have a warty basidiospore surface.

The description of the new species also sheds new light on the recognition of the genus.
The pileipellis of the species in this genus should mostly be regarded as (sub)epithelium
to hyphoepithelium, because the pileipellis of most studied species here are composed
of short inflated cells in the inner layer (subpellis) and filamentous hyphae in outer layer
(suprapellis), with H. indecorum standing at one extremity with whitish to dirty white,
small conical to subconical to irregularly shaped squamules on the pileus surface [15] and
H. impolitum located at the other extremity with collapsed trichoderm pileipellis when
mature [1]. The lateral stipe stratum of H. impolitum in this genus was diagnosed as the
leccinoid type, predominantly anticlinally arranged hyphae ending in elements of the
caulohymenium [1,3,4]. However, on the basis of the observation on our new species,
this feature is not present in all species of Hemileccinum. The structure of the lateral stipe
stratum is traceable in our species.

Based on the current study, we increased the species diversity of the genus Hemilec-
cinum from Asia and reconstructed a comprehensive phylogenetic tree which included
almost all known species of this genus. However, probably due to the limitations of species
sampling or insufficient genetic variation of the DNA loci we used, the deep phylogenetic
relationships within the genus remain unresolved. In future work, more species with de-
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tailed morphological observations and phylogenomic analysis will provide new evidence
for these relationships.
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Appendix A

Key to known species of Hemileccinum in the world

1. Pileus surface pale brown, brown to reddish brown, more or less even 2
1′. Pileus surface orange to reddish orange, distinctively wrinkled 9
2. Pileus surface slightly subtomentose, without small conical to subconical to irregularly shaped squamules,
known in subtropical and temperate regions in the Northern Hemisphere . . . 3

2′. Pileus surface with whitish to dirty white, small conical to subconical to irregularly shaped squamules,
known from tropical southeast Asia . . . H. indecorum

3. Basidioma varied in size, yellowish context without color change when bruised . . . 4
3′. Basidioma usually small in size (≤ 4 cm in daim), the pale yellow context staining pale blue very slowly
when bruised, known from subtropical areas . . . H. parvum

4. Stipe surface covered with obvious ornaments . . . 5
4′. Stipe surface covered with small scales, not obvious 6
5. Stipe surface ornamented with distinctly reddish brown longitudinal streaks, known from East Asia H. ferrugineipes
5′. Stipe surface often covered with red dense fine-grained scales, known from North America . . . H. rubropunctum
6. Basidiospores longer in length (> 11 µm), and in other parts of the world . . . 7
6′. Basidiospores shorter in length (≤ 11 µm), and distributed in subtropical forests in southwestern China.
. . . H. brevisporum

7. Stipe stout (> 2.5 cm in diam.); pileipellis an trichoderm, collapsed when mature, restricted to Europe H. impolitum
7′. Stipe slender (≤ 2.5 cm in diam.); pileipellis an hyphoepithelium 8
8. Stipe surface whitish, covered with small, granular scales only at the base, distributed in subtropical China H. albidum
8′. Stipe surface yellowish, nearly smooth, covered with indistinctive tiny scales, known from eastern North
America H. subglabripes

9. Basidiospores smaller (10–12 × 4–5 µm), distributed in subtropical and tropical China H. rugosum
9′. Basidiospores larger (≥ 12 µm in length), distributed in temperate regions . . . 10
10. Basidiospores narrower (12.0–15.0 × 3.5–4.5 µm), known from North America . . . H. hortonii
10′. Basidiospores wider (12.0–15.0 × 5–6 µm), known from Europe . . . H. depilatum
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Abstract: Understanding whether the occurrences of ectomycorrhizal species in a given tree host are
phylogenetically determined can help in assessing different conservational needs for each fungal
species. In this study, we characterized ectomycorrhizal phylogenetic composition and phylogenetic
structure in 42 plots with five different Mediterranean pine forests: i.e., pure forests dominated by P.
nigra, P. halepensis, and P. sylvestris, and mixed forests of P. nigra-P. halepensis and P. nigra-P. sylvestris,
and tested whether the phylogenetic structure of ectomycorrhizal communities differs among these.
We found that ectomycorrhizal communities were not different among pine tree hosts neither in
phylogenetic composition nor in structure and phylogenetic diversity. Moreover, we detected a weak
abiotic filtering effect (4%), with pH being the only significant variable influencing the phylogenetic
ectomycorrhizal community, while the phylogenetic structure was slightly influenced by the shared
effect of stand structure, soil, and geographic distance. However, the phylogenetic community
similarity increased at lower pH values, supporting that fewer, closely related species were found at
lower pH values. Also, no phylogenetic signal was detected among exploration types, although short
and contact were the most abundant types in these forest ecosystems. Our results demonstrate that
pH but not tree host, acts as a strong abiotic filter on ectomycorrhizal phylogenetic communities in
Mediterranean pine forests at a local scale. Finally, our study shed light on dominant ectomycorrhizal
foraging strategies in drought-prone ecosystems such as Mediterranean forests.

Keywords: DNA metabarcoding; phylogenetic structure; habitat filtering

1. Introduction

Ectomycorrhizal fungi are essential organisms in forests, as they form symbiotic
relations with trees providing them nutrients in exchange for photosynthetic carbon [1–3].
Some ectomycorrhizal fungi are host specific [3–6] and are influenced by tree species
as well as by soil abiotic factors such as pH and nutrient availability [7–10]. Therefore,
host effect and abiotic soil parameters are often fundamental drivers of ectomycorrhizal
community assembly [11–16]. Moreover, previous studies showed that ectomycorrhizal
taxonomic community composition does not significantly change between Mediterranean
congeneric pine species [17]. Nevertheless, how ectomycorrhizal fungi are phylogenetically
structured among Mediterranean pine host species and whether at both taxonomic and
phylogenetic level respond to similar abiotic factors has not been assessed yet. Previous
studies showed that ectomycorrhizal responses to climate warming are modulated by host
plant performance and nutrient availability [18–20]. Therefore, it is crucial to disentangle
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whether these drivers influence ectomycorrhizal phylogenetic composition and structure,
to better understand forest ecosystem functioning [21].

Phylogenetic analyses are useful tools to estimate the relative importance of evolution-
ary and ecological forces structuring communities [12,22,23]. In this regard, phylogenetic
indices have been implemented to calculate the phylogenetic relatedness of an observed
community and compare the value to expectations of community assembly under neu-
tral processes from a regional species pool [24]. Therefore, these indices enable us to
characterize whether communities are more phylogenetically related (phylogenetic clus-
tering) or less phylogenetically related (phylogenetic overdispersion) than expected by
chance [22–24]. In general, habitat filtering is the dominant assembly process when closely
related species that share similar traits are selected to coexist within the community (i.e.,
phylogenetic clustering). In contrast, competition processes occur when distantly related
species with dissimilar traits are selected to co-occur within a community (i.e., phylogenetic
overdispersion [22], while the random phylogenetic structure is detected when none of the
above processes are inferred [22–25]. For example [26], observed phylogenetic clustering
of Agaricomycotina communities (including mycorrhizal and saprotrophs) and observed
that xeric oak-dominated forests acted as a filter for these communities. Likewise [27],
found phylogenetically clustered arbuscular mycorrhizal communities along an altitudinal
gradient and observed that environment was the primary ecological factor structuring
these communities, either via changes in host plant or fungal niches. Although the eco-
logical processes filtering communities have recently received criticism [28], investigating
the communities’ phylogenetic responses to the environment in different ecosystems is
fundamental to understand the mechanisms that structure communities [29,30]. However,
how ectomycorrhizal communities are phylogenetic structured in Mediterranean pine
forests has not been studied yet.

The description of phylogenetic relations between ectomycorrhizal fungi might help
to understand the evolutionary ecology of traits, species, and entire communities [31]. In
this regard, exploration types of ectomycorrhizal fungi represent an important group of
functional traits, which are defined according to the hyphal morphology, i.e., long distance,
medium distance, medium distance fringe, short distance, or contact exploration types [32].
The hyphal morphology determines access to distinct nutrient sources, for example, nitro-
gen (N) [33–35]. Ectomycorrhizal species with short, contact, and medium smooth distance
exploration types may preferentially use soluble inorganic forms of N close to the host roots
due to the lack the enzymes to access organic N forms [33,36]. Conversely, some fungi have
enzymes (i.e., fenton peroxidase) to access insoluble N substrates such as organic substrates
and they usually show medium mat and long-distance exploration types [35–37]. However,
long and medium fringe exploration types might demand higher carbon cost on the host
than shorter distance exploration types [18,32], therefore species with shorter exploration
types may be favored under stressful conditions [18,38]. In this regard, several studies have
addressed ectomycorrhizal exploration types’ responses to environmental drivers [39–42],
however, the phylogenetic pattern of the trait in Mediterranean ecosystems has rarely been
assessed. Thus, understanding the phylogenetic relationships between ectomycorrhizal
species and the evolution of hyphal morphologies in the current climate change context
might shed light on the future impacts on Mediterranean ecosystem functioning.

In this study, we aim to characterize the ectomycorrhizal phylogenetic composition
and phylogenetic structure in 42 plots of five different Mediterranean pine forests: i.e., pure
forests dominated by P. nigra, P. halepensis, and P. sylvestris, and mixed forests of P. nigra-P.
halepensis and P. nigra-P. sylvestris. In line with the above premises, we hypothesized that:

• Considering that P. halepensis, P. nigra, and P. sylvestris are phylogenetically closely
related [43–45], we expect that ectomycorrhizal phylogenetic composition, structure,
and diversity will not be different among them due to co-evolutionary processes [46].

• Previous studies have identified that ectomycorrhizal taxonomic composition is influ-
enced by soil parameters followed by geographical distance [27,47] Thus, we hypothe-
sized that soil physico-chemistry will act as the main habitat filter on ectomycorrhizal
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phylogenetic composition [48]. Finally, among abiotic filters pH, P, and CN ratio
strongly influenced ectomycorrhizal taxonomic community composition [17]. Here,
we tested if these filters would act similarly over ectomycorrhizal phylogenetic com-
position.

• In Mediterranean ecosystems, soil N might not be limited due to warmer temperatures
which may enhance N mineralization by increasing decomposition of the organic mat-
ter [17,49]. Therefore, short exploration types could uptake nutrients close to the host
roots. Here, we expected that short and contact exploration types will be dominant,
thus, both traits will be overrepresented and dispersed across the ectomycorrhizal
phylogenetic tree in comparison with medium and long-term exploration types.

2. Materials and Methods
2.1. Sites Selection

The study was conducted in the mountainous pre-Pyrenees region of Catalonia,
North-eastern Spain (Figure S1) in a set of long-term monitoring plots in which fungal
fruiting has been recorded for ~20 years [50]. The region is under the influence of the
Mediterranean climate, with a summer drought period from June to August and mean
annual temperatures from 6 to 9 ◦C with most of the precipitation occurring in spring and
autumn [51]. The 42 pine forests were randomly selected from the 579 sites included in
the Forest Ecological Inventory of Catalonia carried out by Centre de Recerca Ecològica i
Aplicacions Forestals (CREAF, Barcelona, Spain, 1992), trying to preserve even-aged forest.
From the total 42 forests, 32 correspond to pure pine forests, with 14 plots corresponding
to P. nigra and P. sylvestris species and 4 to P. halepensis, whilst 10 plots were mixed plots
(7 mixed plots of P. sylvestris and P. nigra species and 3 plots dominated by P. nigra and P.
halepensis). The main features of the study plots are summarized in Table 1 and Table S1.

Table 1. Table summarizing the main features of the study plots: BA (Basal area), Number of trees
per hectare, Altitude, Slope, pH, CN ratio and P (Phosphorus). Ps: P. sylvestris, Pn: P. nigra, Ph: P.
halepensis, Ps-Pn: P. sylvestris-nigra, Pn-Ph: P. nigra-halepensis.

Forest
Type Range BA, m2 ha−1 N. of Tree

Per Hectare
Altitude,
m a.s.l Slope, % pH CN

Ratio P

Ps Min. 18.0 681 854 4 4.8 6.9 2

(14) Mean 29.8 1362 1197 22 7.2 12.4 5.8

Max. 41.5 1517 1615 37 8.3 19.5 9

Pn Min. 16.1 638 397 5 8.0 4.0 3

(14) Mean 27.7 1692 763 16 8.2 14.4 5.0

Max. 39.1 2838 1040 32 8.4 21.3 9

Ph Min. 24.0 1006 520 10 8.2 12.5 3

(4) Mean 28.8 2093 612 16 8.3 13.6 4.8

Max. 33.6 3088 661 34 8.4 14.8 6

Ps–Pn Min. 11.5 477 1030 8 6.6 12.1 2

(7) Mean 23.5 1161 1085 24 7.7 14.5 3.3

Max. 31.8 2870 1148 31 8.3 19.8 5

Pn–Ph Min. 17.6 1229 390 9 8.2 11.1 2

(3) Mean 19.7 1806 469 12 8.3 13.2 4.0

Max. 20.9 2761 577 13 8.4 15.4 5

2.2. Soil Sampling

Soils were sampled during the Autumn season (October and November) in 2009. In
each of the selected forest stands, a 10 m × 10 m plot was established in the center for
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long-term monitoring of fungal fruiting [51]. In each plot, we took four soil subsamples,
i.e., one per plot-side [52], with a rectangular steel drill (a 30 cm depth and a 6 × 4.5 cm
width). The four soil subsamples were pooled in the field and around 1 kg of the mixed
sample was placed on ice and taken to the laboratory for fungal DNA extraction. A similar
procedure was followed for soil samples to determine soil physico-chemical parameters.

2.3. Soil Analysis

Soil samples were analyzed using the methodology described in [53]. Each sample
was air-dried, sieved (≤2 mm mesh), and soil texture (clay, sand, and lime proportions) was
analyzed using the Bouyoucos—method [54]. Soil pH and electrical conductivity (EC) using
a conductivity meter in a 1:2.5 soil:deionized water slurry [55]. Total nitrogen concentration
using the Kjeldahl method [56]. Moreover, available phosphorus concentration using the
Olsen method [57]; total organic matter and total carbon concentration using the Walkley-
Black method [58]. Finally, exchangeable cations such as sodium (Na), potassium (K+)
and magnesium (Mg2+) with atomic absorption spectroscopy after extraction with 1 N
ammonium acetate (pH 7; [55–59]).

2.4. Fungal Community and Bioinformatic Analysis

Fungal DNA was extracted from 0.5 g of homogenized soil using the NucleoSpin®

NSP soil kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s proto-
col. Fungal internal transcribed spacer 2 (ITS2) region was amplified in a 2720 Thermal
Cycler (Life Technologies, Carlsbad, CA, USA) using the primers gITS7 [60], ITS4, and
ITS4A [61,62]. We optimized the number of PCR cycles in each sample aiming for weak
to medium PCR bands at the agarose gels, which was achieved in most of the samples by
using 21–26 cycles. The final concentrations in the PCR reactions, PCR conditions, DNA
purification and sequencing, and bioinformatics analyses were as explained by Adamo
et al. (2021). Sequence data are archived at NCBI’s Sequence Read Archive under accession
number PRJNA641823 (www.ncbi.nlm.nih.gov/sra, accessed on 25 June 2020).

2.5. Taxonomic and Functional Identification

We taxonomically identified the 600 most abundant OTUs, which represented 93%
of the total sequences. We selected the most abundant sequence from each OTU for
taxonomic identification, using PROTAX software [63] implemented in PlutoF, using a
50% probability of correct classification (called “plausible identifications”) [63]. These
identifications were confirmed and some of them improved using massBLASTer in PlutoF
against the UNITE [64]. Taxonomic identities at species level were assigned based on >98.5%
similarity with database references, or to other lower levels using the next criteria: genus
on >97%, family on >95%, order on >92%, and phylum on >90% similarity. OTUs were
assigned to the following functional guilds: (a) root-associated basidiomycetes, (b) root-
associated ascomycetes, (c) molds, (d) yeasts, (e) litter-associated basidiomycetes, (f) litter-
associated ascomycetes, (g) pathogens, (h) moss-associated fungi, (i) soil saprotrophs
(saprotrophic taxa commonly found in N-rich mineral soils), (j) unknown function, based
on the UNITE database, DEEMY (www.deemy.de) or FUNGuild [65]. ECM species were
assigned to exploration types according to the DEEMY database [66,67].

2.6. Phylogenetic and Statistical Analyses

The ghost-tree approach [68], which allows sequence data to be integrated into a
single tree, was used to reconstruct the fungal phylogenetic tree. Foundation phylogeny
at the family level was derived by (Treebase ID S20837) [69], following methodology and
was based on the sequences of six genes 18sS rRNA, 28S rRNA, 5.8S rRNA, translation
elongation factor 1-α (tef1α), and RNA polymerase II (two subunits: RPB1 and RPB2) [70].

Statistical analyses were implemented in the R software environment (version 3.6.1,
R Development Core Team 2019). The ape package was used to load and manipulate the
phylogenetic tree in newick format [71], while the phyloseq package was used to import
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and handle OTU counts [72], taxonomic assignments, and associated phylogenetic tree.
The philR package was used to analyze compositional data using the phylogenetic tree
information [73]. The picante package was used to calculate the ectomycorrhizal phyloge-
netic structure indices (NRI and NTI) and Faith’s phylogenetic diversity [74,75]. The vegan
package was used for the multivariate analyses [76].

For all compositional analyses, the ectomycorrhizal species abundance matrix was pre-
viously filtered to exclude the taxa that were not seen in at least 10% of samples to eliminate
random noise. We analyzed ectomycorrhizal phylogenetic community composition using
philR which enables us to transform compositional data into an orthogonal unconstrained
space with phylogenetic and evolutionary interpretation [73]. First, PhilR Isometric Log
Ratio transformations were built from the phylogenetic tree utilizing a weighted refer-
ence [73], then a Euclidean distance matrix was built from the philR transformed data. After
that, Redundancy analysis, (RDA function “rda”) was used to visualize ectomycorrhizal
phylogenetic compositional differences between tree host species. Moreover, ectomycor-
rhizal phylogenetic differences between tree host species were tested using permutational
multivariate analyses of variance (PMAV, function “adonis”) on the Euclidean dissimilarity
matrix based on the philR transformed data. To test the phylogenetic structure of ectomyc-
orrhizal communities between tree host species were calculated the standardized effect
size of mean pairwise distances and mean nearest taxon distances using ses.mpd (Stan-
dardized effect of mean pairwise distances in communities) and ses.mntd (Standardized
effect of nearest taxon index in communities) functions from picante. In each stand type,
we compared the MPD and MNTD values with the MPD and MNTD distributions of ran-
dom communities in order to identify whether communities were more over-dispersed or
under-dispersed than expected by chance. We used the independentswap null model, which
randomizes community data matrix with the independent swap algorithm maintaining
species occurrence frequency and sample species richness, to construct from 9999 randomly
assembled communities [77]. After calculating SES.MPD and SES.MNTD, the values were
multiplied by −1 as these values are equivalent to −1 times NRI (net relatedness index)
and NTI (nearest taxon index), respectively. Importantly, an increase in the NRI value
indicates increasing phylogenetic clustering (or decreasing overall relatedness) of a set
of species relative to the source pool [25]. On the other hand, the nearest taxon index
(NTI) is a standardized measure of the mean phylogenetic distance to the nearest taxon
in each sample/community [25]. The NRI measures the standardized effect size of the
mean phylogenetic distance (MPD), which estimates the average phylogenetic relatedness
between all possible pairs of taxa in a community. The NTI calculates the mean nearest
phylogenetic neighbor among the individuals in a community. The ectomycorrhizal phy-
logenetic diversity comparisons between tree host species were done using Faith’s PD
phylogenetic diversity index with the function pd. Moreover, to assess the phylogenetic
relationships among species change across space, we computed multiple-site phylogenetic
turnover, nestedness, and phylo-beta diversity (Sorensen similarity index) per tree host
species using “phylo.beta.multi” function in the betapart package [78].

Second, variation partitioning (function “varpart”) was used to test the relative impor-
tance as variation sources of geographical distances, soil parameters, and stand structure
in ectomycorrhizal phylogenetic composition (philR transformed data) and structure (NRI,
NTI). To avoid multicollinearity before variation partitioning analysis highly correlated
environmental variables were removed (r > 0.7). The geographical distances included
were previously evaluated using principal coordinates of neighbors’ matrices spatial eigen-
vectors (PCNM, pcnm function) based on UTM coordinates of the sampled stands with
Euclidean distances. Thus, significant spatial eigenvectors were forward selected and the se-
lected spatial eigenvectors were used as explanatory variables in the variation partitioning,
together with soil (Sand content, K, Mg, organic matter, Na, N, P, water pH, and CN ratio)
and stand structural variables (Tree species, Altitude, Slope, Trees per hectare, and Basal
Area). The significance of each partition was tested using multivariate ANOVAs. Moreover,
to evaluate the effect of pH, CN, and P on the ectomycorrhizal phylogenetic composition
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we conducted a redundancy analysis (rda function). In addition, the sm.density.compare
(n of permutations = 999) from the sm package was used to randomly assign pH values
between the five tree hosts and estimate how different the densities were using a permuta-
tional test of density equality [79]. Lastly, to visualize if the ectomycorrhizal phylogenetic
communities were clustering across the pH gradient, we performed a hierarchical cluster
analysis on the ectomycorrhizal phylogenetic compositional data based on the Euclidian
distance matrix using the function hclust in the stats package.

Finally, a binary data matrix was compiled with ectomycorrhizal exploration traits
(contact, short, medium smooth, medium mat, medium-fringe, and long). Then, we
calculated the trait ses.mpd and ses.mntd using the independentswap null model to assess
trait structure following the same methodology for communities. Finally, to test for a
phylogenetic signal to exploration types, K’ Blomberg statistics were calculated for the
presence of the traits using the function MultiPhylosignal in the picante package [74,80].
Moreover, the traits were visualized on the phylogenetic tree by plotting the exploration
types at the tips of the phylogenetic tree following [74].

3. Results
3.1. Ectomycorrhizal Phylogenetic Description

The hybrid phylogenetic tree of ectomycorrhizal fungi was consistent with Mikryukov
et al. (2020) (Figure 1). The families Sebacinaceae, Clavulinaceae, and Hydnaceae clearly
formed a monophyletic group, while Bankeraceae Thelephoraceae, Russulaceae, and
Albatrellaceae formed two distinct clades (Figure 1). Moreover, two other family groups
were identified, one including Atheliaceae, Sclerodermataceae, Boletaceae, Gomphidiaceae,
and Suillaceae, and the other including Tricholomataceae, Amanitaceae, Hydnangiaceae,
Cortinariaceae, Hymenogastraceae, and Inocybaceae (Figure 1). Finally, the most abundant
species in each tree host were indicated in Table S2.

3.2. Ectomycorrhizal Phylogenetic Composition, Structure, and Diversity

There were no significant differences in the ectomycorrhizal phylogenetic composition
among tree host species (r2 = 0.10, F(4,41) = 1.12, p = 0.281). The RDA and the sd-ellipses
based on the philR Euclidean distance matrix clearly showed that all forest types were
overlapping at the ordination center (Figure 2). Redundancy analyses resulted in two
main axes that explained together 22% of the variance. However, P. halepensis-nigra, P.
halepensis, and P. nigra communities were less spread (homogeneous), while, P. sylvestris
and P. sylvestris-nigra communities were more overdispersed in the ordination space (het-
erogeneous). Regarding ectomycorrhizal phylogenetic structure, no significant difference
was detected for NRI (F(4,41) = 0.26, p = 0.901) between tree host species. Positive mean
values of NRI were detected in P. halepensis (0.51 ± 0.09), indicating ectomycorrhizal higher
phylogenetic clustering. P. nigra-halepensis (0.14 ± 0.83), P. sylvestris-nigra (0.06 ± 0.25) and
P. sylvestris (0.05 ± 0.27), and P. nigra (−0.02 ± 0.26) showed dispersion of NRI values posi-
tive and negative around 0 (Figure 3a). However, we detected significant differences in NTI
values (F(4,41) = 2.96, p = 0.031) between tree host species. Mean positive NTI values were
detected across all tree host species, except in P. sylvestris-nigra (−0.46 ± 0.37), indicating
ectomycorrhizal phylogenetic clustering in P. halepensis, P. nigra-halepenesis, while P. nigra,
P. sylvestris were not clearly defined, with values around 0, and a marginal phylogenetic
overdispersion was detected in P. sylvestris-nigra (Figure 3b).
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Figure 1. (a) The hybrid phylogenetic tree of ectomycorrhizal families based on the foundation phylogeny derived by Zhao
et al. (2017), based on the sequences of six genes 18sS rRNA, 28S rRNA, 5.8S rRNA, translation elongation factor 1-α (tef1α)
and RNA polymerase II. (b) Relative abundance of the most abundant ectomycorrhizal families.
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Figure 3. Boxplots displaying (a) Net Relatedness Index (NRI) values (b) Nearest Taxon Index (NTI) (c) Faith’s PD values
between tree host species (Halepensis: P. halepensis, NigHal: P. nigra-halepensis, Nigra: P. nigra, SylNig: P. sylvestris-nigra
and Sylvestris: P. sylvestris). Means were compared using ANOVA and Tukey’s HSD tests, with letters denoting significant
differences between host species.

The ectomycorrhizal phylogenetic diversity analysis showed no significant differences
between tree host species (F(4,41) = 0.92, p = 0.458, Figure 3c), with PD mean values ranging
from 6.6 of P. nigra and 8.3 P. sylvestris (Figure 3c). In addition, analysis of multiple-site
phylogenetic similarities showed that total beta diversity values were similar across host
tree species (Table S1), although, species turnover resulted strongly higher than species
nestedness across the tree host species and with similar values, except for P. nigra-halepensis
(Phylo beta.sim: 0.40; Phylo beta.sne: 0.14; Table S1).

3.3. Main Drivers of Ectomycorrhizal Phylogenetic Composition and Structure

When testing the relative importance of geographic distance, soil parameters, and
stand structure on ectomycorrhizal phylogenetic composition, soil accounted for the great-
est proportion of the total variance (4%) followed by geographic distance, however, these
fractions were not significant (p > 0.05, Figure 4a). Moreover, stand structure, soil, and
geographic distance shared 4% of the total variance. Conversely, when the phylogenetic
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structure was analyzed, stand structure, soil, and geographical distance shared an 8% pro-
portion of variation, while stand structure accounted for 4% of the total variance (p > 0.05)
(Figure 4b). Finally, the phylogenetic structure was marginally influenced by soil (2%) and
not by geographic distance.
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Figure 4. Variance partitioning analyses for (a) ectomycorrhizal phylogenetic composition and (b) ectomycorrhizal phyloge-
netic structure (NRI, NTI indices) in response to stand structure, soil physiochemistry and geographic distance. Values show
the fraction of variation explained by each group of parameters, as well as the shared contribution of each combination of them.

pH was the only significant soil predictor influencing phylogenetic composition
(Variance = 0.55, F = 2.76, p = 0.002). Thus, the distribution of pH values was significantly
different across tree hosts (p = 0.041). Moreover, when pH densities were compared
only P. sylvestris and P. nigra differed significantly (p = 0.009) showing a larger left tail
towards lower pH values (Figure S2). The hierarchical clustering of the ectomycorrhizal
phylogenetic composition showed that communities were clustered into two main groups
(Figure S3), Here, the group composed of P. halepensis, P. sylvestris, and P. sylvestris-nigra
communities clustered at lower pH values (<7), while P. nigra and P. nigra-halepensis
communities only occurred at higher pH values (>7) (Figure S3).

3.4. Trait Evolution of the Exploration Types

When the exploration traits were visualized on the phylogenetic tree, 59 OTUs out of
184 had short exploration types, up to 53 had contact exploration types, while 39 OTUs and
25 OTUs had medium fringe and medium smooth exploration types. Conversely, medium
mat and long exploration types were the least abundant with 9 and 8 OTUs, respectively.
Finally, we did not find any phylogenetic signal for any exploration type (0.25 < K < 0.77,
p > 0.05), as exploration types were dispersed across the phylogenetic tree (Figure 5).
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4. Discussion

The results of our phylogenetic study on ectomycorrhizal communities in Mediter-
ranean pine forests showed that phylogenetic composition, structure, and diversity were
similar among habitats with distinct pine tree hosts. However, significant differences
were found in nearest taxon index values between P. nigra-halepensis and P. sylvestris-nigra,
probably not directly caused by differences in tree hosts but due to higher differences in the
local abiotic conditions in P. sylvestris-nigra than in P. halepensis-nigra sites. Moreover, we
detected a weak abiotic filtering effect on the ectomycorrhizal phylogenetic compositional
variation, being pH the only variable among soil variables that significantly influence
the ectomycorrhizal phylogenetic community. This finding suggests that pH acts as a
strong abiotic filter on the ectomycorrhizal community at both phylogenetic and taxonomic
levels [17]. In contrast, ectomycorrhizal phylogenetic structure variation was marginally
influenced only by the shared effect of stand structure, soil, and geographic distance.
Therefore, the phylogenetic structure may be indirectly influenced by other processes (i.e.,
competition; [30]) not directly tested in this study. Finally, we identified that short and
contact exploration types were the most abundant in these forest ecosystems. Conversely,
long exploration types were the least abundant, although there was no phylogenetic signal
since exploration types were dispersed across the phylogenetic tree.

4.1. Ectomycorrhizal Phylogenetic Description

Our study allowed us to investigate the phylogenetic relationships between 256 OTUs
using a multiple gene tree at family level as a foundation tree which allows us to build a
better-supported tree (Figure 1a) [70]. Also, we were able to identify monophyletic groups
of families, such as Sebacinaceae, Clavulinaceae, and Hydnaceae, and Atheliaceae, Sclero-
dermataceae, Boletaceae, Gomphidiaceae, and Suillaceae, however, this last clade formed
a paraphyletic group with Russulaceae and Albatrellaceae. Moreover, two other family
groups were identified, one including Bankeraceae, Thelephoraceae, Sclerodermataceae,
Boletaceae, Gomphidiaceae, and Suillaceae, and the other including Tricholomataceae,
Amanitaceae, Hydnangiaceae, Cortinariaceae, Hymenogastraceae, and Inocybaceae. There-
fore, the resolved phylogenetic tree resulted in a strong backbone for the downstream
analyses as the level of resolution allows us to perform reliable phylogenetic diversity anal-
yses [81]. Finally, disentangling the ectomycorrhizal phylogenetic community structure in
our study region, where the current climate change may lead to changes in ecosystems func-
tioning, is crucial to predict the impacts on ectomycorrhizal taxonomic and phylogenetic
community composition and diversity [82].
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4.2. Ectomycorrhizal Phylogenetic Composition, Structure, and Diversity

Our results demonstrated that ectomycorrhizal phylogenetic community and diversity
were not significantly different among pine tree host species or in NRI values, although
there were differences in NTI values between P. sylvestris-nigra and P. nigra-halepensis.
These results are in accordance with previous taxonomical studies on ectomycorrhizal
communities between congeneric tree hosts [9,83], in which a lack of phylogenetic differ-
ences was observed. Similarly, ectomycorrhizal community composition was not different
between phylogenetically related pines in China [84]. In contrast, several studies reported
taxonomical differences between ectomycorrhizal communities between hosts of different
families or genera [7,85]. Thus, it seems that at both taxonomic and phylogenetic levels,
ectomycorrhizal communities are not varying significantly among phylogenetically close
related tree hosts [14].

Similar phylogenetic studies detected phylogenetic clustering of Agaromycotina com-
munities in xeric oak-dominated forests and concluded that oak acted as the main habitat
filter [26]. Here, our results showed an opposite trend, with no significant differences in
ectomycorrhizal phylogenetic structure and diversity between pine tree hosts. However,
we observed significant differences in phylogenetic dispersion among habitats with distinct
pines hosts. For example, ectomycorrhizal species in P. halepensis-nigra forest resulted in
phylogenetic clusters, while in P. sylvestris-nigra were slightly more overdispersed at the tip
of the phylogeny (Figure 3a), probably due to the low number of P. nigra-halepensis sites
which may have caused underestimation of the differences between phylogenetic taxa. In
this regard, the three P. nigra-halepensis sites showed similar soil properties (i.e., values
range from pH: 8.18–8.38, CN: 11–151, P: 2–5, N: 0.12–0.16), which may have resulted in
the occurrence of closely related species that are adapted to these similar abiotic conditions.
These results may imply that Mediterranean pine host tree species are weak habitat filters
for ectomycorrhizal fungi, probably due to a lack of host specificity among congeneric
hosts. Thus, our results are in agreement with the hypothesis that the lack of phylogenetic
composition, structure, and diversity between pine host species may be partially explained
by possible conserved symbiosis between Pinus and ectomycorrhizal fungi [86].

Finally, we found high and similar turnover values in all the tree host species forest,
while nestedness was significantly lower, except in the case of P. nigra-halepensis forest. It
seems that both environmental filtering by soil and dispersal limitation may, to a certain
extent, promote species replacement among sites [87]. However, in P. nigra-halepensis forest
higher nestedness might indicate local species loss probably due to its soil site conditions
that resulted in the occurrence of a locally adapted subset of species.

4.3. Main Drivers of Ectomycorrhizal Phylogenetic Composition and Structure

In this study, we observed that soil parameters influenced ectomycorrhizal phylo-
genetic composition, while phylogenetic structure variation was primarily influenced by
the shared effect of the three environmental filters. However, these three fractions were
not significant and explained a residual amount of variation, thus, the second hypothesis
is not accepted. Although previous studies have identified that soil parameters are the
main drivers of taxonomic ectomycorrhizal community variation in Mediterranean pine
forest [17], here, soil parameters were marginally important in driving ectomycorrhizal
phylogenetic composition. This may imply that at the phylogenetic level, the lack of strong
abiotic gradients results in the occurrence of non-closely related species which are adapted
to heterogeneous but not specific environmental conditions [88].

Soil properties have been widely described as a strong abiotic filter on taxonomic
fungal communities at different spatial scales [14,62,89,90]. In contrast, we observed a weak
abiotic filtering effect of soil physico-chemistry on phylogenetic community composition,
with pH resulting in the only significant variable. The importance of pH as an influential
variable over ectomycorrhizal community composition at local and regional scales has
been widely described [87,90,91]. However, in view of our results, it seems that pH acts
as an abiotic filter at both taxonomic and phylogenetic levels [87,92,93]. In addition, our
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results showed that a left tail of P. sylvestris and P. sylvestris-nigra in the distribution of the
pH values resulting in a wider niche for species adapted to low pH values (Figure S2).
In this regard, phylogenetic fungal communities were more clustered at lower values of
pH (<7), thus, it seems that lower pH values might result in the occurrence of only adapted
fungal species that can grow and maintain cellular function in acidic environments [94],
causing higher phylogenetic similarity [87,95,96].

Regarding phylogenetic structure, stand structure alone explained a proportion of
its variation although this was not significant. However, stand structure, soil physico-
chemistry, and geographic distance shared an important proportion of variance. In Mediter-
ranean ecosystems, the influence of stand structural variables on fungi has already been
assessed over mushroom yields with important effects [81]. Although weakly, differences
in stand structural variables may result in the occurrence of different less phylogenetically
related fungal species that are better adapted to certain local forest conditions. In view
of our results, we argue that ectomycorrhizal phylogenetic structure is more importantly
influenced by the combined effect of all environmental variables. Hence, phylogenetic
relatedness between species decreases with increasing geographic distance, differences
in stand structure, and soil conditions. Finally, we hypothesize that there may be other
processes influencing the ectomycorrhizal phylogenetic community, such as competition
for space and resources [30]. that were not directly tested, therefore further studies are
needed to further disentangle whether other processes influence phylogenetic structure in
these ecosystems.

4.4. Trait Evolution of the Exploration Types

We observed that 51% of the ectomycorrhizal species had short and contact explo-
ration types, 21% and 13% of the species had medium fringe and medium exploration
types, respectively, and only 4% of the species had long exploration types. Similarly, [38]
found that in P. pinaster-dominated Mediterranean forests, long distance were the least
abundant exploration types, while short and contact types were dominating the commu-
nity. Moreover, our results showed that traits were dispersed across the phylogenetic tree
(Figure 5). Thus, the third hypothesis is accepted. In this regard, the dispersion of traits
across the phylogenetic tree suggests that even more distant related species showed the
same exploration type, resulting in a random trait pattern with a lack of phylogenetic
signal. In addition, [38] found that mycorrhizal species with long distance exploration
types were less abundant under drier conditions, whereas short-distance and contact type
species increased. Recent studies suggest that drier conditions may favor short-contact
types [18,38]. Similarly, based on our results, we argue that dispersion of short and contact
exploration types might be an adaptation to the Mediterranean stress conditions where the
limiting factor is water and not nutrients. Therefore, having medium mat and long explo-
ration types might be a disadvantage due to their higher C demand on the host [18,32,38].
At the same time, in northern and temperate ecosystems, soil N is a limiting nutrient [81],
and previous studies have shown that species with long medium mat exploration occurs
in soils where N is limiting and patchily distributed [37,42], while short exploration types
are more efficient in up-taking soluble inorganic N [36]. However, despite these observed
trends and since exploration types of mycorrhizae represent a distinct set of fungal traits,
the use of exploration types to study fungal trait responses to environmental changes can
be often misleading, and further research should be addressed. In any case, previous work
in this area showed a lack of N effect on mycorrhizal communities in Mediterranean pine
forests [17], therefore, as N is not limiting it can be easily captured by ectomycorrhizal
fungi close to the host with no need of investing in high biomass exploration types.

Finally, we acknowledge the accuracy of the ITS2 region in species identification
and resolution [97], but also its limitation in phylogenetic applications due to its high
variability [70,98]. However, the use of a backbone phylogenetic tree at family level
constructed from multiple gene sequences provides a sufficient taxonomic resolution, thus
can be an accurate predictor of phylogenetic diversity metrics [99]. Moreover, it is known
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that the identification of basidiomycetes through ITS2 amplification is more efficient than
in other taxa (i.e., Ascomycetes) [100]. Therefore, future studies aiming to disentangle
fungal phylogenetic patterns in community structure should include a robust backbone
phylogenetic tree and at least the whole ITS region.

5. Conclusions

In this study, we found no differences neither in ectomycorrhizal phylogenetic commu-
nity composition nor structure and diversity, indicating that ectomycorrhizal communities
at both phylogenetic and taxonomic levels do not change among phylogenetically closely
related tree hosts. Moreover, soil parameters only had a marginal filtering effect on ec-
tomycorrhizal phylogenetic variation as pH resulted in the only significant driver of the
phylogenetic community. In this regard, our results showed that pH acts as the broadest
abiotic filter of ectomycorrhizal communities at a local scale.

Conversely, the ectomycorrhizal phylogenetic structure was marginally influenced
by the combined effect of soil, stand structure, and geographic distance, indicating that
phylogenetic structure is mainly influenced by their combined effect.

Finally, short and contact distance were the dominant exploration types, as they may
be favored under drought stress conditions but also under high nutrient availability. Our
results shed light on the drivers of ectomycorrhizal phylogenetic community variation
in Mediterranean pine forests, being fundamental to get a better insight on the drivers
of community assembly and ecosystem functioning. Nevertheless, further research on
ectomycorrhizal phylogenetic communities is needed to better understand how changes
in deterministic processes will affect ectomycorrhizal communities and forest ecosystems’
functioning.
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Abstract: Leccinum is one of the most important groups of boletes. Most species in this genus are
ectomycorrhizal symbionts of various plants, and some of them are well-known edible mushrooms,
making it an exceptionally important group ecologically and economically. The scientific problems
related to this genus include that the identification of species in this genus from China need to be
verified, especially those referring to European or North American species, and knowledge of the
phylogeny and diversity of the species from China is limited. In this study, we conducted multi-
locus (nrLSU, tef1-α, rpb2) and single-locus (ITS) phylogenetic investigations and morphological
observisions of Leccinum from China, Europe and North America. Nine Leccinum species from China,
including three new species, namely L. album, L. parascabrum and L. pseudoborneense, were revealed
and described. Leccinum album is morphologically characterized by the white basidioma, the white
hymenophore staining indistinct greenish blue when injured, and the white context not changing
color in pileus but staining distinct greenish blue in the base of the stipe when injured. Leccinum
parascabrum is characterized by the initially reddish brown to chestnut-brown and then pale brownish
to brown pileus, the white to pallid and then light brown hymenophore lacking color change when
injured, and the white context lacking color change in pileus but staining greenish blue in the base of
the stipe when injured. Leccinum pseudoborneense is characterized by the pale brown to dark brown
pileus, the initially white and then brown hymenophore lacking color change when injured, and
the white context in pileus and stipe lacking color change in pileus but staining blue in stipe when
bruised. Color photos of fresh basidiomata, line drawings of microscopic features and detailed
descriptions of the new species are presented.

Keywords: boletes; taxonomy; morphology; phylogeny; new taxa

1. Introduction

The genus Leccinum Gray is a species-rich genus of Boletaceae and is characterized
by a whitish or yellow hymenophore, a white to cream context unchanging or staining
blue or red when injured, a brown to blackish scabrous to dotted squamules on the surface
of the stipe, and comparatively long and smooth basidiospores. Generally, most species
of the genus are widely spread in the subarctic, boreal, temperate and Mediterranean
regions, with a few secondary expansions to the neotropics [1–12]. Species in Leccinum
are both ecologically and economically important. Most species of this genus exhibit
mycorrhizal host specificity. Species of Leccinum sect. Scabra Smith & Thiers are associated
with plants of Betula, while species of L. sect. Fumosa (A.H. Smith, Thiers & Watling) Gelardi
are associated with plants of Populus. In L. sect. Leccinum, species are found exclusively
associated with plants of Populus (e.g., L. albostipitatum den Bakker & Noordel. and L. insigne
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A.H. Sm., Thiers & Watling), Betula (e.g., L. atrostipitatum A.H. Sm., Thiers & Watling),
Pinaceae (e.g., L. vulpinum Watling and L. piceinum Pilát & Dermek) and Ericaceae that form
arbutoidmycorrhizas (e.g., L. manzanitae Thiers and L. monticola Halling & G.M. Muell.).
However, there are species in section Leccinum that are not host specific, i.e., L. aurantiacum
(Bull.) Gray. This species is associated with plants of Betula, Populus, Quercus, Salix and
sometimes with Tilia [13,14]. Some species of this genus are well-known edible mushrooms,
such as L. quercinum (Pilát) E.E. Green & Watling, L. scabrum (Bull.) Gray and L. versipelle
(Fr. & Hök) Snell, which are collected in China during the mushroom season.

The genus Leccinum was established by Gray in 1821 [13], based on the type species
L. aurantiacum. Subsequently, more and more mycologists noticed the morphological
distinctness and described many new species of this genus. As currently circumscribed,
the genus comprises roughly 150 species [1–3,6–56]. North America is the species diversity
center of this genus, and in total 118 species have been recorded from this area [19]. Some of
the most important works are the serial works of Smith and Thiers [1,15–17], in which three
sections of this genus were proposed (L. sect. Leccinum Smith & Thiers, L. sect. Luteoscabra
Smith & Thiers and L. sect. Scabra), with 68 species described from Michigan. Twelve
species from Central America were described: one species from Belize, eight species from
Costa Rica and three species from Colombia [20–24]. In Europe, Singer divided species of
this genus into four sections, including two known sections, L. sect. Luteoscabra and L. sect.
Leccinum, and two newly proposed sections, L. sect. Roseoscabra and L. sect. Eximia [3]. In
Singer’s infrageneric classification, L. sect. Scabra, established by Smith and Thiers, was
merged to L. sect. Leccinum. Recent molecular phylogenetic evidence has revealed that
species of L. sect. Luteoscabra, L. sect. Roseoscabra and L. sect. Eximia belong to divergent
clades of Boletaceae and represent many new genera (32,52–54). Thus, the genus Leccinum
is restricted to the section Leccinum (Singer’s infrageneric classification) [3]. den Bakker
and Noordelos revised the European Leccinum species based on morphology and nrLSU
sequences and documented sixteen species [14]. In their subsequent study, they treated
the three subclades revealed by den Bakker et al. in L. section Leccinum [33,57] as three
subsections (viz. L. subsect. Leccinum, L. subsect. Fumosa A.H. Sm., Thiers & Watling and L.
subsect. Scabra Pilat & Dermek) [14]. This infrageneric subdivision was followed in the
treatment of the genus in this study. In the Southern Hemisphere, four species have been
reported, including one from New Zealand and three from Australia [27–29].

In Asia, six species of Leccinum have been reported from Malaysia [6]; ten species
from Japan [7–10]; and a total of 31 species have been reported from China based on
an extensive literature review [34–36,38–52,56]. Among these Chinese species, twelve
species, viz. L. albellum (Peck) Singer, L. chromapes (Frost) Singer, L. crocipodium (Letell.)
Watling, L. eximium (Peck) Singer, L. extremiorientale (Lar. N. Vassiljeva) Singer, L. griseum
(Quél.) Singer, L. hortonii (A.H. Sm. & Thiers) Hongo & Nagas., L. nigrescens (Richon &
Roze) Singer, L. rubropunctum (Peck) Singer, L. rubrum M. Zang, L. rugosiceps (Peck) Singer
and L. subglabripes (Peck) Singer have been transferred to other genera [5,11,35,52–55];
eight species, viz. L. duriusculum (Schulzer ex Fr.) Singer, L. intusrubens (Corner) Høil.,
L. oxydabile (Singer) Singer, L. quercinum, L. rufum (Schaeff.) Kreisel, L. subleucophaeum
E.A. Dick & Snell, L. subradicatum Hongo and L. variicolor Watling were reported without
specimen support [39–43,49,51]; and eleven species, viz. L. ambiguum A.H. Sm. & Thiers,
L. atrostipitatum A.H. Sm., Thiers & Watling, L. aurantiacum, L. holopus (Rostk.) Watling,
L. olivaceopallidum A.H. Sm., Thiers & Watling, L. potteri A.H. Sm., Thiers & Watling,
L. roseofractum Watling, L. scabrum, L. subgranulosum A.H. Sm. & Thiers, L. subleucophaeum
var. minimum C.S. Bi and L. versipelle were reported with specimen citations [34,38,44–48].
Among these eleven species reported with specimen citations, only L. subleucophaeum
var. minimum was originally described from China, and the remaining species were
identified as species originally described from Europe and North America based on general
morphological similarities. Indeed, a few species described from Europe and North
America do occur in China, especially in northeastern and northwestern China. However,
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most species found in China have evolved independently in the southern part of China.
Thus, identification of the Chinese Leccinum species needs to be reconfirmed.

In this study, we used both morphological data and molecular sequences from the nu-
clear ribosomal internal transcribed spacer (ITS), the large subunit of the nuclear ribosomal
RNA (nrLSU), the translation elongation factor 1-alpha (tef1-α) and the RNA polymerase II
second largest subunit (rpb2), together with ecological data to (1) elucidate species diversity
of Leccinum in China; (2) evaluate the phylogenetic relationships of species within Leccinum;
(3) make morphological and ecological comparisons between closely related species.

2. Materials and Methods
2.1. Taxon Sampling

Nineteen specimens of the genus Leccinum from China were examined. For each
collection, a part of the basidioma was dried with silica gel for DNA extraction. The
remaining materials were then air-dried at 45–50 ◦C using an electric food dehydrator.
Specimens studied in this work were deposited in the Herbarium of the Kunming Institute
of Botany, Chinese Academy of Sciences (KUN). Genera are abbreviated as follows: L. for
Leccinum, Le. for Leccinellum, O. for Octaviania, R. for Rossbeevera, Ru. for Rugiboletus, T. for
Turmalinea, Ca. for Castanopsis, Li. for Lithocarpus, P. for Pinus and Q. for Quercus.

2.2. Morphological Observation

The macroscopic descriptions are based on the detailed field notes and photographs
of fresh basidiomata. Color codes of the form “4B2” indicate the plate, row, and color block
from Kornerup and Wanscher [58]. For microscopic studies, the microscopic features of each
part of the basidioma were observed under microscope (Leica DM2000, Leica Microsystems,
Wetzlar, Germany), including basidiospores, basidia, cheilocystidia, pleurocystidia and
pileipellis, using 5% KOH as a mounting medium to revive the dried materials. Microscopic
studies follow Zhou et al. [59]. In the description of Basidiospores, the abbreviation n/m/p
means n basidiospores measured from m basidomata of p collections in 5% KOH solution.
The notation of the form (a) b–c (d) stands for the dimensions of the basidiospores; the range
b–c contains a minimum of 90% of the measured values, a or d given in parentheses stands
for extreme values. Q is used to mean “length/width ratio” of a basidiospore in a side view;
Qm means average Q of all basidiospores ± sample standard deviation. Measurements of
basidospores, cystidia, basidia and terminal cells in pileipellis are presented as length ×
width. All microscopic structures were drawn freehand from rehydrated material under
the microscope with 10× eyepiece and 100× objective (the total magnification is 1000×).

2.3. Molecular Procedures

Genomic DNA was extracted from silica gel dried materials or herbarium specimens
using the CTAB (Cetyltrimethyl ammonium bromide) method [60]. Polymerase chain
reactions (PCRs) were performed to amplify partial sequences of nrLSU, tef1-α, rpb2 and
ITS using the extracted DNA. The nrLSU region was amplified with primers LROR/LR5
and LROR/LR3 [61]; tef1-α was amplified with primer pair EF1-983F and EF1-1567R [62];
rpb2 was amplified with primers bRPB2-6F and bRPB2-7.1R [63] and ITS was amplified
with primer pair ITS1 and ITS4 [64]. Protocols for the polymerase chain reactions (PCRs)
and sequencing followed those in Wu et al. [65] and the references therein.

2.4. Sequence Alignments and Phylogenetic Analyses

The newly generated sequences of each locus were blasted in GenBank, and the
most closely related sequences (nucleotide identities >95%) were downloaded for further
alignment. Sequences were aligned separately for each of the loci using MAFFT v7.130b
with the E-INS-I strategy and manually optimized on BioEdit v7.0.9 [66,67]. Two datasets,
the ITS dataset and the multi-locus (nrLSU + tef1-α + rpb2) dataset, were analyzed using
RAxML and Bayesian methods, respectively. For the multi-locus dataset, single-gene
analyses were conducted to assess incongruence among individual genes using the ML
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method (results not shown). Because no well-supported bootstrap value (BS > 70%) [55]
conflict was detected among the topologies of the three genes, their sequences were then
concatenated together for further multi-locus analyses.

For ML analyses, the multi-locus and ITS datasets were analyzed using RAxML
(https://www.phylo.org/, accessed on 26 August 2021) under the model GTRGAMMA [68].
Statistical supports for the phylogenetic analyses were determined using nonparametric
bootstrapping with 1000 replicates. For BI analyses, the parameter model was selected
by the Akaike information criterion (AIC) as the best-fit likelihood model with Modeltest
3.7 (Free Software Foundation, Boston, MA, USA) [69]. The models employed for each
of the four loci were GTR + I + G for ITS, nrLSU and tef1-α, and SYM + I + G for rpb2.
Posterior probabilities (PP) were determined twice by running one cold and three heated
chains in parallel mode, saving trees every 1000th generation. Other parameters were kept
at their default settings. Runs were terminated once the average standard deviation of
split frequencies went below 0.01 [70]. Chain convergence was determined using Tracer
v1.5 (http://tree.bio.ed.ac.uk/software/tracer/, accessed on 26 August 2021) to confirm
sufficiently large ESS values (>200). Subsequently, the sampled trees were summarized
after omitting the first 25% of trees as burn-in using the ‘sump’ and ‘sumt’ commands
implemented in MrBayes.

3. Results
3.1. Molecular Phylogenetic Analysis

A total of 57 sequences, including fifteen for nrLSU, fifteen for tef1-α, fourteen for
rpb2 and thirteen for ITS, were newly generated in this study and aligned with sequences
downloaded from GenBank. Sequences retrieved from GenBank and obtained in this study
for the multi-locus phylogenetic analyses are listed in Table 1. The multi-locus dataset
(Supplementary File S1) contained 122 sequences (49 for nrLSU, 41 for tef1-α, 32 for rpb2),
representing 51 samples, and the alignment contained 2195 nucleotide sites, of which 530
were parsimony informative. Borofutus dhakanus Hosen & Zhu L. Yang and Spongiforma
thailandica Desjardin, Manfr. Binder, Roekring & Flegel were chosen as the outgroup [71,72].
ML and Bayesian analyses produced very similar estimates of tree topologies, and thus only
the tree inferred from ML analysis is displayed (Figure 1). The monophyly of Leccinum was
highly supported (BS = 100% and PP = 1) in our analyses. Four main clades were recovered,
and three of them correspond to the three known subsections, viz. L. subsect. Leccinum,
L. subsect. Fumosa and L. subsect. Scabra of L. sect. Leccinum [14]. Three new species,
namely L. album, L. parascabrum and L. pseudoborneense, were revealed in our multi-locus
phylogenetic analyses. Leccinum parascabrum formed the remaining clade with BS = 100%
and PP = 1, while L. pseudoborneense and L. album nested in L. subsect. Scabra and clustered
together with L. flavostipitatum E.A. Dick & Snell, L. subradicatum and L. variicolor with low
supported lineage (BS = 54%).

Table 1. Information on specimens used in multi-locus phylogenetic analyses and their GenBank accession numbers.
Sequences newly generated in this study are indicated in bold.

Species Voucher Locality
GenBank Number

Reference
ITS nrLSU tef1-α rpb2

Leccinellum corsicum Buf 4507 USA - KF030347 KF030435 - [55]
Le. crocipodium MICH:KUO-07050707 USA - MK601749 MK721103 MK766311 [5]
Le. aff. griseum KPM-NC-0017381 Japan - JN378508 JN378449 - [73]

Le. lepidum K(M)-142974 Italy - MK601751 MK721105 MK766312 [5]
Le. pseudoscabrum CFMR:DPL-11432 USA - MK601752 MK721106 MK766313 [5]

Le. rugosiceps CFMR:BOS-866 USA - MK601770 MK721124 MK766329 [5]

Leccinum album KUN-HKAS53417 China MZ392872
MZ392873

MW413907
HQ326880

MW439267
HQ326861

MW439259
MW439260 This study

L. aurantiacum L-0342207 France - MK601759 MK721113 MK766318 [5]
L. cerinum MK11800 Finland - AF139692 - - [4]

L. duriusculum KUN-HKAS101160 Uzbekistan MZ485402 MZ675541 MZ707785 MZ707779 This study
L. duriusculum GL4676 France - AF139699 - - [4]
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Table 1. Cont.

Species Voucher Locality
GenBank Number

Reference
ITS nrLSU tef1-α rpb2

L. flavostipitatum MENMB10801 USA - MH620342 - - GenBank
L. holopus MICH:KUO09150707 USA - MK601763 MK721117 MK766322 [5]
L. holopus 9109303 France - AF139700 [4]
L. holopus KUN-HKAS111906 Austria - MW413906 MW439266 MW439258 This study

L. manzanitae NY-14041 USA - MK601765 MK721119 MK766324 [5]
L. melaneum KUN-HKAS57220 China MZ485409 MZ675542 MZ707786 MZ707780 This study
L. monticola NY-00815448 Costa Rica - MK601767 MK721121 MK766326 [5]
L. monticola NY-760388 Costa Rica - MK601766 MK721120 MK766325 [5]
L. palustre MK11107 Germany - AF139701 - - [4]

“L. palustre” hdb030 Netherlands AF454586 - - - [57]
L. parascabrum KUN-HKAS99903 China MZ392874 MW413911 MW439271 MW439264 This study
L. parascabrum KUN-HKAS59447 China MZ392875 MW413912 MW439272 MW439265 This study

L. pseudoborneense KUN-HKAS110156 China MZ412902 MW413908 MW439268 MW439261 This study
L. pseudoborneense KUN-HKAS110157 China MZ412903 MW413909 MW439269 MW439262 This study
L. pseudoborneense KUN-HKAS110158 China MZ412904 MW413910 MW439270 MW439263 This study
L. pseudoborneense KUN-HKAS89139 China - MZ536631 MZ543306 MZ543308 This study
L. pseudoborneense KUN-HKAS92401 China - MZ536632 MZ543307 MZ543309 This study

L. quercinum KUN-HKAS63502 China - KF112724 KF112250 KF112724 [65]
L. quercinum Lq1 Germany - DQ534612 - - [74]
“L. scabrum” KUN-HKAS56371 China - KT990587 KT990782 KT990423 [11]

L. scabrum KUN-HKAS57266 China - KF112442 KF112248 KF112722 [65]
L. scabrum KUN-HKAS98029 China MZ485407 MZ675543 MZ707787 - This study
L. scabrum KPM-NC-0017840 UK - JN378515 JN378455 - [73]

L. schistophilum KUN-HKAS98024 China MZ503508 MZ675544 MZ707788 - This study
L. schistophilum VDKO1128 Belgium - - KT824055 KT824022 [75]
L. subradicatum KPM-NC-24518 Japan MT934814 MT812736 MT874822 - [76]

L. sp. KPM-NC-0017830 Japan KC552009 [77]
L. variicolor Lvar1 Germany - AF139706 - - [4]
L. variicolor Hdb327 Canada AY538843 - - - [33]
L. variicolor Watling6753 UK AY853538 - - - [78]
L. versipelle KUN-HKAS76669 China - KF112443 KF112249 KF112723 [65]
L. versipelle CFMR DLC2002-122 USA - MK601778 - - [5]
L. versipelle - Sweden AF454573 - - - [57]
L. versipelle KUN-HKAS97997 China MZ485404 MZ675545 MZ707789 MZ707781 This study
L. versipelle KUN-HKAS99380 China MZ485401 MZ675546 MZ707790 MZ707782 This study

L. violaceotinctum CFMR:BZ-1676 Belize - MK601780 MK721133 MK766337 [5]
L. violaceotinctum CFMR:BZ-3169 Belize - - MK721134 MK766338 [5]

Borofutus dhakanus KUN-HKAS73789 Bengal - JQ928616 JQ928576 JQ928597 [72]
Chamonixia

brevicolumna DBG:F023359 USA - MK601728 MK721082 MK766290 [5]

Octaviania
japonimontana KPM-NC-0017812 Japan - JN378486 JN378428 - [73]

O. tasmanica NY-02449788 USA - MK601798 MK721152 MK766355 [5]
Rossbeevera

griseobrunnea GDGM45913 China - MH537793 - - [79]

R. eucyanea KPM-NC-0023895 Japan - KP222896 KP222915 - [76]
Rugiboletus andinus NY-00796145 USA - MK601758 MK721112 MK766317 [5]

Ru. andinus NY-181460 USA - MK601757 MK721111 MK766316 [5]
Spongiforma
thailandica DED7873 Thailand - NG_042464 KF030436 MG212648 [71]

Turmalinea
mesomorpha KPM-NC-0017743 Japan - KC552050 - - [77]

T. yuwanensis KPM-NC0023377 Japan - KJ001098 KJ001083 - [77]
Tylocinum griseolum KUN-HKAS52612 China - KT990631 KT990825 - [11]
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Figure 1. Maximum-likelihood phylogenetic tree generated from a three-locus (nrLSU + tef1-α + rpb2) dataset. BS > 50%
in ML analysis and PP > 0.95 in Bayesian analysis are indicated as RAxML BS/PP above or below supported branches.
Species of this genus from China and type species of this genus (L. aurantiacum) are indicated in bold. Voucher specimens
and localities where the specimens were collected are provided behind the species names. AU = Austria, BE = Belgium,
CN = China, CR = Costa Rica, FI = Finland, FR = France, GER = Germany, IT = Italy, JP = Japan, TAI = Thailand, UK =United
Kingdom, USA = United States of America and UZ = Uzbekistan.

For the ITS dataset, as revealed by den Bakker et al. [57] and our primary analysis,
the ITS1 region contains a minisatellite, which is characterized by the repeated presence
of CTATTGAAAAG and CTAATAGAAAG core sequences and mutational derivatives.
Moreover, some species contain a minisatellite in the ITS2 region, e.g., the newly described
species L. album (GenBank Acc. No.: MZ392872 for clone 1 and MZ392873 for clone 2),
with a region of 212 bp that consists of tandem repeats (see Supplementary Material for
details). Though there is length variation in either the ITS1 or ITS2 spacers, it can also
provide some phylogenetic signals. We performed phylogenetic analyses of the ITS dataset.
In this dataset (Supplementary File S2), 51 samples were included. The length of the
dataset was 1416 bp, of which 377 were parsimony informative. Leccinellum albellum (Peck)
Bresinsky & Manfr. Binder was chosen as outgroup. ML and Bayesian analyses also
produced very similar estimates of tree topologies, and only the tree inferred from ML
analysis is displayed (Figure 2). The monophyly of Leccinum was also well supported
(BS = 100% and PP = 1) in our analyses. Three new species viz. L. album, L. parascabrum and
L. pseudoborneense) were revealed. Leccinum album is closely related to L. pseudoborneense yet
without statistical support, while L. parascabrum forms an independent lineage. Species to
which L. parascabrum is phylogenetically related remain as yet unknown.
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Figure 2. Maximum-likelihood phylogenetic tree generated from ITS dataset. BS > 50% in ML analysis is indicated
above or below supported branches. Species of this genus from China and type species of this genus (L. aurantiacum) are
indicated in bold. Voucher specimens, localities and GenBank numbers are provided behind the species names. AT = Austria,
CAN = Canada, CN = China, CR = Costa Rica, FR = France, GL = Greenland, JP = Japan, NL = The Netherlands, PL = Poland,
SW = Sweden, UK =United Kingdom, USA = United States of America and UZ = Uzbekistan.

Our ML and Bayesian analyses of ITS and multi-locus datasets revealed the existence
of eight Leccinum species from China, including five known species viz. L. melaneum (Smotl.)
Pilát & Dermek, L. quercinum, L. scabrum, L. schistophilum and L. versipelle and three new
species viz. L. album, L. parascabrum, and L. pseudoborneense. The final alignments of both
datasets were deposited in TreeBASE (S27490).

3.2. Taxonomy

Leccinum album X. Meng, Yan C. Li & Zhu L. Yang, sp. nov., (Figures 3g–h and 4).
MycoBank: MB 838917.
Diagnosis: This species differs from other species in Leccinum in the combination of the

entirely white pileus, the white pileal context not changing color when injured, the white
hymenophore staining indistinct greenish blue when hurt, the white stipe coarsely covered
with initially white and then darkened verrucose squamules, and the white stipe context
always staining greenish blue at the base when injured.

Holotype: CHINA. Hunan Province: Chenzhou, Zhanghua County, Mangshan Na-
tional Forest Park, E 112◦92′, N 24◦94′, alt. 850 m, associated with Castanopsis fissa, Cyclobal-
anopsis glauca, Lithocarpus glabra and Pinus kwangtungensis, 3 September 2007, Y.C. Li1072
(KUN-HKAS53417, GenBank Acc. No.: MZ392872 and MZ392873 for ITS, MW413907 and
HQ326880 for nrLSU, MW439267 and HQ326861 for tef1-α, and MW439259 and MW439260
for rpb2).
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Figure 3. Basidiomata of Leccinum species. (a–c) Leccinum parascabrum (KUN-HKAS99903, holotype);
(d–f) Leccinum pseudoborneense ((d) from KUN-HKAS110157; (e,f) from KUN-HKAS110156, holotype);
(g,h) Leccinum album (KUN-HKAS53417, holotype).

Etymology: Latin “album” means white, referring to the color of the basidiomata.
Basidiomata small to medium-sized. Pileus 3–5.5 cm in diam., hemispherical when

young, subhemispherical to convex or plano-convex when mature, white (1A1) when
young, white to cream (2B2–3) when mature; surface covered with concolorous farinose to
pubescent squamules; context 5–10 mm thick in the center of pileus, taste mild, white (1A1)
to pallid, not changing color when bruised; Hymenophore adnate when young, adnate to
slightly depressed around apex of stipe; surface white (1A1), staining indistinct greenish
blue (25B5–7) when injured; pores subangular to roundish, 0.3–1.5 mm wide; tubes up
to 5 mm long, white to dirty pinkish (13A2), not changing color when bruised. Stipe
8–10 × 0.8–1.2 cm, clavate to subcylindrical, always enlarged downwards; surface white
(1A1), densely covered with white (1A1) verrucose squamules, staining light greenish blue
at base when injured; context whitish (1A1), staining blue at base when injured; basal
mycelium white (1A1), lacking color change when injured.
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Figure 4. Microscopic features of Leccinum album (KUN-HKAS53417, holotype). (a) Basidiospores. (b) Basidia and
pleurocystidium. (c) Cheilocystidia and pleurocystidia. (d) Pileipellis. Bars = 10 µm. Drawings by Y.-C. Li.

Basidiospores (40/2/1) 15–19 × 5–7 µm, Q = 2.5–3, Qm = 2.75 ± 0.15, subfusiform
to narrowly ellipsoid in side view with slight suprahilar depression, subcylindrical to
fusiform in ventral view, smooth, somewhat slightly thick-walled (up to 0.5 µm thick),
hyaline to yellowish in KOH, brownish yellow to olivaceous brown in Melzer’s Reagent.
Basidia 23–33 × 10–13 µm, clavate, 4-spored, hyaline to yellowish in KOH, yellowish to
brownish yellow in Melzer’s Reagent. Hymenophoral trama boletoid, hyphae subcylindri-
cal, 4–10 µm wide, hyaline to yellowish in KOH, yellowish to yellow in Melzer’s Reagent.
Cheilo- and pleurocystidia 42–60 × 11–17.5 µm, abundant, subfusiform to fusiform, thin-
walled, yellowish in KOH, yellowish to brownish yellow in Melzer’s Reagent. Pileipellis a
trichoderm, composed of more or less vertically arranged 5–10 µm wide hyphae, hyaline
to yellowish in KOH, yellowish to yellow in Melzer’s Reagent. Pileal trama made up of
6–12 µm wide filamentous hyphae, thin-walled, yellowish in KOH, yellowish to brownish
yellow in Melzer’s Reagent. Clamp connections absent in all tissues.

Habitat and distribution: Solitary or scattered in tropical forests dominated by plants
of the families Fagaceae (Castanopsis fissa, Cyclobalanopsis glauca and Lithocarpus glabra)
and Pinaceae (Pinus kwangtungensis or P. armandii); on acidic, humid and loamy soils;
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distribution insufficiently known, rather rare in China and currently found in central and
southeastern China (Hunan and Fujian Provinces).

Additional Specimen examined: CHINA. Fujian Province: Jianning County, E 116◦84′,
N 26◦83′, alt. 900 m, associated with Castanopsis fissa, Cyclobalanopsis glauca and Pinus
armandii, 16 July 1971, N.L. Huang 716 (KUN-HKAS39522).

Commentary: Leccinum album is characterized by the white pileus, the white hy-
menophore staining indistinct greenish blue when hurt, the white stipe densely covered
with initially white and then darkened scabrous squamules, the white context in pileus not
changing color when injured, and the white context in stipe unchanging or only staining
distinct greenish blue at base when injured. Morphologically, L. album is close to L. holopus,
L. cyaneobasileucum Lannoy & Estadès and Le. albellum (Peck) Bresinsky & Manfr. Binder in
similar pileus colors. However, L. holopus, originally described from Europe (Germany),
differs from L. album in its medium to large basidiomata (pileus 4–10 cm wide), becoming
more viscid pileus with age, pure white or dirty white to pale buff or pale pallid pileus
always with a glaucous green tinge, long hymenophoral tubes measuring 9–15 mm long,
narrow and subcylindrical hymenial cystidia measuring 30–50 × 7.5–12.5 µm, narrow
pileipellis hyphae measuring 3.5–5 µm wide, and association with trees of the genus Be-
tula (Betulaceae) [80–82]. Leccinum cyaneobasileucum, originally described from France, is
different from L. album in its white or greyish brown to light brown pielus, woolly stipe
surface, slender basidiospores with Qm ≥ 3, relatively narrow hymenial cystidia measuring
32–44 × 5.5–7.5 µm, narrow pileipellis hyphae measuring 2–6.5 µm wide, and association
with trees of the genus Betula [83]. Leccinellum albellum, originally described from New
York, is characterized by its basidiomata not changing color when bruised and narrow
basidiospores measuring 13–20 × 4–6 µm [16,17,30].

Phylogenetically, L. album is related to L. variicolor and L. pseudoborneense in the analyses
of the multi-locus and ITS datasets, respectively (Figures 1 and 2). However, L. variicolor
differs from L. album in its white to grey or cream pileal context staining vinaceous to brown
when bruised, white stipe context staining pink to coral red in the upper part and green-
blue in the lower part when bruised and association with plants of Betula [81]. Leccinum
pseudoborneense is different from L. album in its pale brown to dark brown pileus, white
context in pileus and stipe staining blue when bruised, narrow basidiospores measuring
(11) 12–19 (20) × 4–5 (6) µm, narrow hymenial cystidia measuring 28–40 × 4–10 µm, and
distribution in southwestern China.

Leccinum parascabrum X. Meng & Yan C. Li & Zhu L. Yang, sp. nov., (Figures 3a–c and 5).
MycoBank: MB 838916.
Diagnosis: This species differs from other species in Leccinum by its initially reddish

brown to chestnut-brown and then brown to pale brownish or even dirty white pileus,
white pileal context lacking color change when injured, white to pallid and then light brown
hymenophore lacking color change when injured, and the white stipe context staining
greenish blue at the base when injured.

Holotype: CHINA. Hunan Province: Chenzhou, Zhanghua County, Mangshan Na-
tional Forest Park, E 112◦92′, N 24◦94′, alt. 1100 m, associated with Castanopsis fissa, Litho-
carpus glabra and Pinus kwangtudgensis, 12 September 2016, G. Wu 1784 (KUN-HKAS99903,
GenBank Acc. No.: MZ392874 for ITS, MW413911 for nrLSU, MW439271 for tef1-α, and
MW439264 for rpb2).

Etymology: Latin “parascabrum” refers to its similarity to L. scabrum.
Basidiomata small to medium-sized. Pileus 2.5–12.5 cm in diam., hemispherical when

young, subhemispherical to convex or applanate when mature, reddish brown (12E8)
to chestnut-brown (8C7–8) when young, brown (6C6) to pale brownish (7D7–8) or even
dirty white (6A2) when mature; surface tomentose; context 6–13 mm thick in the center,
white (1A1), not changing color when bruised; Hymenophore adnate when young, adnate
to slightly depressed around apex of stipe; surface white to pallid (1A1) when young,
and becoming light brown (6B4) when mature, not changing color when injured; tubes
6–14 mm long, 0.5–1.5 mm wide, creamy white (1A1), not changing color when bruised.
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Stipe 12–14 × 1.1–2.2 cm, clavate, swollen downwards, always staining greenish blue at
base when injured; surface white (1A1), covered with initially white (1A1) to light beige
(5A4) and then brownish (7D8) squamules; context white (1A1), staining greenish blue
(25B6–7) at base when injured; basal mycelium white (1A1).

Figure 5. Microscopic features of Leccinum parascabrum (KUN-HKAS99903, holotype). (a) Basid-
iospores. (b) Basidia and pleurocystidium. (c) Cheilocystidia. (d) Pleurocystidia. (e) Pileipellis.
Bars = 10 µm. Drawings by Y.-C. Li.

Basidiospores (80/2/2) 16–20 (–21) × 5–6 µm, Q = 3.2–3.8, Qm = 3.43 ± 0.18, sub-
fusiform to fusiform, slightly thick-walled (up to 0.5 µm thick), yellowish to yellowish
brown in KOH, yellow to yellow-brown in Melzer’s Reagent. Basidia 24–33 × 8–12 µm,
clavate, 4-spored, hyaline to yellowish in KOH, yellowish to yellow in Melzer’s Reagent.
Hymenophoral trama boletoid, hyphae cylindrical, 3–7 µm wide, hyaline to yellowish in
KOH, yellowish to yellow in Melzer’s Reagent. Cheilo- and pleurocystidia 34–68 × 7.5–16 µm,
abundant, subfusiform to fusiform, thin-walled, yellowish to pale yellowish brown in KOH,
yellowish brown to brown in Melzer’s Reagent. Pileipellis a trichoderm, composed of
5–9 µm wide filamentous hyphae, yellowish to pale brownish in KOH. Pileal trama made
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up of 5–10 µm wide filamentous hyphae, thin-walled, hyaline to yellowish in KOH, yel-
lowish to brownish yellow in Melzer’s Reagent. Clamp connections absent in all tissues.

Habitat and distribution: Solitary or scattered in tropical forests dominated by plants
of the families Fagaceae (Lithocarpus glabra, Castanopsis fissa and Ca. hystrix) and Pinaceae
(Pinus kwangtudgensis or P. yunnanensis.); on acidic or slightly alkaline, loamy soils; dis-
tribution insufficiently known, rather rare in China, currently known from central and
southwestern China (Hunan and Yunnan Provinces).

Additional Specimen examined: CHINA. Yunnan Province: on the way from Tengchong
County to Longling County, E 98◦59′, N 24◦81′, alt. 2010 m, associated with Lithocar-
pus glabra, Castanopsis hystrix and Pinus yunnanensis, 19 July 2009, Y.C. Li 1700 (KUN-
HKAS59447, GenBank Acc. No.: MZ392875 for ITS, MW413912 for nrLSU, MW439272 for
tef1-α, and MW439265 for rpb2).

Commentary: Leccinum parascabrum is characterized by the initially reddish brown to
chestnut-brown and later brown to pale brownish or even dirty white pileus, the white
pileal context not changing color when injured, the white to pallid and then light brown
hymenophore not changing color when injured, the white stipe context with greenish
blue color change at the base when injured, and the relatively large basidiospores measur-
ing 16–20 (–21) × 5–6 µm, Q = 3.2–3.8. Leccinum parascabrum generally shares the similar
colors of pileus and hymenophore, and the similar slender stems with L. duriusculum,
L. griseonigrum A.H. Sm., Thiers & Watling, L. scabrum, L. uliginosum A.H. Sm. & Thiers
and Le. pseudoscabrum (Kallenb.) Mikšík. However, L. duriusculum, originally described
from Europe, can be distinguished from L. parascabrum by its pale grey-brown to dark
greyish or reddish brown pileus, white context staining violaceous pink when bruised
but yellow-green to blue-green in the base of stipe, relatively small basidiospores mea-
suring 11.5–15.5 × 4.5–6 µm [84]. Leccinum griseonigrum, originally described from North
America, differs from L. parascabrum in its avellaneous to dingy cinnamon-buff pileus,
white pileal context staining blue when bruised, relatively small basidiospores measuring
13–16 × 4–5.5 µm, and association with trees of the genus Populus [16]. Leccinum scabrum
differs from L. parascabrum in its wrinkled pileus, pale white hymenophore, pinkish dis-
coloration when injured, and never bluish color change at the base of stipe [13,14,81].
Leccinum uliginosum, originally described from North America, is different from L. paras-
cabrum in its dark fuscous to drab-grey pileus, white context in pileus becoming reddish and
then fuscous when bruised, relatively small basidiospores measuring 14–18 × 3.5–5 µm,
and small and inconspicuous hymenial cystidia [17]. Leccinellum pseudoscabrum differs
from L. parascabrum in its initially red to purplish brown and then blackish brown context
color change when injured, and the palisadoderm pileipellis composed of subglobose
cells [14]. Leccinum parascabrum also shares the similar colors of pileus and hymenophore
and the bluish color change at the base of stipe with L. variicolor. However, L. varii-
color is different from L. parascabrum in its white to grey or cream pileal context staining
vinaceous to brown when bruised, white stipe context staining pink to coral red in the
upper part and green-blue in the lower part when bruised, relatively small basidiospores
measuring (10) 13.5–17.5 (–20.0) × 5.0–6.5 (7.0) µm with Q = 2.4–3.1, and association with
plants of Betula sp. [81]. In our phylogenetic analysis of the multi-locus and ITS datasets
(Figures 1 and 2), L. parascabrum formed independent clades within Leccinum. It might
represent a distinct section or subsection. However, formal change of the infrageneric
division of this clade should await more molecular and morphological data from additional
taxa. Species to which it is phylogenetically related remain as yet unknown.

Leccinum pseudoborneense X. Meng & Yan C. Li & Zhu L. Yang, sp. nov., (Figures 3d–f and 6).
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Figure 6. Microscopic features of Leccinum pseudoborneense (KUN-HKAS110156, holotype). (a) Basidiospores. (b) Basidia
and pleurocystidia. (c) Pleurocystidia. (d) Cheilocystidia. (e) Pileipellis. Bars = 10 µm. Drawings by Y.-C. Li.

MycoBank: MB 838915.
Diagnosis: This species differs from other species in Leccinum in its nearly glabrous

and pale brown to dark brown pileus, white context in pileus lacking color change when
injured, white context in stipe staining blue when bruised, initially white and then brown
hymenophore not changing color when injured, white stipe covered with ochraceous to
dark brown squamules, and trichodermal pileipellis composed of 3–6 µm wide interwo-
ven hyphae.

Holotype: CHINA. Yunnan Province: Xishuangbanna, Menghai County, Bada Town,
E 100◦12′, N 21◦83′, alt. 1900 m, associated with Castanopsis calathiformis, Castanopsis indica
and Lithocarpus truncatus, 22 June 2020, G.S. Wang 947 (KUN-HKAS110156, GenBank
Acc. No.: MZ412902 for ITS, MW413908 for nrLSU, MW439268 for tef1-α, and MW439261
for rpb2)
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Etymology: Latin “pseudo” = false, “borneense” = L. borneense, “pseudoborneense” is
proposed because this species is similar to the species L. borneense originally described
from Malaysia.

Basidiomata small to medium-sized. Pileus 4–10 cm diam, subhemispherical to convex
or plano-convex; surface nearly glabrous, viscid when wet, pale brown (6D6–C5) to dark
brown (6F6–E5); context 5–10 mm thick in the center, white (1A1), not changing color when
bruised; Hymenophore adnate to depressed around apex of stipe; white (1A1) to pallid
when young and becoming brown (6B5) when mature, not changing color when injured.
Tubes 4–10 mm long, creamy white (1A1) when young, and becoming brownish yellow
(5C7–8) when mature, not changing color when bruised; pores fine, no more than 1 mm
wide. Stipe 10–15 × 2.1–2.9 cm, clavate, always swollen downwards; surface white (1A1),
covered with ochraceous (2B3–5) to dark brown (6E7) squamules, staining asymmetric
blue (23E7) when injured; context white (1A1), staining blue (23E7) when injured; basal
mycelium white (1A1).

Basidiospores (100/5/5) (11–) 12–19 (–20) × 4–5 (–6) µm, Q = (2.75–) 3–3.58 (–3.6),
Qm = 3.31 ± 0.16, subfusiform to ellipsoid, slightly thick-walled (up to 0.5 µm thick), yel-
lowish brown to olive brown in KOH, yellow-brown to dark olive-brown in Melzer’s
Reagent. Basidia 18–30 × 8–9 µm, clavate, 4-spored, hyaline to yellowish in KOH, yel-
lowish to brownish yellow in Melzer’s Reagent. Hymenophoral trama boletoid, hyphae
cylindrical, 3–6 µm wide, hyaline to yellowish in KOH, yellowish to brownish yellow in
Melzer’s Reagent. Cheilo- and pleurocystidia 28–40 × 4–10 µm, abundant, subfusiform to
fusiform, thin-walled, yellowish to brownish yellow in KOH, brownish to yellow-brown in
Melzer’s Reagent. Pileipellis a trichoderm, composed of more or less vertically arranged
5–12 µm wide filamentous hyphae, yellowish brown to brownish in KOH, brown to dark
brown in Melzer’s Reagent. Pileal trama made up of 6–12 µm wide filamentous hyphae,
thin-walled, hyaline to yellowish in KOH, yellowish to yellow in Melzer’s Reagent. Clamp
connections absent in all tissues.

Habitat and Distribution: Scattered in tropical forests dominated by plants of the families
Fagaceae (Castanopsis calathiformis, Ca. orthacantha, Ca. indica, Lithocarpus truncatus, Li.
mairei and Quercus griffithii); on acidic, loamy or mossy, humid soils; moderately common
in southwestern China (Yunnan Province).

Additional specimens examined: CHINA. Yunnan Province: Xishuangbanna, Menghai
County, Bada Township, E 100◦13′, N 21◦84′, alt. 1900 m, associated with Castanopsis
calathiformis, Ca. indica and Lithocarpus truncatus, 22 June 2020, G.S. Wang 960 (KUN-
HKAS110157, GenBank Acc. No.: MZ412903 for ITS, MW413909 for nrLSU, MW439269
for tef1-α, and MW439262 for rpb2), the same location, 22 June 2020, G.S. Wang 965 (KUN-
HKAS110158, GenBank Acc. No.: MZ412904 for ITS, MW413910 for nrLSU, MW439270
for tef1-α, and MW439263 for rpb2); Nanjian County, Gonglang Town, Huangcaoping,
E 100◦30′, N 24◦54′, alt. 1200 m, associated with Castanopsis orthacantha, Lithocarpus mairei
and Quercus griffithii, 30 June 2015, K. Zhao 773 (KUN-HKAS92401, GenBank Acc. No.:
MZ536632 for nrLSU, MZ543307 for tef1-α, and MZ543309 for rpb2); Jinghong County,
Dadugang Town, E 100◦25′, N 21◦26′, alt. 600 m, associated with Castanopsis indica and
Lithocarpus truncatus, 30 June 2014, K. Zhao 476 (KUN-HKAS89139, GenBank Acc. No.:
MZ536631 for nrLSU, MZ543306 for tef1-α, and MZ543308 for rpb2).

Commentary: Leccinum pseudoborneense is characterized by the nearly glabrous and pale
brown to dark brown pileus, the white context in pileus not changing color when injured,
the white context in stipe staining blue when bruised, the initially white and then brown
hymenophore not changing color when injured, the white stipe covered with ochraceous
to dark brown squamules, and the trichodermal pileipellis composed of 3–6 µm wide
interwoven hyphae. Leccinum pseudoborneense is similar to L. borneense (Corner) E. Horak,
originally described from Malaysia, in that they share a brown pileus, bluish color change of
the context in stipe when bruised, and similar size of basidiospores. However, L. borneense
differs from L. pseudoborneense in its yellow to olive yellow hymenophore staining blue
when hurt, pale yellow to yellow pileal context staining blue when hurt, and deep yellow
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context in stipe staining blue but sometimes with reddish tint at base when injured [6,84].
Leccinum pseudoborneense is phylogenetically close to L. album in our phylogenetica analyses
(Figures 1 and 2). However, L. album has a white basidioma, white hymenophore staining
indistinctly greenish blue when hurt, white context in pileus not changing color when
injured, white context in stipe unchanging or only staining distinctly greenish blue at base
when injured, and relatively broad basidiospores measuring 15–19 × 5–7 µm.

4. Discussion

The genus Leccinum was defined and recognized variously by different mycologists.
In an early molecular study, Leccinum was shown to be polyphyletic and proposed to
be restricted to the sections Leccinum and Scabra by Binder and Besl [4]. Subsequently,
Bresinsky and Besl [32] erected a genus Leccinellum Bresinsky & Manfr. Binder, to ac-
commodate L. section Luteoscabra, including species with yellow hymenophores and/or
context. In this study, the phylogenetic inferences based on the multi-locus dataset of
nrLSU, tef1-α and rpb2 largely coincide with those of Binder and Besl [4], Bresinsky and
Besl [32] and den Bakker et al. [33]. Thus, we adopt the treatment of Bakker et al. [33] and
treat Leccinum in a strict circumscription, which only includes species of L. sect. Leccinum
(Singer’s infrageneric classification with L. sect. Scabra merged to this section). Species
in Leccinum are characterized by the white context lacking color changes or staining blue,
gray or reddish tints when injured and the cutis-like pileipellis composed of interwoven
filamentous hyphae

Eleven Leccinum species with specimen citations have been reported from China
before this study, of which five species (L. ambiguum, L. atrostipitatum, L. olivaceopallidum,
L. potteri and L. subgranulosum) were originally described from North America, five species
(L. aurantiacum, L. holopus, L. roseofractum, L. scabrum and L. versipelle) were originally
described from Europe, and only one taxon (L. subleucophaeum var. minimum) was originally
described from China. Our molecular phylogenetic analyses along with morphological
studies identified the existence of L. quercinum, L. scabrum, L. subleucophaeum var. minimum
and L. versipelle in China. The distribution of other reported species have not yet been
found, based on morphological and/or molecular data. In addition, three species new
to science (L. album, L. parascabrum and L. pseudoborneense) and two species new to China
(L. melaneum and L. schistophilum) were revealed in our study, based on molecular and
morphology evidence. In conclusion, there are nine species of Leccinum in China.

Most species of Leccinum exhibit strong mycorrhizal host specificity. The host speci-
ficity along with climate type and edaphic factors appear to be important factors determin-
ing the distribution of different species. In China, L. melaneum, L. scabrum, L. schistophilum
and L. versipelle are found in temperate forests and associated with plants of Betula platy-
phylla on acidic soils. Leccinum album, L. parascabrum, L. pseudoborneense and L. subleu-
cophaeum var. minimum are found in tropical forests and associated with plants of Fagaceae
(Castanopsis calathiformis, Ca. hystrix, Ca. indica, Ca. orthacantha, Cyclobalanopsis glauca, Litho-
carpus mairei, Li. truncatus and Quercus griffithii) and/or Pinaceae (Pinus kwangtudgensis
and P. yunnanensis) on acidic soils. It is noteworthy that L. parascabrum can be found in
acidic or slightly alkaline habitats. Leccinum versipelle is found in subtropical forests and is
associated with plants of Populus yunnanensis on acidic soils. The combination of the color
of basidioma, the morphology of pileal surface, the size of basidiospores, the morphology
of stipe, the color changes when injured, the climate type, the edaphic factors and the host
preferences is very important in distinguishing species in this genus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7090732/s1, Alignment S1: alignment of multi-locus dataset; Alignment S2: alignment of
ITS dataset.
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Abstract: Biochar and arbuscular mycorrhizal fungi (AMF) can promote plant growth, improve soil
properties, and maintain microbial activity. The effects of biochar and AMF on plant growth, root
morphological traits, physiological properties, and soil enzymatic activities were studied in spinach
(Spinacia oleracea L.). A pot experiment was conducted to evaluate the effect of biochar and AMF
on the growth of spinach. Four treatments, a T1 control (soil without biochar), T2 biochar alone,
T3 AMF alone, and T4 biochar and AMF together, were arranged in a randomized complete block
design with five replications. The biochar alone had a positive effect on the growth of spinach, root
morphological traits, physiological properties, and soil enzymatic activities. It significantly increased
the plant growth parameters, such as the shoot length, leaf number, leaf length, leaf width, shoot
fresh weight, and shoot dry weight. The root morphological traits, plant physiological attributes,
and soil enzymatic activities were significantly enhanced with the biochar alone compared with the
control. However, the combination of biochar and AMF had a greater impact on the increase in plant
growth, root morphological traits, physiological properties, and soil enzymatic activities compared
with the other treatments. The results suggested that the combined biochar and AMF led to the
highest levels of spinach plant growth, microbial biomass, and soil enzymatic activity.

Keywords: spinach; biochar; AMF; plant growth; root morphological traits; chlorophyll content; soil
enzymes and microbial biomass

1. Introduction

Biochar is the carbon-rich material taken by pyrolysis using various biomasses. Biochar
plays an important role in decreasing global warming in the world and reducing atmo-
spheric CO2 concentrations, as well as improving soil used in agriculture [1–6]. Biochar
application has been noted to increase the activity of microbes in the soil and improve the
physical and chemical properties of the soil [7–13]. Ścisłowska et al. [14] observed that
biochar treatments improved the quality and productivity of soils. Laird et al. [15] reported
that biochar treatments significantly increased the water-holding capacity, cation exchange
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capacity, and specific surface area of soils. Rice husk biochar significantly increased the
organic matter in soil by 52.94% compared with the control [16]. Numerous reports have in-
dicated that biochar alone increased the activities of dehydrogenase, alkaline phosphatase,
acid phosphatase, acid phosphomonoesterase, alkaline phosphomonoesterase, protease,
chymotrypsin, trypsin, phosphohydrolase, lipase-esterase, and esterase enzymes [17–19].

Biochar also plays an important role in soil nutrient availability and adsorption.
Biochar promotes soil nutrients, such as nitrogen, potassium, calcium, magnesium, sodium,
and total carbon [20,21]. Jabborova et al. [18] reported that the addition of biochar to soil
significantly increased the content of nitrogen, phophorus, and potassium compared to
the control.

Biochar had a positive effect on the growth, development, yield, and nutrient con-
tent of different plants. Several reports have indicated that biochar increased the seed
germination, plant growth, and yield of soybeans [8,22–25]. The germination rate was
highest when biochar was used compared to the control [20]. Concentrations of calcium
and magnesium in maize leaves were significantly higher with a high biochar application
rate than with the control [5]. Biochar application improved the root and shoot biomass of
Plantago lanceolata [26]. Rice straw biochar significantly increased the plant height, number
of bolls per plant, average boll weight, and seed cotton yield compared to the control [16].
Carter et al. [27] reported that rice husk biochar application increased the final biomass,
root biomass, plant height, and number of leaves of lettuce (Lactuca sativa) and cabbage
(Brassica chinensis) in comparison with plants that had not received biochar.

Biochar has a positive impact on plant physiological and biochemical properties.
Several studies have shown that biochar application increased the plant photosynthesis,
chlorophyll content, and transpiration rate [19,28,29]. Biochar amendment significantly
increased the photosynthetic rate of okra (Abelmoschus esculentus L.) [25].

Arbuscular mycorrhizal fungi (AMF) is a major component of the rhizosphere mi-
croflora in natural ecosystems, and plays a significant role in ecosystems through nutrient
cycling [30,31]. Mycorrhiza are microbes that promote plant growth and play an important
role in enhancing plant nutrition [32–34]. AMF have a symbiotic relationship with plants.
Inoculating crop roots with mycorrhiza improves the uptake of nutrients, such as nitro-
gen, potassium, phosphorus, calcium, and magnesium [35–38]. The plants inoculated with
mycorrhiza had increased chlorophyll and carotenoid content and increased antioxidant en-
zymes, such as superoxide, dismutase, catalase, peroxidase, and ascorbate peroxidase [39].
The use of mycorrhiza helped to improve the branching of the plant root system and the
growth and productivity of several field crops [40–42]. Several researchers have reported
that inoculation with both mycorrhiza and plant growth-promoting rhizobacteria (PGPR)
could be beneficial for agriculture [43,44]. Biochar and mycorrhiza have proved useful for
enhancing plant growth and yield and reducing the intensity of disease. IIA [45] reported
that dual inoculation with AMF and biochar significantly increased plant growth and the
phosphorus content of maize.

Spinach (Spinacia oleracea L.) is high in nutrients that benefit humans, including
bioactive compounds, vitamins, and minerals [46]. It is rich in bioactive compounds that
contribute to anticancer, antiobesity, hypoglycemic, and hypolipidemic properties [47].
The production of spinach is largely affected by abiotic and biotic stress. In addition to
abiotic stress, the combined application of biochar and AMF is also helpful for alleviating
the negative impact of biotic stress [48]. However, little information is available on the
interactive effect of biochar and AMF on spinach. In this study, we investigated the effect of
the combined application of biochar and AMF on spinach growth, root morphological traits,
physiological properties, and soil enzymatic activities. We hypothesized that the combined
application of biochar and AMF would facilitate beneficial effects on plant growth, plant
nutrients, physiological properties, and soil properties.
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2. Materials and Methods

Soil collected from the Indian Agricultural Research Institute (IARI) was used for the
experiment. The biochar used in the study was produced at 400 to 500 ◦C from a woody
biomass (Amazon online shop, New Delhi, India), with a particle size of less than 2 mm.
Seeds were obtained from the Division of Vegetable Science, IARI, New Delhi, India, and
AMF were obtained from the Division of Microbiology, IARI, New Delhi, India.

2.1. Experimental Design

The effect of biochar and AMF on the growth of spinach was studied in pot experi-
ments in a nethouse. All of the experiments were carried out in a randomized block design
with five replications. Experimental treatments included a T1 control (soil without biochar),
T2 = biochar alone, T3 = AMF alone, and T4 = biochar + AMF. Seeds were sown in plastic
pots (20 cm in diameter and 20 cm in depth) containing 5.0 kg of soil. Each pot was watered
every three days. At harvest, after 40 days, the shoot length, leaf length, leaf number, leaf
width, fresh root weight, fresh shoot weight, dry root weight, and dry shoot weight were
measured. Physiological parameters, such as relative water content, net photosynthetic
rate, stomatal conductance, and transpiration rate, as well as photosynthetic pigments,
were also determined after 40 days.

2.2. Measurement of Root Morphological Traits of Spinach

The roots were washed carefully with water. The whole root system was spread out
and analyzed using a scanning system (Expression 4990, Epson, CA) with a blue board as a
background. Digital images of the root system were analyzed using Win RHIZO software
(Régent Instruments, Québec, QC, Canada). The total root length, root surface area, root
volume, projected area, and root diameter were evaluated.

2.3. Physiological Parameters Measurement

Relative water content (RWC) was measured by the method of Abd El-Gawad, et al. [49].
One hundred mg of fully expanded fresh leaf sample (FW) were placed immediately after
sampling in petri plates filled with double distilled water for 4 h at room temperature. The
samples were then taken out and blotted dry, and the turgid weight (TW) was recorded.
The samples were kept in an oven at 70 ◦C overnight, and the dry weight (DW) was
recorded. Relative water content was calculated as:

RWC (%) = [(FW − DW)/(TW − DW)] × 100

Photosynthetic pigments were determined by the modified method of Hiscox and
Israelstam [50]. Fresh leaves were collected in the morning. Fifty mg of fine pieces of
fresh leaf sample 2 to 3 mm in size were cut and added to test tubes containing 5 mL of
DMSO. Then the test tubes were incubated at 37 ◦C for 4 h in the dark. The incubation was
continued until completely colorless tissue was obtained. The absorbance of the extract
was taken at 470 nm, 645 nm, and 663 nm using a spectrophotometer against a DMSO
blank. The chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll, and carotenoid
contents were determined using the following equations:

Chl a (mg/g) = [12.7(A663) − 2.69(A645)] × V/W

Chl b (mg/g) = [22.9(A645) − 4.68(A663)] × V/W

Total Chl (mg/g) = [20.2 (A645) + 8.02 (A663)] × V/W

Carotenoids (mg/g) = [(1000 × A470) − (3.27 × Chl a + 104 × Chl b)] × V/W

where, A = optical density; V = Volume of DMSO (in mL); W = sample weight.
The net photosynthetic rate, stomatal conductance, and transpiration rate were measured

using a portable LI-6400XT photosynthesis measurement system between 9:00–11:00 a.m. The
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fully expanded youngest leaf was used for the measurement. The photosynthetic active
radiation (PAR), temperature, and CO2 concentration during the measurements were
300 mmol m−2 s−1, 30 ◦C, and 400 mmol mol−1, respectively.

2.4. Analysis of AMF Spores from Soil

The AMF spores were extracted from 10 g soil samples using wet sieving and decanting
method. The soil sample was put over a series of soil sieves arranged in descending order
of sieve sizes. The clean spores were mesh sieved and washed several times with distilled
water before being transferred into water in a clean petri dish. The AMF spores were
counted under a stereomicroscope [51].

2.5. Analysis of Soil Microbial Biomass Determination

The methods used to measure biomass C were based on those described by Vance et al. [52].
Three of six 17.5 g replicates of each soil sample were fumigated with purified CHCl3 for
24 h. After removal of the CHCl3, the C was extracted from fumigated and unfumigated
samples with 0.5 M of K2SO4 for 1 h on an end-over-end shaker. Fumigated and unfumi-
gated samples were filtered sequentially through filter paper (Whatman filter grade 42).
The obtained supernatant liquid was measured at 280 nm using a spectrophotometer.

2.6. Analysis of Soil Enzymes

The alkaline phosphatase activities were assayed with the method by Tabatabai and
Bremner [53]. For each soil, two sets of 1 g of soil were placed in conical flasks. One set was
used as the control. Then, 0.2 mL of toluene and 4 mL of MUB (modified universal buffer)
(pH = 11) were added, and 1 mL of p-nitrophenyl phosphate solution was added to the
other set of samples. After swirling both flasks for a few seconds to mix the contents, these
were placed in an incubator at 37 ◦C for 1 h. Calcium chloride (1 mL of 0.5 M) and 4 mL
of 0.5 M of NaOH were added after incubation. Flasks were swirled for a few seconds,
and 1 mL of p-nitrophenyl phosphate solution was added to the remaining set of samples.
All suspensions were filtered through Whatman No. 1 filter paper quickly, and the yellow
color intensity was measured at a 440 nm wavelength.

The fluorescein diacetate (FDA) hydrolytic activity was determined by the method of
Green et al. [54]. A total of 0.5 mg of soil was added to 25 mL of sodium phosphate (0.06 M;
pH = 7.6). To all assay vials, 0.25 mL of 4.9 mM of FDA substrate solution was added. All
vials were vortexed and incubated in a water bath at 37 ◦C for 2 h. Then, soil suspension
was centrifuged at 8000 rpm for 5 min. The clear supernatant was measured at 490 nm
against a reagent blank solution using a spectrophotometer.

Dehydrogenase activity (DHA) was determined using the method described by Casida
Jr. et al. [55]. Fresh homogenized soil samples (5 g) were placed in test tubes, and 5 mL
of substrate 3% v/w 2,3,5-triphenyltetrazolium chloride (TTC) was added. The tubes
were incubated at 25 ◦C for 24 h. A blank sample was similarly prepared, with 1 mL
of a 3% TTC solution phosphate buffer being introduced. After incubation, the samples
were centrifuged at 4500 rpm for 10 min. The supernatant liquid was discarded. The
formed triphenyl-formazan (TPF) was extracted with methanol. To each tube, 5 mL of
methanol were added, and then the tubes were vigorously shaken for a few min. The
operation was repeated twice (10 mL of methanol was used for extraction). Again, the
tubes were centrifuged. The obtained supernatant liquid was poured into a clean tube, and
the absorbance of the solution was measured at 485 nm.

2.7. Statistical Analyses

Experimental data were analyzed with StatView Software using ANOVA. The sig-
nificance of the effect of treatment was determined by the magnitude of the F value
(p < 0.05 < 0.001).
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3. Results

AMF application significantly increased the leaf number and leaf width (Figure 1).
Biochar treatment significantly increased the shoot length by 77%, leaf length by 43%, leaf
number by 50%, and leaf width by 45% compared to the control. The combined biochar and
AMF significantly increased the shoot length and leaf length by 54% and 53%, respectively,
over the control. Similarly, the combined biochar and AMF had a positive effect on the leaf
number and leaf width, with a 30% and 36% increase, respectively, compared to the control.
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Figure 1. Biochar and AMF for the improvement of the shoot length (A), leaf length (B), leaf number
(C), and leaf width (D) of spinach. Data are the means of three replicates (n = 3); * differed significantly
at p < 0.05 *, p < 0.01 **.

The highest root and shoot fresh weight and dry weight were recorded with the
biochar treatment and combined biochar and AMF (Figure 2). The root fresh weight
(56%) and the root dry weight (52%) were significantly improved by the biochar treatment
compared to the control (Figure 2). The biochar treatment significantly enhanced the shoot
fresh weight by 38% and the shoot dry weight by 39% over the control. AMF treatment
slowly increased the shoot fresh weight and shoot dry weight. AMF treatment significantly
increased the root and shoot dry weight compared to the control. The combined application
of biochar and AMF significantly enhanced the root fresh weight and dry weight by 45%
and 45%, respectively, compared to the control. The shoot fresh weight (27%) and dry
weight (28%) were also significantly enhanced by the combined application of biochar and
AMF compared to the control.

AMF treatment enhanced the total root length, projected area, root diameter, and
root volume by 43%, 35%, 50%, and 34%, respectively, compared to the control (Figure 3).
Biochar treatment significantly increased the projected area and root volume by 63% and
59%, respectively, compared to the control. The total root length and root diameter were
significantly enhanced by 76% and 80%, respectively, by the biochar treatment compared
to the control. The combined biochar and AMF treatment significantly increased the total
root length by 78% and root diameter by 90% over the control. The projected area and root
volume were increased by 52% and 50%, respectively, by the combined biochar and AMF.
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The biochar alone and the combined biochar and AMF significantly increased the
photosynthetic rate by 50% and 74%, respectively, compared to the control (Figure 4).
The stomatal conductance was significantly increased by the combined biochar and AMF
compared to the control. The transpiration rate was significantly increased by all of the
treatments compared with the control; the highest rate was recorded with the biochar
treatment. Biochar treatment alone significantly enhanced the transpiration rate by 45%
compared to the control.

All of the treatments improved the photosynthetic pigment content of the leaf com-
pared to the control (Figure 5). The biochar significantly increased the content of total
chlorophyll, chlorophyll a and b, and carotenoid of the leaf by 20%, 12%, 27%, and 46%,
respectively, over the control (Figure 5). The AMF alone significantly increased the total
chlorophyll content, chlorophyll a and b content, and carotenoid content of the leaf by
21%, 25%, 10%, and 33%, respectively. The combined treatment with biochar and AMF
significantly increased the total chlorophyll content, chlorophyll a and b content, and
carotenoid content of the leaf by 24%, 16%, 17%, and 38%, respectively, over the control.

All of the treatments, that is, the biochar alone, AMF alone, and biochar and AMF
combined, increased the relative water content of the leaf compared to the control (Figure 6).
The highest relative water content of the leaf was recorded for the combined biochar and
AMF treatment; the content was 21% higher than with the control. In the treatment with
biochar alone or AMF alone, there was an increase in the relative water content of 15% and
20%, respectively, compared to the control.
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Both the treatment with AMF alone and the treatment with AMF and biochar were
more effective in increasing the AMF spores in soil than the control (Figure 7). The AMF
spores in soil increased by 126% to 150% with the AMF alone and with the combined
biochar and AMF compared to the control. There was an 82% increase in AMF spores in
soil with the biochar treatment over the control.
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Both the treatment with biochar alone and the combined biochar and AMF treatment
increased the carbon in the microbial biomass in soil compared to the control (Figure 8).
The highest level of carbon was recorded with the combined biochar and AMF treatment
compared with all other treatments; the level was 32% higher than with the control.

All of the treatments had a positive effect on the activity of alkaline phosphomonoes-
trase and increased the enzymatic activity in different treatments; the range was 62% to 86%
(Figure 9). The highest alkaline phosphomonoestrase acitivity in soil was recorded for the
combined biochar and AMF treatment. The treatment, AMF alone (57%), and the treatment
with biochar and AMF (55%) had a positive effect on the dehydrogenase activity of soil
compared to the control. Furthermore, biochar and the treatment with combined biochar
and AMF had a beneficial effect on the fluorescein diacetate activity of soil compared with
the other treatments. The highest increase in the fluorescein diacetate activity was recorded
for the combined biochar and AMF; it was 62% higher than with the control.
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4. Discussion
4.1. Effect of Biochar and AMF on Growth of Spinach Plants

In general, biochar treatment promoted attributes of plant growth, namely, the shoot
length, leaf length, leaf number, and leaf width, which were significantly higher compared
to the control. Similarly, the biochar treatment significantly increased the root and shoot
fresh weight and root and shoot dry weights compared to the control. This finding is
consistent with the report of Bu et al. [56], who observed a significant enhancement in the
growth of Robinia pseudoacacia L. with biochar. Similarly, Hilioti et al. [57] reported that
castor stalk biochar enhanced the growth of the castor plant. Numerous researchers have
reported that biochar increased the plant growth and yield in different crops [7,23–25,58].
The positive effect of biochar amendment on the root length, shoot length, root biomass,
shoot biomass, and yield in French beans was noted by Saxena et al. [20]. Similarly,
Carter et al. [27] observed that the application of rice husk biochar increased the final
biomass, root biomass, plant height, and number of leaves of lettuce (Lactuca sativa) and
cabbage (Brassica chinensis) compared to plants that did not receive the biochar treatment.
Enhanced dry weight, leaf biomass, and root biomass with biochar applications were
also reported by Trupiano et al. [19]. Similarly, rice straw biochar significantly promoted
the plant height, number of bolls per plant, average boll weight, and seed cotton yield
compared with the control treatment, as reported by Qayyum et al. [16].
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There was a significant increase in the leaf number, leaf width, shoot fresh weight,
and shoot and root dry weight with AMF treatment. Many studies have reported that the
application of AMF increased plant growth parameters [59–62]. Sharma and Kayang [63]
reported that the application of AMF noticeably increased plant growth parameters of tea
(Camellia sinensis L.), such as the number of leaves, leaf area, plant height, shoot length,
root length, and root and shoot weight. The combined application of biochar and AMF
had a positive effect on the leaf number, leaf length, and shoot and root fresh and dry
weights compared to the control. A study by Li and Cai [64] found that biochar and
AMF both improved the growth performance of maize. Similar results were reported
by Budi and Setyaningsih [65]; their study showed that biochar and AMF significantly
increased the plant height, diameter, shoot dry weight, and root dry weight compared to
the control plant.

4.2. The Effect of Biochar and AMF on Root Morphological Traits

Biochar treatment clearly resulted in improved root morphological parameters, such as
the total root length, projected area, root diameter, and root volume, compared to the control.
Several studies have reported that biochar application improved plant roots [18,22,66],
thereby confirming our results. Bu et al. [56] reported a significant increase in the root
length, root surface area, and root volume following the application of rice husk biochar
and woodchip biochar. Similar results of significant improvement in root growth due to
the addition of biochar were also reported by Trupiano et al. [19]. Zhang et al. [67] found
that biochar addition increased the taproot length, root volume, and total root absorption
area in tobacco. Li and Cai [64] indicated that the addition of biochar significantly altered
the root morphology under both 40% FWC and 60% FWC.

There was a significant enhancement of the total root length, projected area, root
diameter, and root volume with AMF treatment compared to the control. In tomato
seedlings inoculated with AMF, there was an increase in the total root length and number
of root tips [68]. Bi et al. [69] found that AMF could alleviate root damage stress by changing
the root morphology. Melia azedarach inoculated with Gigaspora margarita had a significantly
higher plant height, diameter, and shoot and root dry weight [65]. Data regarding the
combined biochar and AMF treatment showed a significantly increased total root length
and root diameter compared with all of the other treatments. This finding confirms an
earlier report by Hashem et al. [48] that found that combined biochar and AMF treatment
significantly increased the root length of the chickpea. Biochar in combination with AMF
plays a key role in the plant utilization of underground water and nutrients, and this is
also dependent on the root architecture [70].

4.3. Effect of Biochar and AMF on Plant Physiological Properties

The study showed that the addition of biochar had a positive effect on the physiologi-
cal properties of spinach. The net photosynthesis rate and transpiration rate were signifi-
cantly increased by biochar treatment alone. Biochar treatment also significantly increased
the content of chlorophyll a, chlorophyll b, total chlorophyll, carotenoid, and relative water
of the leaf over the control. Many researchers found that biochar application increased the
photosynthesis, chlorophyll content, and transpiration rate in different plants [19,28,29,71].
He et al. [72] reported that the application of biochar significantly increased the photo-
synthesis rate and chlorophyll concentration in C3 plants. Sarma et al. [25] found a strong
positive effect of biochar amendment on the photosynthesis rate in okra. Hashem et al. [48]
indicated that the application of biochar enhanced the amount of chlorophyll a, chlorophyll
b, and total photosynthetic pigments.

The net photosynthetic rate, stomatal conductance, and transpiration rate were in-
creased by treatment with AMF alone. AMF alone significantly increased the content of
chlorophyll a, chlorophyll b, total chlorophyll, carotenoid, and relative water of the leaf.
Similar results have been reported by Ren et al. [73] which showed that inoculation with
AMF significantly improved the antioxidant enzymatic activity and net photosynthesis rate
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in Zea mays. AMF inoculation increased the chlorophyll content and photosynthesis rate of
maize and chickpeas [48,64]. The combined application of biochar and AMF had a positive
effect on the net photosynthesis rate, stomatal conductance, transpiration rate, relative
water content, and photosynthetic pigments compared to the control (Figures 4–6). Similar
results have been reported by Hashem et al. [48], showing that the combined application
of AMF and biochar significantly increased the photosynthetic rate, relative water content,
chlorophyll a, chlorophyll b and total chlorophylls in chickpea under normal condition.
Similar findings confirming the significantly enhancement of the chlorophyll content and
photosynthetic rate in maize were reported by Li and Cai [64]. As shown in Figure 10, they
suggest that AMF and biochar increase nitrogen fixation and siderophore production, as
well as enhance nutrient availability and absorption. Moreover, they trigger endogenous
phytohormone synthesis and antioxidant production.
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4.4. Effect of Biochar and AMF on AMF Spore Number, Microbial Biomass, and Soil
Enzymatic Activity

Biochar treatment significantly increased the alkaline phosphomonoestrase activity
and fluorescein diacetate activity compared with the control. Similar findings confirming
enhanced soil enzymatic activity due to the addition of soybean biochar were reported by
Jabborova et al. [18]. Bailey et al. [74] and Ma et al. [24] also observed increased enzymatic
activity of soil due to biochar application. Several studies have reported an increase in the
enzymes protease, chymotrypsin, trypsin, phosphohydrolase, lipase-esterase, and esterase
with the application of biochar [17,19,75]. Oladele [76] reported significantly increased
urease activity, invertase activity, and phosphatase activity with the application of biochar;
the highest rate (12 t ha−1) was at soil depths of 0 to 0.1 m. The microbial biomass and
the AMF spores in soil also increased compared to the control. A similar increase in AMF
spores due to biochar application was reported by Hashem et al. [48]. Numerous studies
have shown that biochar application promoted AMF colonization rates [77–79].
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AMF treatment alone increased alkaline phosphomonoestrase activity, dehydrogenase
activity, microbial biomass, and AMF spores compared to the control. Similar findings
confirming that biochar increased urease and phosphatase activity and the soil micro-
bial biomass were reported by Zhaoxiang et al. [26] and Li and Cai [64]. The combined
application of biochar and AMF significantly increased the activity of alkaline phospho-
monoestrase, dehydrogenase, and fluorescein diacetate, as well as the microbial biomass
and AMF spores. Similar results have been reported by Li and Cai [64], who found that
the combined application of AMF and biochar significantly improved the soil microbial
activity in the maize rhizosphere. The mechanism of the combined effect of AMF and
biochar is summarized in Figure 10.

5. Conclusions

Biochar application has facilitated the improvement of root morphological traits and
plant growth. It also positively influences soil enzymatic activity. The combined application
of biochar and AMF had a significantly positive impact on spinach plant growth, root
morphological traits, physiological properties, and soil enzymatic activities. We conclude
that further work on specific interactions between biochars has the potential to decrease
the application of mineral fertilizers. The combined application of biochar and AMF can
be used as an efficient biofertilizer to promote the plant growth and yield of spinach in
field conditions.
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Catherine Aime 3 and Ana Pošta 1

Citation: Mešić, A.; Haelewaters, D.;
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Abstract: A new ectomycorrhizal species was discovered during the first survey of fungal diversity
at Brijuni National Park (Croatia), which consists of 14 islands and islets. The National Park is located
in the Mediterranean Biogeographical Region, a prominent climate change hot-spot. Inocybe brijunica
sp. nov., from sect. Hysterices (Agaricales, Inocybaceae), is described based on morphology and
multilocus phylogenetic data. The holotype collection was found at the edge between grassland and
Quercus ilex forest with a few planted Pinus pinea trees, on Veli Brijun Island, the largest island of the
archipelago. It is easily recognized by a conspicuous orange to orange–red–brown membranaceous
surface layer located at or just above the basal part of the stipe. Other distinctive features of I. brijunica
are the medium brown, radially fibrillose to rimose pileus; pale to medium brown stipe with fugacious
cortina; relatively small, amygdaliform to phaseoliform, and smooth basidiospores, measuring ca.
6.5–9× 4–5.5 µm; thick-walled, utriform, lageniform or fusiform pleurocystidia (lamprocystidia) with
crystals and mostly not yellowing in alkaline solutions; cheilocystidia of two types (lamprocystidia
and leptocystidia); and the presence of abundant caulocystidia only in the upper 2–3 mm of the stipe.
Phylogenetic reconstruction of a concatenated dataset of the internal transcribed spacer region (ITS),
the nuclear 28S rRNA gene (nrLSU), and the second largest subunit of RNA polymerase II (rpb2)
resolved I. brijunica and I. glabripes as sister species.

Keywords: 1 new taxon; Agaricomycetes; Basidiomycota; biodiversity; climate change; Inocy-
baceae; taxonomy

1. Introduction

The Brijuni archipelago consists of 14 islands and islets located in the Adriatic Sea
(northern Mediterranean, Europe), near the southwestern coast of the Istrian peninsula.
The archipelago is home to Brijuni National Park [1], which covers 33.9 km2 of protected
area, including the surrounding sea. The islands’ surface area covers 7.4 km2; Veli Brijun
is the largest island with 5.7 km2 and is devoid of permanent inhabitants. The National
Park was established in 1983 to protect valuable marine and coastal (land) ecosystems
and their biodiversity. The area is floristically rich, covered with evergreen vegetation and
home to more than 400 native and exotic plant species mostly of Mediterranean origin.
The Brijuni archipelago is characterized by a northern Mediterranean climate [1] with an
average annual temperature of 13.9 ◦C, annual average precipitation of 817 mm, and a
relatively high average air humidity of 76%.
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During the 20th century, the air temperature increased globally by 0.74 ◦C, but the
temperature rise in the Mediterranean area was higher—up to 1.5–4 ◦C depending on
the region [2]. Following the Regional Climate Change Index (RCCI), the Mediterranean
region is one of the most prominent climate change hot-spots in the world [3,4]. Models
predicting the intensity of future climate change in this area are not optimistic. According
to Mariotti et al. [5], land areas of the Mediterranean will gradually become drier; mod-
els predict 8% less precipitation in 2020–2049 compared to 1950–2000, a number that is
projected to increase to 15% in 2070–2099. Drying in the northern Mediterranean [4,6] is
projected to occur year-round, which will increase water stress for ecosystems if climate
change continues at the current rate. Therefore, in the future, we can expect an increase of
devastating climatic events (floods, storms, and droughts), more attacks of organisms that
cause diseases, and a higher number of invasive species that will compete with indigenous
species populations. These events could have a strong negative impact on the Mediter-
ranean forest ecosystems [2] as well as on fruiting and existence of drought-sensitive fungal
species in the area [7].

The ratio of plant species to macrofungal species is conservatively estimated as 1:6 [8].
Given the high number of plant species in the Brijuni Archipelago, an equally high diversity
of fungal species is expected. Currently, however, there are no published data on fungi
from this area. And even though fungal taxonomy has a long history in Europe, many
species continue to be described from the continent. In 2019, 23% of newly described
species of fungi were from Europe [9]. Given all this, it can be expected that undescribed
species may be discovered at the Brijuni Islands. Initial field trips by Croatian mycologists
aiming to document the fungal diversity of Brijuni National Park were carried out during
the fall season in 2014, 2015, 2016, and 2020. In total, 546 records of basidiomycete fungi
were made; 184 samples were collected and deposited in the Croatian National Fungarium
(CNF) in Zagreb, Croatia. One of the most common genera found was Inocybe (Fr.) Fr.
(Agaricomycetes, Agaricales, Inocybaceae), with 28 collections.

Inocybe sensu lato (s.l.) is a highly diverse genus of ectomycorrhizal mushrooms [10]
currently with about 1000 accepted species [11]. It belongs to the family Inocybaceae Jülich.
The species diversity within Inocybe s.l. is best known in Europe, especially in its central
countries—Austria, France, Germany, the Netherlands, and Switzerland—with more than
450 species recorded [12]. Current ongoing studies are exploring the diversity of the genus
in Europe and many new species have been recently described [13–22].

According to the taxonomic treatment by Matheny et al. [23] based on a six-locus
phylogeny, the family Inocybaceae now consists of seven genera: Auritella Matheny &
Bougher, Inocybe sensu stricto (s.s.), Inosperma (Kühner) Matheny & Esteve-Rav., Mallocybe
(Kuyper) Matheny, Vizzini & Esteve-Rav., Nothocybe Matheny & K.P.D. Latha, Pseudosperma
Matheny & Esteve-Rav., and Tubariomyces Esteve-Rav. & Matheny. The largest genus
remains Inocybe s.s. with about 850 known species worldwide. Members of Inocybe s.s.
can be distinguished from other genera in the family by the presence of pleurocystidia
and basidiospores (with a distinct apiculus) that range from amygdaliform to ellipsoid,
subcylindrical, angular, nodulose, or spinose in shape [23].

On 16 November 2016, during our fungal diversity research on the island of Veli
Brijun, basidiomata of an interesting fungus belonging to Inocybe s.s. were found. Its
basidiomata were macroscopically striking by the presence of an orange to orange–red–
brown membranaceous surface layer (possibly a remnant of universal veil) in the basal
part of the stipe—an unusual feature in the genus. Further detailed molecular phylogenetic
and morphological analyses confirmed that the species was hitherto unknown to science.
Therefore, it is here described as I. brijunica sp. nov.

2. Materials and Methods
2.1. Description of the Research Area

The holotype collection of Inocybe brijunica was collected on Veli Brijun Island. The
biogeographical position and a long history of human interventions have shaped the
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landscape of Veli Brijun Island, merging natural and anthropogenic elements. The island is
mostly covered by a thermophilous forest with holm oak (Quercus ilex) (including those in
the maquis degradation stage), planted alleys or groves of pine trees (Pinus halepensis Mill.
and P. pinea L.), cypresses (Cupressus sempervirens L.), cedars (Cedrus spp.), and parks and
lawns often used as golf courses.

The Inocybe collection was found on the edge of the mature thermophilous Q. ilex forest
and a lawn grazed by large herbivores (fallow deer [Dama dama L.], axis deer [Axis axis
Erxleben], and European mouflon [Ovis gmelini musimon Pall.]) and occasionally machine-
mowed by park staff. In addition, a few mature planted trees of P. pinea were present at the
forest edge. Basidiomata of I. brijunica were found at ca. 70 m from the sea, epigeous on
the soil covered with a shallow layer of oak and pine litter intermixed with scattered short
grasses. The understory of the surrounding forest was devoid of herbaceous plants and
shrubs due to the presence of large herbivores.

2.2. Morphological Study

The species description is based on a single but large collection consisting of 20 basid-
iomata. Macroscopic characters were documented with a Canon EOS 5D digital camera
equipped with a Canon MR-14EX macro ring flash (Canon Europe, Uxbridge, UK). Mi-
croscopic features were observed by brightfield and phase contrast microscopy using a
BX51 optical microscope (Olympus, Hamburg, Germany) under magnification up to 1500×
and photographed with a Canon EOS M50 digital camera. Descriptions and images of
microscopic characters were made from rehydrated specimens mounted in 2.5% potassium
hydroxide (KOH), except for cystidia that were observed in 3% ammonium hydroxide
(NH4OH). Micromorphological terminology mostly follows Clémençon [24]. Line draw-
ings were made by J.L. with PITT artist pens (Faber–Castell, Nürnberg, Germany) based
on digital images.

Amyloid and dextrinoid reactions of basidiospores were tested in Melzer’s reagent [25].
Randomly selected basidiospores from photographs of lamellae mounts were measured
with Motic Images Plus 2.0 software (Motic Europe, Barcelona, Spain). The length/width
ratio of basidiospores is given as the “Q” value (min–av.–max). Average basidiospore and
pleurocystidia lengths, widths, and Q values are shown in italics. Numbers in square brack-
ets [X/Y/Z] denote X elements measured in Y basidiomata of Z collections. Measurements
of cystidia do not include crystals present at the apex. Type material was preserved by
drying on a flow of hot air at maximum temperature of 50 ◦C. The holotype is deposited
at CNF, and an isotype is deposited at PUL (Kriebel Herbarium, Purdue University, West
Lafayette, IN, USA).

2.3. DNA Extraction, PCR Amplification, and Sequencing

Genomic DNA was extracted from parts of the lamellae using the QIAamp DNA
Micro Kit (Qiagen, Valencia, CA, USA). The first ~1100 bp of the nuclear 18S nuclear
ribosomal RNA gene (nrSSU), the internal transcribed spacer region of the rDNA (ITS,
consisting of ITS1–5.8S–ITS2), the first ~1400 bp of the nuclear 28S rRNA gene (nrLSU),
and the second largest subunit of RNA polymerase II gene (rpb2) were amplified [26].
The following primers were used: NS1, NS2, and NS4 [27] for nrSSU; ITS9mun [28] and
ITS4 [27] for ITS; LR0R, LR5, and LR7 for nrLSU [29,30]; and RBP2-b6F, RPB2-b7R, and
RPB2-b7.1R for rpb2 [31]. Amplifications were done in 25 µL reactions, containing 12.5 µL
of Promega 2× PCR Master Mix (Promega Co., Madison, WI, USA), 1.25 µL of each 10 µM
primer, 9.0 µL of H2O, and 1.0 µL of template DNA. PCR conditions for nrSSU, ITS, and
nrLSU followed Haelewaters et al. [32]. For rpb2, PCR conditions were as follows: initial
denaturation at 95 ◦C for 5:00 min; followed by 40 cycles of denaturation at 95 ◦C for 30 s,
annealing at 55 ◦C for 45 s, and extension at 72 ◦C for 45 s; and final extension at 72 ◦C for
7:00 min. All amplifications were performed using the Eppendorf Mastercycler EP Thermal
Cycler (Hauppauge, NY, USA). Purification of successful PCR products and sequencing
in both directions using the amplification primers were outsourced to Genewiz (South
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Plainfield, NJ, USA). Sequence reads were assembled and edited using Sequencher 5.4.6 for
Windows software (Gene Codes Corporation, Ann Arbor, MI, USA). Assembled sequences
were deposited at the National Center for Biotechnology Information (NCBI) GenBank
database, under accession numbers MN749503–MN749504 (nrSSU), MN749370–MN749371
(ITS), MN749492–MN749493 (nrLSU), and MT878448–MT878449 (rpb2).

2.4. Sequence Alignment and Phylogenetic Analysis

Newly obtained ITS sequences were BLAST searched against NCBI GenBank’s stan-
dard nr/nt nucleotide database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on
9 August 2020), resulting in three isolates of Inocybe glabripes Ricken (sect. Hysterices Stangl
& J. Veselský) as top results, which shared between 91.49% and 91.90% identity (GenBank
accession numbers KX602255, MH216096, MN947389). Following this result, ITS, nrLSU,
and rpb2 sequences of Inocybe sect. Hysterices species [26,31,33–35] were downloaded for
phylogenetic analysis.

Sequences were aligned by locus using MUSCLE version 3.7 [36], available through
the Cipres Science Gateway [37]. Next, sequences in the ITS dataset were trimmed at
the conserved motifs 5′–CATTA–3′ (3′ end of the nrSSU) and 5′–GACCT(CAAA . . . )–3′

(5′ end of the nrLSU) [38]. Because the different portions of the ITS spacer region (the
two spacers and 5.8S) have different rates of evolution [39,40], the ITS1 and ITS2 spacers
and the 5.8S conserved gene were extracted and treated as individual partitions in the
multilocus analysis. Sequences in the nrLSU dataset were also trimmed to start with the
conserved motif 5′–GACCT(CAAA . . . )–3′. Ambiguously aligned regions were removed
using trimAl version 1.3 [41], with -gt = 0.6 and -cons = 0.5.

Evolutionary models for nucleotide substitution were selected for each partition (ITS1,
5.8S, ITS2, nrLSU, rpb2) using ModelFinder Plus [42], considering the Akaike Information
Criterion. The data for each locus were combined in MEGA7 [43] to create a supermatrix
of 2752 characters for 28 isolates representing ten species in Inocybe sect. Hysterices and
two species in Inocybe sect. Lactiferae serving as outgroup taxa (details in Table 1). Maxi-
mum likelihood (ML) was inferred under partitioned models using IQ-TREE 1.6.7 [44,45].
Ultrafast bootstrapping was done with 1000 replicates [46].

Table 1. Overview of Inocybe isolates used in phylogenetic analyses. Newly generated sequences are in boldface. T stands
for type specimens.

Species Section Isolate Locality ITS nrLSU rpb2

Inocybe aeruginascens Hysterices JG270502 Germany GU949590 JN974970
Inocybe aeruginascens Hysterices JG310508 Germany GU949591 MH220256 MH249787
Inocybe aeruginascens Hysterices PC111007 South Africa GU949592 MH220257
Inocybe chondroderma Hysterices PBM1760 British Columbia GU949586 MH220258
Inocybe chondroderma Hysterices PBM1776 Washington GU949579 JN974967 MH249789

Inocybe brijunica T Hysterices D. Haelew. F-1610a Croatia MN749370 MN749492 MT878448
Inocybe brijunica T Hysterices D. Haelew. F-1610b Croatia MN749371 MN749493 MT878449
Inocybe dulciolens T Lactiferae PBM2646 Tennessee MH216088 MH220265 MH249796
Inocybe dulciolens Lactiferae PBM2450 New York MH216087 MH220264 MH249795
Inocybe dulciolens Lactiferae LVK13340 New Jersey MH216084 MH220261 MH249792

Inocybe erinaceomorpha Lactiferae EL128/05 Sweden AM882735 AM882735
Inocybe erinaceomorpha Lactiferae JV14756F Sweden MH216089 MH220266 MH249797

Inocybe glabripes Hysterices JV7318F Finland MH216096 MH249803
Inocybe hystrix Hysterices HRL11842 Quebec KX897428
Inocybe hystrix Hysterices PBM3300 North Carolina GU949588 MH220275
Inocybe hystrix Hysterices RS31493 Finland AY380380 AY337381
Inocybe hystrix Hysterices SJ020824 Sweden AM882810 AM882810

Inocybe aff. hystrix Hysterices REH7405 Costa Rica GU949589 JN974969 MH249806
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Table 1. Cont.

Species Section Isolate Locality ITS nrLSU rpb2

Inocybe melanopus T Hysterices Stz3641 Washington HQ201359
Inocybe melanopus Hysterices BJ920904 Sweden AM882725 AM882725
Inocybe melanopus Hysterices JV4986 Finland AM882727 AM882727
Inocybe melanopus Hysterices PBM3975 Tennessee MH220276 MH249807
Inocybe melanopus Hysterices TAA185135 Estonia AM882726

Inocybe aff. pallidobrunnea Hysterices PBM1957 Washington MH216098 MH220277 MH249808
Inocybe aff. pallidobrunnea Hysterices PBM2242 Washington MH216099 JN974968 MH249809

Inocybe sp. Hysterices PBM578 Washington MH216104 JN974961 MH249813
Inocybe sp. Hysterices TR170-02 New Guinea JN974964 MH249814
Inocybe sp. Hysterices TR180-02 New Guinea JN974965

3. Results
3.1. Phylogenetic Inference

The final multilocus dataset (Supplementary File S1) consists of 2752 characters, of
which 425 are parsimony-informative and 2197 are constant. The number of total and
parsimony-informative characters by locus as well as their selected evolutionary models
as selected by ModelFinder Plus are presented in Table 2. The best-scoring ML tree
(-lnL = 8722.045120) is shown in Figure 1. The topology is mostly congruent with Matheny
and Kudzma [26], although support has improved for certain nodes. Inocybe brijunica
sp. nov. is retrieved as a sister species of I. glabripes with maximum support. This set
(I. brijunica, I. glabripes) is highly supported as sister to the clade holding I. chondroderma
D.E. Stuntz ex Matheny, Norvell & E.C. Giles and I. aff. pallidobrunnea Kauffman.

Figure 1. The best-scoring ML tree (-lnL = 8722.045120) of Inocybe sect. Hysterices (represented by the arrow) reconstructed
from a concatenated ITS–nrLSU–rpb2 dataset of 28 isolates. The tree topology is the result of ML inference performed in
IQ-TREE. For each node, the ML bootstrap (≥70) is presented above or in front of the branch leading to that node. The new
species is in boldface. T stands for type specimens.
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Table 2. Overview of number of characters (total, informative, constant) and selected model of
nucleotide substitution, by locus.

Locus Sequences Sites Informative Constant Model -lnL

ITS1 23 246 92 134 HKY + F + G4 1306.690
5.8S 23 158 4 153 TIM3e 249.420
ITS2 23 203 79 113 TPM3u + F + G4 1034.365

nrLSU 25 1379 94 1257 TN + F+I 3068.786
rpb2 16 766 156 540 TN + F+I 2935.101

3.2. Taxonomy
Inocybe brijunica Mešić, Tkalčec & Haelew., sp. nov.

Figures 2–4.
Mycobank MB838152
Typification: CROATIA. ISTRIA COUNTY: Brijuni National Park, Veli Brijun Island,

44◦55′04′′ N 13◦46′33′′ E, on the edge of grassland and forest of Quercus ilex L. with a few
planted Pinus pinea L. trees along the forest edge, 16 November 2016, A. Mešić & Z. Tkalčec
(holotype, CNF 1/7345; isotype, PUL F27673). GenBank (ex-isotype DNA isolate D. Haelew.
F-1610a): nrSSU = MN749503, ITS = MN749370, nrLSU = MN749492, rpb2 = MT878448;
(ex-isotype DNA isolate D. Haelew. F-1610b): nrSSU = MN749504, ITS = MN749371,
nrLSU = MN749493, rpb2 = MT878449.

Etymology: Referring to the Brijuni archipelago, where the holotype was collected.
Description: Pileus 15–22 mm wide, obtusely (sub)conical with inflexed margin when

young; convex to plano-convex, subumbonate and with deflexed margin at maturity; mar-
gin entire, occasionally with short radial splits; surface dry, finely radially fibrillose at first,
then intensely fibrillose, rimulose to rimose, finally often partially cracked in small, shallow
patches showing the paler flesh underneath; mostly medium brown, often with orange (ful-
vous brown) or reddish tones, less often light or dark brown where more deeply cracked;
younger basidiomata often with rather inconspicuous, fibrillous, whitish veil remnants
in marginal zone. Lamellae adnexed, subcrowded, L = ca. 40–50, l = 1–3, (sub)ventricose;
whitish at first, then pale yellowish brown, finally light brown; edges fimbriate to slightly
eroded, ± concolorous with sides. Stipe 17−30 × 2.5−4.5 mm, subcylindrical with slightly
to moderately broadened base (up to 7 mm, sometimes submarginate); solid, surface dry,
white flocculose at apex, becoming whitish longitudinally fibrillose toward base, fibrils
more scattered with age, beneath the fibrils pale to medium brown; with more or less
developed orange to dull orange–red or orange–red–brown, adhering, membranaceous
surface layer (possibly a remnant of universal veil), at or just above the basal part of the
stipe; basal tomentum scanty, whitish. Cortina (partial veil) present in young basidiomata,
fibrillous, white, fugacious. Context cream, light brown when moist, not changing color on
bruising, not darkening on drying. Odor spermatic. Taste not recorded.
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Figure 2. Inocybe brijunica (CNF 1/7345, holotype). (A) Basidiomata in situ. (B) Basidiomata in lab. Bars: A, B = 10 mm.

Basidiospores [300/3/1] (6.2–)6.6–7.5–8.8(–9.8) × (4–)4.3–4.7–5.3(–5.7) µm, averages
of different basidiomata 7.3–7.6 × 4.6–4.7 µm, Q = 1.35–1.6–1.96, av. Q = 1.58–1.62, a few
very large spores occasionally present (up to ca. 12 × 7 µm); in frontal view ellipsoid,
oblong or ovoid with rounded to subacute base and rounded to acute apex, in side view
amygdaliform to phaseoliform, rarely subellipsoid, with rounded base and rounded to
acute apex, sometimes subangulate in both views (especially in upper part); smooth, often
with small, rather indistinct, apical germ-pore, moderately thick-walled (up to 0.8 µm),
pale yellow–brown in KOH, pale brown in H2O, non-amyloid and non-dextrinoid. Basidia
20–30 × 6.5–9 µm, clavate, predominantly 4-spored, occasionally 2-spored, thin-walled,
hyaline to yellowish. Pleurocystidia of lamprocystidia-type, very abundant, [90/4/1]
34–50–65(–70) × 9–14–21 µm, Q = 2.39–3.65–5.45, predominantly utriform, lageniform,
or fusiform, with obtuse apex of 6–9(–11) µm wide, sometimes (sub)clavate, conical with
obtuse apex, narrowly ellipsoid or subcylindrical, in alkaline solutions mostly (sub)hyaline,
less often with slightly yellowish wall, sometimes with dirty yellow cytoplasmic pigment,
with strongly to poorly developed crystals at apex (soluble in KOH, rarely lacking), thick-
walled, wall most often gradually thickened towards the apex (up to 1–5.5 µm). Lamellar
edge heterogeneous. Cheilocystidia of two types: (a) lamprocystidia similar to pleurocys-
tidia (although more often without crystals), scattered to abundant, and (b) leptocystidia
(paracystidia) 9–30 × 5–14 µm, mostly clavate, less often (sub)fusiform or utriform, hyaline
to subhyaline, thin to moderately thick-walled (up to ca. 0.6 µm), scattered to abundant.
Pileipellis a cutis, composed of repent, thin-walled, smooth to minutely encrusted, hyaline
to pale yellow–brown hyphae, 1–5(–7) µm wide. Cells of the upper part of pileal context
with brown, intracellular and partially also encrusted extracellular pigment (brown pig-
mented layer ca. 80–150 µm wide). Stipitipellis a cutis, composed of repent, thin-walled,
smooth, ca. 2–10 µm wide hyphae. Caulocystidia mostly abundant (often crowded) in
upper 2–3 mm of stipe length, sparsely present toward middle of the stipe; many in the
form of lamprocystidia, quite similar to pleurocystidia, others very variable, narrowly
utriform, lagenifom, (sub)cylindrical, clavate, urticoid or rather irregular, sometimes with
subcapitate apex, some septate, hyaline, thin- to moderately thick-walled (up to ca. 1 µm);
12–100(–150) × 4–20 µm. Clamp connections present, conspicuous, rather abundant in
all tissues.

Distribution and ecology: Thus far only known from the holotype collection. Ectomy-
corrhizal, found in the Mediterranean region of Croatia (Europe), on the island of Veli
Brijun in Brijuni National Park, on the edge of Quercus ilex forest, with a few planted
Pinus pinea trees, edging a neighboring grassland. An ITS sequence with accession number
MH310748 [47], identified as Inocybe sp., from Italy shares 99% identity with I. brijunica
(identities = 684/688 bp, gaps = 4/688) and may indicate a broader distribution in the
Mediterranean basin.
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Figure 3. Inocybe brijunica (CNF 1/7345, holotype). (A–H) Basidiospores in frontal view. (I–P) Basidiospores in side
view. (Q–W) Pleurocystidia. (X) Cheilolamprocystidium. (Y) Cheiloleptocystidia. (Z) Caulocystidia. Bars: (A–P) = 2 µm,
(Q–Y) = 10 µm, Z = 30 µm.
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Figure 4. Inocybe brijunica (CNF 1/7345, holotype). (A) Basidiospores. (B) Basidioles. (C) Basidia. (D) Pleurocystidia. (E)
Cheilocystidia). (F) Caulocystidia. (G) Basidiomata. Bars: (A–C) = 10 µm; (D–F) = 20 µm; (G) = 10 mm.

4. Discussion

The results of our multilocus phylogenetic analysis and morphological study place
I. brijunica in sect. Hysterices [48]. Basidiomata produced by species belonging to this
section (in the original sense) possess a squamulose pileus and stipe, lack violaceous tones,
and have amygdaliform basidiospores. Matheny and Kudzma [26] emended the section
to include taxa with non-squarrose basidiomata. Macromorphologically, I. brijunica can
be easily recognized from all other Inocybe species by a conspicuous orange to orange–
red–brown membranaceous surface layer present at or just above the basal part of the
stipe. Other important morphological characters are: medium brown pileus with radially
fibrillose to rimose surface; pale to medium brown stipe with slightly to moderately
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broadened (or sometimes submarginate) base; presence of fugacious cortina in young
basidiomata; spermatic odor; color of context unchanged upon bruising; relatively small,
amygdaliform to phaseoliform (and sometimes subangulate), smooth basidiospores (ca.
6.5–9 × 4–5.5 µm); pleurocystidia as utriform, lageniform, or fusiform, thick-walled (up
to 1–5.5 µm) lamprocystidia, mostly with crystals and not yellowing in alkaline solutions;
cheilocystidia of two types (lamprocystidia and leptocystidia); and presence of abundant
caulocystidia only in the upper 2–3 mm of stipe length.

The basidiospores of the morphologically and phylogenetically closest species, I. glabripes,
are very similar in size, measuring ca. 6–8 × 4–5 µm [49,50], but they are readily distin-
guished by being amygdaliform but not phaseoliform as in I. brijunica. In addition, the
cystidial walls of I. glabripes are thinner (up to 2(–2.5) µm thick). Inocybe glabripes is a
widespread species occurring in parks and open woodlands on predominantly alkaline
soils from the Mediterranean region to the boreal zone of Europe [51], which forms ec-
tomycorrhizae exclusively with broadleaved trees. So far, the species has been found in
symbiotic relationship with trees in the genera Betula L., Fagus L., Populus L., Quercus L.,
Tilia L. [49–51], and with Castanea sativa Mill. [52]. It can be expected that its sister species
I. brijunica also forms ectomycorrhizal relationships only with broadleaved trees, such as
Quercus ilex at the holotype locality.

Inocybe pseudobrunnea Alessio, which grows under Abies alba Mill. (Pinales, Pinaceae), has
a similar phaseoliform, but somewhat larger basidiospores, 8.5–10.5(11) × 4.5–6 µm, and its
cystidia are rather bright yellow in ammonia solution [53], a characteristic that rarely occurs in
I. brijunica. Inocybe gracilenta E. Ludw., only known from the type collection in Sweden, a damp
locality under Alnus sp. (Fagales, Betulaceae), Populus tremula L. and Salix sp. (Malpighiales,
Salicaceae), has amygdaliform but not phaseoliform basidiospores, which are otherwise
similar in size compared to I. brijunica, 7–8.5(9.5) × 4.5–5.5 µm [51]. Additional differences
are the papillate pileus and the slenderer (up to 2 mm wide) and white to faintly cream-
colored stipe [51]. The Mediterranean species I. barrasae Esteve-Rav., described from Spain and
fruiting in spring (April–May) in thermophilous Mediterranean Quercus–Cistus forests, has
amygdaliform-shaped basidiospores that are larger and more elongated (8–11.5 × 4.5–5.5 µm,
av. Q = 1.85), and bright yellow-colored cystidia in ammonia solution [54]. Inocybe aerea
E. Ludw., another species only known from the holotype collection in Germany [51], has
amygdaliform to ovoid and slightly larger basidiospores (7.5–10.5 × 5–6 µm), an ochraceous
yellow and more slender (up to 2 mm wide) stipe, and thinner-walled cystidia (walls 0.2–2
(–3) µm thick). The North American species I. pyrotricha Stuntz [55] has orange to cinnamon or
rusty–red fibrils on the stipe, like I. brijunica, but differs by slightly larger (7.5–10 × 4.5–6 µm)
basidiospores, longer pleurocystidia (66–80 × 13.5–16.5 µm), and violaceous tinges in young
lamellae and upper parts of the stipe.

Supplementary Materials: The following supplementary material is available online at https://
www.mdpi.com/2309-608X/7/3/199/s1, File S1: Aligned, concatenated dataset of Inocybe sect.
Hysterices, consisting of five partitions (ITS1, 5.8S, ITS2, nrLSU, rpb2).
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