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Polar and high-mountain regions are considered extremely harsh places for living
organisms, including fungi (Tsuji and Hoshino, 2019). One of the characteristic features
of these biotopes is the presence of permafrost, ground that remains frozen for at least
two years. The area of permafrost is rapidly decreasing due to global warming (Turetsky
et al, 2020, 2019). Peatlands are also extreme habitats for fungi due to high acidity
and moisture, lack of oxygen, oligotrophy, and difficult-to-decompose organic matter
(Grum-Grzhimaylo et al., 2016). The northern part of boreal peatlands has an underlying
permafrost layer, thus accumulating all the aforementioned polyextreme conditions. As
the Arctic permafrost melts, a significant part of it transforms into peatlands, expanding
their area. There is a general warming and drying of peat, which affects the activity of
microorganisms (Altshuler et al., 2017; Jassey et al., 2013; Juan-Ovejero et al., 2020).

There is a limited group of fungi that are active in perennially frozen regions (Altshuler et
al, 2017; Ludley and Robinson, 2008; Robinson, 2001). Due to the extreme conditions of
peatland, also only a limited group of fungi can function there (Filippova and Thormann,
2014; Grum-Grzhimaylo et al., 2016; Thormann and Rice, 2007). The group of inhabitants
of perennially frozen peatlands is limited by the entirety of these extreme conditions
(Altshuler et al., 2017). However, similar to the permafrost of polar and high-mountain
regions, a huge pool of inactive fungi in the form of spores and DNA fragments is also
stored in peat and brought by the wind, birds, and people and other animals from other
regions. With climate change, spores can become active and will impact global substance
flows, including the release of greenhouse gases.

Currently, there is little data on the species composition and functioning of fungi in the
Arctic, Antarctica, and high mountains, as well as in boreal peatlands (Lapteva et al., 2017;
Pastukhov et al., 2022; Vinogradova et al., 2023; Wang et al.,, 2015). There are even fewer
comparative characteristics of these fungal communities, as well as predictions of their
activity in relation to climate change. To make these predictions, it is necessary to know
the species composition of the fungal community and their physiological characteristics.
This study compiles existing data on terrestrial mycelial fungi of polar regions and
presents the results of research on fungal communities in boreal peatlands, which is
an essential contribution to filling the existing knowledge gaps in this area of research
and provide information for predicting the response of fungi in these regions to global
warming.

Extreme conditions for life and fungi

Alongside “normal” living conditions (such as habitats with temperatures ranging from 4
to 40°C, pH values from 5 to 8.5, and salinity between freshwater and seawater), there are
extreme conditions on our planet that hinder the functioning of most organisms (Oarga,
2009). The concept of “extreme conditions” is anthropocentric and subjective, with the
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only truly necessary factor for life being the presence of water (Coleine et al., 2022; Har-
rison et al., 2013; Rothschild and Mancinelli, 2001). Typically, extreme conditions include
excessively high or low temperatures, pressures, salinity, pH, desiccation, intense radia-
tion, oxygen deficiency or high levels of reactive oxygen species, high concentrations of
heavy metals, nutrient deficiency, and several other factors (Oarga, 2009). Examples of
extreme habitats include geysers and hot springs, ocean depths, deserts, volcanoes, soda
salt flats, hypersaline lakes, deep hypersaline anoxic basins, evaporites, permafrost, snow
and ice, and peatlands (Coleine et al., 2022; Grum-Grzhimaylo et al., 2016; Harrison et al.,
2013; Rothschild and Mancinelli, 2001). Organisms that survive and function in extreme
conditions are called extremotolerant, while narrowly specialized organisms thriving in
extreme conditions are called extremophiles (Rekadwad et al., 2023). Extremotolerant
and extremophilic organisms often tolerate the impact of multiple adverse factors, and
are thus referred to as polyextremotolerant and polyextremophilic, respectively (Coleine
et al,, 2022; Harrison et al,, 2013; Rothschild and Mancinelli, 2001). The study of organisms
inhabiting extreme conditions is relevant due to their economic potential in biotech-
nology, their roles in geochemical processes, addressing environmental issues, such as
cleaning polluted soil, and the search for life in the universe (Harrison et al., 2013), as well
as understanding the processes of life’s origin on Earth and its limits (Coleine et al., 2022).

Fungi are found in almost any habitat and under many conditions, including extreme
ones (Oarga, 2009). This is because they are among the most adaptable and resilient or-
ganisms to extreme conditions, including extreme water deficit (some can grow even at
a.' < 0.7, whereas most organisms require a,, within the range of 0.99 to 0.97 for active life;
Coleine et al., 2022). Furthermore, since adapted microorganisms dominate in extreme
habitats compared to macroforms, fungi, along with bacteria and other microorganisms,
play a crucial role in such ecosystems, performing key functions in carbon, nitrogen, and
other nutrient cycles (Coleine et al.,, 2022). There are known fungi that inhabit conditions
of desiccation, extremely low or high pH values, high salinity, low temperature, intense
radiation, oligotrophy, and more (Coleine et al., 2022; Grum-Grzhimaylo et al., 2016; Roth-
schild and Mancinelli, 2001).

Cold polyextreme conditions

Low temperature creates extreme conditions for life, primarily because water freezes
at negative temperatures for the Celsius scale. The formation of ice crystals can rupture
cell membranes, and the freezing of intracellular water and the cessation of biochemical
reactions without water leads to cell death (Rothschild and Mancinelli, 2001). However,
some organisms have physiological mechanisms that allow them to actively live at nega-

1 a,,— water activity — the ratio of the water vapor pressure of the sample to the water vapor pressure of pure
water under the same conditions (Coleine et al., 2022).
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tive temperatures or tolerate them, and some microorganisms are capable of using ice or
dry snow as a source of water (Rekadwad et al., 2023).

The Arctic, Antarctic, and high mountain regions are considered extreme cold habitats on
Earth (Rekadwad et al.,, 2023). They are characterized by extensive permafrost areas, low
temperatures, short or absent vegetation periods, water deficit, intense UV radiation, and
often poor organic substrates. Polar regions also experience the extremity of prolonged
polar nights and days (Tsuji and Hoshino, 2019; Tsuji et al., 2022). The dry valleys of
Antarctica are considered the coldest and driest places on Earth (Oagra, 2009), including
permafrost with a dry soil layer above the icy cement (Canini et al., 2021; Ottoni et al,,
2022). The Arctic is a milder region compared to Antarctica, with higher temperatures,
humidity, and more organic matter (Tsuji and Hoshino, 2019). In contrast to the Arctic,
which is covered with thick peat deposits, Antarctica is predominantly a rocky continent,
more than 98% covered in ice, and characterized by unevenly developed soil or its ab-
sence (Bockheim, Haus, 2014; Pires et al., 2017). Antarctic permafrost exhibits significant
differences between the deep continental and marine parts and is strongly influenced by
regional climate, proximity to glaciers, age, vegetation, snow cover, and surface albedo
(Ottoni et al.,, 2022).

Fungi have been found in all the aforementioned cold regions and on all studied sub-
strates (e.g., Tsuji and Hoshino, 2019; Coleine et al., 2022; Tsuji et al., 2022; Wang et al.,
2015). Several studies have shown that some fungal species isolated from permafrost not
only survive, but also grow consistently at negative temperatures down to -18 °C, and are
capable of temporary growth for up to three weeks in the range of -18 to -35 °C (Altshuler
etal., 2017).

Northern peatlands as polyextreme environments and their develop-
ment in the changing World

For some habitats, low acidity is characteristic, for example in geothermal and volcanic
areas, acidic lakes, acid rock drainage, and most peatlands (Coleine et al., 2022; Grum-
Grzhimaylo et al.,, 2016). Peatlands occupy vast areas on the Earth’s surface. Their total
area is estimated at approximately 350 million hectares, which represents about 3-4%
of the land surface. Peatlands are a type of land surface that is constantly or long-term
moistened and characterized by characteristic soil-forming processes; the presence of
peat is usually considered a mandatory feature of peatlands. Peat is an organic massive
material containing no more than 50% mineral substances from absolutely dry matter,
formed as a result of the death and incomplete decay of peatland plants in conditions of
increased humidity and lack of oxygen (Grum-Grzhimaylo and Bilanenko, 2010). Despite
the fact that globally, peatlands cover a small portion of the world’s surface, they con-
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tain up to more than one-third of all soil organic carbon (Grum-Grzhimaylo et al., 2016;
Minasny et al., 2019; Tfaily et al., 2013).

Peatlands are divided into three types: lowland (eutrophic), transitional (mesotrophic),
and upland (oligotrophic). Lowland peatlands are understood to be peatlands whose
surface is moistened by waters rich in mineral salts, and upland peatlands are moistened
by waters poor in mineral salts. Transitional peatlands represent an intermediate group.
Lowland peatlands are conditionally considered peatlands with an ash content of the
upper layer above 6-7%, transitional peatlands - with an ash content from 4 to 6-7%, and
upland peatlands - with an ash content of less than 4%. Upland peatlands have high acid-
ity of the feeding aqueous solutions, while lowland peatlands have low acidity. Since all
types of peatlands differ in their nutrient richness, the composition of plants here is not
the same. The only similarity of peatland flora is that all these plants are to varying de-
grees moisture-loving (Grum-Grzhimaylo and Bilanenko, 2010). Thus, upland peatlands
have the lowest acidity, which is associated with the dominant Sphagnum mosses here,
which release acids, and poor mineral nutrition, as well as the increased humidity and
lack of oxygen characteristic of all types of peatlands.

Due to these extreme conditions, the activity of microorganisms in the decomposition of
plant residues in peatlands is greatly hindered; however, it is known that there are about
700 species of fungi characteristic of peatlands (Thormann and Rice, 2007).

Peatlands are predominantly found in the Northern Hemisphere, including Western and
Northern Europe, as well as certain parts of Canada and Siberia, covering 70-80% of the
Northern land surface and often located in the Arctic region, including the permafrost
zone (Filippova and Thormann, 2014; Kim et al., 2012; Minasny et al., 2019; Thormann and
Rice, 2007). Oligotrophic upland peatlands dominate among northern bogs, in contrast
to transitional and lowland bogs, which are widely spread in mid-latitude regions (Bi-
lanenko and Grum-Grzhimaylo, 2016) . According to various studies, northern peatlands
contain 10-50% of the global soil carbon, despite occupying only 3% of the Earth’s land
surface (Altshuler et al., 2017; Andersen et al., 2010; Asemaninejad et al., 2018; Thormann
and Rice, 2007; Tveit et al., 2013; Weedon et al., 2013).

By now, two reasons for the growth of northern peatlands have been identified. Firstly,
the origin of northern peatlands is directly linked to the uplift of the Earth’s crust resulting
from post-glacial movement (Zadareev et al., 2017). When the sea recedes, groundwater
drains away and lakes become boggy. As a result, peatlands gradually emerge from brack-
ish coastal lakes and transform into oligotrophic upland bogs (O.A. Grum-Grzhimaylo et
al., 2018). Secondly, a large portion of northern peatlands is located on the permafrost
land surface, and as it thaws, the area of peatlands expands (Altshuler et al., 2017; Schiitte
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et al., 2019; Sjogersten et al., 2016; Turetsky et al., 2019). Both factors contribute to the
expansion of peatland area.

Fungi, along with heterotrophic bacteria, are the primary decomposers of organic mat-
ter in peat (Gilbert and Mitchell, 2006). According to the literature, in the initial stages
of degradation, fungi play a more significant role due to their enzymatic activity which
allows them to break down poorly decomposable plant tissues, such as lignin and cel-
lulose, while bacteria join the process of decomposition with their repertoire of extracel-
lular enzymes and break down simpler substances (Song et al., 2020; Tveit et al., 2013).
Being mostly aerobic organisms, fungi predominantly function in the upper aerobic
levels of peatlands, while bacteria dominate in the lower layers of peat (Dobrovol’skaya
etal., 2012; Tveit et al., 2013). In addition to saprophytic fungi, peatlands are inhabited by
entomopathogenic, nematophagous, phytopathogenic, and symbiotic species of fungi
(Asemaninejad et al., 2017; Kiheri et al., 2020; Monteux et al., 2018; Safitri et al., 2018;
Schitte et al,, 2019; Yakushev et al., 2019). Under nitrogen deficiency in the soil, typical for
peat, most terrestrial plants form symbioses with fungi (mycorrhizae): mycelia absorb soil
nitrogen, transport it to plant roots, and receive plant sugars in exchange (Hobbie and
Hobbie, 2006). Saprotrophic fungi in peat can obtain nitrogen from complex phenolic
compounds of plant tissues (specifically from tissues of Sphagnum moss) as well as from
animal tissues, for example, insect larvae and nematodes, due to their enzymes.

It is known that perennially frozen permafrost is most often overlaid by a seasonally
thawed active layer (Altshuler et al., 2017). In peatlands, two functional groups of micro-
organisms can be expected to exist: 1) slow-growing and constantly active at subzero
temperatures; 2) fast-growing and mainly functioning at the upper level during a short
summer period. It has already been proven that bacteria can function at negative
temperatures (Altshuler et al.,, 2017). Fungal DNA is present in samples from perennially
frozen peatlands, but the functioning of fungi at low temperatures remains a question.
Altshuler et al. (2017) described a study in which they discovered three species of fungi
capable of growing at low temperatures: Leucosporidium spp. and Geomyces spp. could
grow down to -35 °C, while Mrakia sp. down to -12°C. Bellemain et al. (2013) obtained
data on the presence of psychrophilic and psychrotolerant fungal taxa in samples from
Siberian Pleistocene permafrost using metabarcoding. However, it is unknown whether
these fungi are active or whether their DNA is simply stored frozen. Active ascomycete
fungi are present in conditions of frozen permafrost, according to RNA data (Altshuler et
al., 2017). It is also known that ascomycetes cause “soft rot”, which is a dominant type of
decay in extreme terrestrial environments such as arid deserts and polar regions. How-
ever, the mechanisms of this type of decay have been poorly studied so far (Hibbett et al.,
2016). It is evident that fungi actively function in thawing layers during the summer.
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Despite the importance of fungi as initiators of peat formation, little is known about fun-
gal biodiversity in northern peatlands, especially in the permafrost zone. Some data on
peat fungi from Canada, Northern Europe, Western Siberia, Central and Northern Russia
exist (Bilanenko and Grum-Grzhimaylo, 2016; Dobrovol'skaya et al., 2012; Filippova and
Thormann, 2014; Golovchenko et al., 2013; Grum-Grzhimaylo et al., 2016, 2018; Thormann
and Rice, 2007). There is almost no data on fungi in perennially frozen peatlands, and in
tundra soils fungi are primary decomposers (Oechel et al., 1997; Ozerskaya et al., 2009),
making plant material accessible to bacteria. It is crucial to determine which fungal spe-
cies function under what conditions in thawing permafrost peatlands. Currently, there is
a growing interest in studying microbial communities in peatlands (Gandhi et al., 2019;
Juan-Ovejero et al.,, 2020). Schitte et al. (2018) showed in their study that the relative
abundance of mycorrhizal fungi decreases, while the relative abundance of presumed
saprotrophic and fungal pathogens increases with thawing. The authors suggest that
changes in fungal composition may mediate the response of the plant community to
permafrost thaw and may have a key influence on the consequences of climate change.
They also note that very few studies have investigated the impact of permafrost thaw
on fungal communities, and overall, only a tenth of fungal diversity has been described
(Schitte et al., 2019).

Given that peatlands play a significant role in climate change through the emissions
of greenhouse gases resulting from the activity of microbial communities (fungi and
bacteria), the most promising direction is the monitoring of fungal communities in
northern bog ecosystems as a response to global warming and increasing peatland areas
(Altshuler et al.,, 2017; Jassey et al.,, 2013; Juan-Ovejero et al., 2020; Lee et al., 2013; Song et
al., 2020). Based on published scientific data, some conclusions can be drawn regarding
the processes occurring in northern peatlands and the involvement of fungi in them:

1) scientists do not have a complete understanding of the processes occurring in peat-
lands, including the influence of climate change (Page and Baird, 2016);

2) the study of regions with permafrost thaw is recognized by many researchers as one
of the most important scientific directions today (Fedorov, 2022; Philipp et al., 2021;
Walvoord and Kurylyk, 2016);

3) the composition and activity of microbial communities affect the intensity of green-
house gas emissions (AminiTabrizi et al., 2020; Sjogersten et al., 2016; Turetsky et al.,
2020);

4) a significant portion of the thawing permafrost area is converted into peatlands
(Hugelius et al., 2020);

5) itis known that fungi play a significant role in the early stages of peat formation: they
make the plant substrate accessible to bacteria (Juan-Ovejero et al., 2020; Yarwood,
2018);
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fungal activity affects peat formation processes and greenhouse gas emissions (Juan-
Ovejero et al.,, 2020);

data on fungi during permafrost thaw are very limited (Juan-Ovejero et al., 2020);

due to the unique species composition of fungi and bacteria in deposits of ponds
formed as a result of permafrost thaw, they represent unique ecosystems (Wurzbacher
etal., 2017);

fungal abundance rapidly increases immediately after permafrost thaw with tempera-
ture rising above 0°C, which can lead to a significant acceleration of plant-substrate
decomposition in thawing zones (Chen et al., 2016);

10) this supports the assumption that fungi isolated from permafrost habitats function

poorly but become activated immediately with changing conditions (Ozerskaya et al.,
2009);

11)to study fungal biodiversity, researchers usually use either molecular approaches (Ase-

maninejad et al., 2017; Christiansen et al., 2017; Kujala et al., 2018; Schitte et al., 2019;
Singer et al,, 2019; Song et al., 2020; Vesela et al., 2019; Wurzbacher et al., 2017; Zhang
etal,, 2017), or cultural methods (Dobrovol’skaya et al., 2012; Filippova and Thormann,
2014; Golovchenko et al.,, 2013; Grum-Grzhimaylo et al., 2016, 2018; Ozerskaya et al.,
2009; Singh et al., 2012), both of these methods have their own strengths and weak-
nesses. | was able to find very few studies that used both groups of methods, although
they complement each other very well (Arenz et al., 2006; Edwards et al., 2013; Ferrari
et al., 2005; Kochkina et al., 2012; Nikitin and Semenov, 2022; Pudasaini et al., 2017;
Selbmann et al., 2021).

Outline of my thesis: the aims of this study and an overview
of the contents

This thesis studies and describes the diversity of filamentous fungi from the northern
peatlands of several geographical locations and the Polar regions. In this General Intro-
duction (Chapter 1) | have presented the background of my research and have identified
key knowledge gaps and research questions. | have compiled these knowledge gaps in
the form of questions and below display them in a diagram (Fig. 1).
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Fig. 1. An overview of the questions that motivated this work and the predicted changes in perma-
frost and peatland areas in the polar and high mountainous regions under the influence of global
warming. RQ - research questions, the corresponding questions that were investigated in this work
(see in the text).

In the present study, | have partially addressed these knowledge gaps based on my own
research and review of scientific literature, and have attempted to answer several more
specific and detailed questions, namely:

RQ1) What are the characteristics of fungal communities in northern Sphagnum peat-
lands located in the taiga zone near the White Sea?

RQ2) Does the origin of these peatlands from the sea influence the fungal communi-
ties?

RQ3) Are there differences in fungal communities in Sphagnum peatlands between the
northern and temperate zones?

RQ4) How similar and unique are the fungal communities of the Arctic and Antarctica?

RQ5) What ecological roles do fungi fulfill in northern peatlands and polar regions?

The results obtained in this study may contribute to finding answers to the global ques-
tions presented in Figure 1 in future research.
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In Chapter 2 and 3, | describe the diversity of culturable fungi in northern peatlands
originated at different times from the White Sea due to postglacial Earth rising. It is shown
here that the marine origin of these peatlands partly determines the species composition
of fungi, and that the fungal communities of peat and bottom sediments of the peatlands
differ from each other. | also discuss the ecological role of fungi in northern peatlands in
these chapters. In Chapter 4, | compare communities of cultivated fungi in oligotrophic
Sphagnum peatlands in the northern and central latitudes. The similarities and differences
between fungal communities, due to a similar substrate (Sphagnum mosses), but differ-
ent climatic zones and the origin of the studied peatlands, are hightlighted. In Chapter 5,
the diversity and location of filamentous terrestrial fungi in Arctic and Antarctic regions is
described based on literature data. Also, | discuss and compare the methods of fungal in-
vestigations and uniqueness of fungal communities and their ecological role in the Polar
regions. Chapter 6 is devoted to discovering, identification, and studying the physiology
of the fungus Psychrophilomyces antarcticus from the Arctic region. Previously, this spe-
cies was known only from Antarctica and the Tibet Plateau. Chapter 7 is a discussion of
the results obtained during all stages of the work presented in this thesis.
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The diversity of culturable filamentous microfungi in peat and sediments of four
peatlands at the coastal zone of Kandalaksha Bay of the White Sea (Murmansk region,
Russia) was studied by culture methods on standard and selective media. Annually
100 samples were collected from the bogs 2007-2010. Based on morphological, mo-
lecular markers and cultural features, 211 taxa were identified. Fungal communities
observed at the peatlands were influenced mostly by their sea origin. We discovered
a large difference between fungal communities from the peat and the sediments of
the peatlands. In contrast to the sediments, the fungal community of the peat was
found to be consistent throughout sampling sites. Fungi with specific ecophysiology,
such as Sphagnum-decomposing species (Oidiodendron griseum, O. tenuissimum,
Penicillium spinulosum, P. thomii, Talaromyces funiculosus), psychrotolerant and associ-
ated with insect’s species (Pseudogymnoascus pannorum, Tolypocladium spp.), typical
marine species (Acremonium spp.) were found. In addition, different types of sterile
mycelia were characteristic for the researched peatlands.

Key words
fungal diversity, fungi decomposing Sphagnum, fungi in sediments, molecular identi-
fication, psychrotolerants
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Introduction

Peatlands cover about 4% of the world, more than 10% of the territory of Russia and
about 70-80% of the White Sea coastal territory (Yurkovskaya 2004). Peatlands accumu-
late peat, partially decayed plant material, and play a significant role in the global carbon
cycle by virtue of their significant peat deposits that contain 45-50% carbon (Thormann
2006b). The importance of peatlands for the global C cycle is illustrated by the fact that
northern peatlands store 180-277 Gt C (1 Gt = 1 x 10° metric tons), which constitutes
approximately 10-16% of the total global terrestrial detrital C (Thormann et al. 2001a).

Bogs are a dominant peatland type in the north of Russia. Coupled with spruce forest,
raised bogs prevail in the taiga zone in northeastern Europe. Coastal raised bogs pre-
dominate along the White Sea coast (Schulze et al. 2002, Yurkovskaya, 2004). Raised bogs
and aapa fens (also called aapa mires) are the zonal mire complex types of boreal regions
(Laitinen et al. 2005). Raised bogs are ombrotrophic ecosystems that receive water and
nutrients solely from atmospheric precipitation. They are commonly dominated by spe-
cies of Sphagnum mosses, Picea mariana and members of the Ericaceae, including spe-
cies of Rhododendron spp., Andromeda spp. and Vaccinium spp. (Thormann et al. 1999,
Thormann 2006a). Aapa fens are more minerotrophic (i.e. they receive their nutrients
both from precipitation and the surrounding land because of their hydrological regime).
These peatlands consist of a lake, elongated Sphagnum-formed hummocks and water
channels (Kerdanen and Kalpio 2001; Laitinen et al. 2005, 2007). Aapa mire is a Finnish
term for a large, complex, cold-climate wetland. This is a mire-system type, the central
parts of which are characterized by minerotrophy and near to mire inherent influence.
These systems may receive supplementary nutrition to their central parts, in addition
to marginal parts and brook sides, through meltwater from the surrounding area. Aapa
mires are morphologically variable (Laitinen et al. 2007).

The annual accumulation of peat is caused by relatively slow organic decomposition
by microorganisms because of extremely unfavorable conditions: lack of oxygen, low
temperatures, high acidity and humidity, the presence of inhibitory complex phenolic
compounds from specific vegetation (mostly Sphagnum spp.) and an inherent lack of
microbial diversity to degrade the most complex polymers of peat (Untiedt and Miiller
1984, Tsuneda et al. 2001, Thormann et al. 2002, Rice et al. 2006, Andersen et al. 2010).

In White Sea coastal raised bogs, peat consists of the complex of plant material dominat-
ed by Sphagnum fuscum (Yurkovskaya 2004). Fungi, together with heterotrophic bacteria,
are the main decomposers of the organic matter in peat (Pankratov et al. 2005; Gilbert
and Mitchell 2006; Thormann et al. 2001a, b, 20064, b, 2007; Andersen et al. 2010). In the
northern peatlands fungal diversity estimates are 22-55 species per peatland. Those spe-
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cies have a capacity for living and physiological activity in peat (Nilsson and Riilcker 1992,
Czeczuga 1993, Thormann et al. 2001b).

The respective role of fungi in litter decomposition and the multiple-factor peat-forming
process in peatlands is still poorly studied. Most peatlands are in the northern hemisphere
(Thormann et al. 2007), however, little is known about fungal biodiversity of the northern
peatlands. Some data is available of peatland fungi from western Siberian and central
Russia (Golovchenko et al. 2002, Kachalkin et al. 2005, Grum-Grzhimaylo and Bilanenko
2009, Filippova and Thormann 2014) but almost no data is available for the fungi from the
peatlands in northwestern Russia.

The peatlands at the Kandalaksha Bay of the White Sea have a unique origin. They appear
as a result of a part of the sea becoming isolated during rapid land uplift (0.5 cm/y), fol-
lowed by both demineralization and the development of bogs (Shaporenko et al. 2005,
Pantyulin and Krasnova 2011). In this process the succession of marine biota by freshwa-
ter takes place, which is common for peatlands. Fungi, functioning as decomposers, sym-
bionts, parasites and pathogens, are associated with the evolution of the reservoirs that
have a sea origin (their number is evaluated from one to several hundred at Kandalaksha
Bay), but the data on mycobiota of these systems are hardly discussed in the literature.

The aim of our research was to investigate fungal diversity in the peatlands around the
White Sea Biological Station (WSBS) of Lomonosov Moscow State University in northwest-
ern Russia. The fungi were isolated from the peat and sediment samples taken from four
peatlands at different altitudes above sea level (1.5-87 m) representing different stages
of bog formation. Fungi were identified with morphological and cultural features as well
as DNA sequence data (ITS rDNA region, along with SSU and LSU rDNA). We characterized
the composition, abundance and spatial distribution of species in fungal communities
from peatlands in connection with the age of the reservoirs and their contact with the
sea.

Materials and methods

Study area

It is near the Karelian coast of Kandalaksha Bay of the White Sea (Fig. 1) near the WSBS
(66°34'N, 33°08’E). Kindo Peninsula, where the station is located, is near the Arctic Circle.
The geographic position of lakes determines the climatic conditions under which their
hydrological regime is formed. In this case this is a long winter with an average daily
temperature of —11° Cin January and a relatively short humid summer with a maximum
precipitation in August and a mean temperature of 14° C in July (Shaporenko et al. 2005).
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Annual precipitation is 300-400 mm (Bubnova 2005). Geomorphologically the region lies
on the northern margin of Pribelomorskaya Lowland. The maximum elevation of the area
is less than 100 m.
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Fig. 1. Map of the Kindo Peninsula with four studied peatlands tagged: A — Verkhnee Peatland; B
— Krugloe Peatland; C — Ershovskoe Peatland; C(1) — Ershovskoe Verkhnee Lake; C(2) — Ershovskoe
Nizhnee Lake; D - Kislosladkoe Peatland; WSBS — White Sea Biological Station.

Description of the investigated peatlands

Four investigated peatlands are located, ranging from the lowest to the highest point of
the peninsula and represent almost all evolution stages of bogs in this area of the White
Sea coast (Fig. 1, Table 1). Two of them represent raised bog-type peatlands (Verkhnee,
Krugloe; Figs. 2A, 2B), the third is a transition aapa fen (Ershovskoe; Fig. 2C) and the fourth
is a brackish lake detaching from the sea (Kislosladkoe; Fig. 2D). Kislosladkoe Lake has
both marine and continental features. There is a combination of typical littoral vegetation
with bog plants depending of coast parts in this peatland. The characteristics of aapa fen
types were described in detail by Laitinen et al. (2007).
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Fig. 2. Pictures and schemes of the investigated peatlands. A - Verchnee Peatland; B - Krugloe Peat-
land; C - Ershovskoe Peatland; D - Kislosladkoe Peatland.
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Sampling

Peat samples (0.5-2 m deep) were taken every 50 cm with a hand peat drill from each of
the peatlands in Sphagnum-covered sites (one series of samples from one core of each
peatland). Peat samples, 50-10 cm deep, plants (living and dead parts of Sphagnum spp.)
and soil samples were taken with a knife. The tools were cleansed with water and 96%
alcohol after each extraction. Twenty-two samples of peat were taken from the Verkhnee
Peatland, 21 from Krugloe, 19 from Verkhnee Ershovskoe and nine from Kislosladkoe.
Peatland sediment samples were taken every 0.5 m at different depths by Scuba and free
diving, from both surface and from approximately 0.3 m below surface at each sampling
site. Six sediment samples were taken from each of the three peatlands, the Verkhnee,
Krugloe and Nizhnee Ershovskoe, four samples from the Verkhnee Ershovskoe and seven
from the Kislosladkoe. The collected samples were transferred to sterile Petri dishes and
transported in a cooler to the laboratory where they were stored at 5° C 1-2 d after
sampling. The samples of different species of Sphagnum were collected in sterile paper
envelopes for identification.

Fungal isolation and identification

From the peat samples Sphagnum spp. plant material and sediment, dilutions were pre-
pared with 1 g in 10 mL sterile distilled water, pounded by a mortar, and further diluted
100-fold. From this final dilution 0.25 mL was pipetted on each of two Petri plates of six
media: malt agar (MA, containing 17 g malt extract [Merck] and 20 g agar per liter); water
agar (WA, containing 20 g agar per liter); citric-acid buffer agar (CA, pH 4, containing 800
mL citric-acid buffer (Mcllvaine, 1921), 17 g malt extract, 30 g agar and 200 mL dH,0);
Sphagnum extract agar (SEA, containing 600 mL Sphagnum-extract (from 200 g Sphag-
num spp. in 500 mL bog H,0), 20 g agar and 400 mL dH,0); alkaline buffer agar (AA, pH
9, containing 12 g Na,CO; 6 g NaHCO;, 17 g malt extract and 20 g agar); semi-saltwater
agar (SWA, containing 20 g agar per liter unfiltered water from Kislosladkoe Lake). Petri
dishes were incubated at room temperature in light until fungal colonies appeared (5-30
d according to growth of fungi); the colonies were subcultured onto MA as soon as they
grew from the samples. Our isolation method did not yield yeasts or chytridiomycetous
fungi or lower fungi-like organisms, such as Oomycota. Naturally our recovery output
of fungi from the investigated habitats was affected by isolation and incubation biases,
such as media type and incubation conditions. Newly isolated fungi were subcultured
for identification according to the morphology and cultural features. The cultures that
failed to sporulate after incubation were considered sterile. The major part of the sterile
mycelia and other species that were difficult to identify by morphology (Acremonium-
like, Cadophora/Phialophora-like, Phoma-like isolates) were identified by DNA sequence
analysis of the ITS regions, LSU and SSU of nuclear-encoded rDNA. The same analysis was
conducted for dominant fungal species to verify identification by morphological features.
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Data analysis

Data on the total number of microscopic fungi were expressed in colony-forming units
(CFU) per g dry peat. For this purpose 1 g of every sample was placed in a drying chamber
at 120° C for 24 h to establish the water content of each sample. The spatial frequency
(%) of every species was calculated as the number of sites of occurrence times 100 di-
vided by the total number of sites samples. The abundance (%) of fungal divisions was
calculated as the CFU of the genus x 100/the total CFU of all genera from the peatland.
Species diversity was determined by enumerating the number of species of the genus
in the peatland. Serensen index was used to compare fungal communities among the
peatlands (Zak et al. 2004).

Molecular techniques and sequence analysis

Genomic DNA was isolated from mycelium of the 152 fungal strains with a chloroform/
isopropanol method (Karakousis et al. 2006). Before DNA isolation the fungi were grown
on MA with under cellophane membranep 3-5 d at 27° C. The mycelium was harvested,
frozen with liquid nitrogen and grinded twice for 10 s with a bead-beater machine
(beads 2 mm diam) added to the Eppendorf tube with mycelium. Then 1 mL LETS buffer
(0.1 M LiCl, 10 mM EDTA pH = 8.0, 10 mM Tris pH = 8.0, 0.5% SDS) was added, mixed
thoroughly (with vortex) and centrifuged 15 min at 13 000 rpm. A total of 700 mL super-
natant was transferred into a fresh 2 mL Eppendorf tube. Five milliliters of proteinase K
was added and incubated 1 h at 37° C. Subsequently 300 mL phenol and 300 mL SEVAG
(isoamylalcohol:chloroform 1:24) were added, mixed thoroughly and centrifuged 15 min
at 13 000 rpm. A total of 600 mL of the supernatant was transferred to a clean 1.5 mL
Eppendorf tube; 300 mL SEVAG was added, mixed thoroughly and centrifuged 15 min at
13 000 rpm. A total of 500 mL supernatant was transferred to a clean Eppendorf tube, 300
mL (0.66 volume) was added, mixed and stored for 15 min at —20° C or overnight at 4° C.
Then nucleic acids were centrifuged out of suspension in an Eppendorf centrifuge for 15
min at 13 000 rpm at 4° C. The supernatant was discarded with a micropipette; the pel-
let was washed with 100 mL ice-cold 70% ethanol and centrifuged 1 min at 13 000 rpm
at 4° C. The supernatant was discarded with a micropipette; the pellet was dried under
vacuum and dissolved overnight in 50 mL MQ water at 4 C. Subsequently the solution
was mixed with a pipette and stored at —20° C. The resultant DNA solution was used for
subsequent PCR procedure.

The primers ITS-1f and ITS4r (White et al. 1990) were used to amplify a portion of the
nuclear ribosomal gene (rDNA) including the two internal transcribed spacer regions
(ITST and ITS2) and the 5.8S rDNA. The primers LROR, LR7, LR9, NS1, NS4 and NS8 (Vilgalys
et al. 1990; http://www.lutzonilab.net/primers/page244.shtmL) were used for amplifica-
tion of part of the nuclear large and small subunits (LSU and SSU) of rDNA.
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PCR mixes (Promega Corp., Madison, Wisconsin) contained 0.5 puL 25 mM MgCl,, 5 pL 5 x
PCR GoTag buffer, 1 uL 10 mM dNTP, 1 yL 10 mM of each PCR primer, 0.1 pL GoTag poly-
merase and 2 uL gDNA in 25 pL. The amplification program included 35 cycles of 94° C for
1 min, 52° C for 1 min and 72° C for 1 min followed by final extension at 72° C for 7 min.
PCR products were purified with GenElute™ PCR Clean-Up Kit (Sigma) and sequenced in
Eurofins MWG Operon (Ebersberg, Germany). Sequences were compared with data from
GenBank with a BLAST similarity query. If the ITS sequence similarity was more than 85%,
we considered the isolate a member of kingdom Fungi.

Results

In total 501 fungal isolates were obtained from the 100 samples of Sphagnum moss,
peat and sediments that were collected annually in summer (Jun-Jul) 2007-2010. These
isolates belong to 211 taxa, representing 65 genera. Of these taxa 113 (54%) were Asco-
mycota, 30 (15%) Basidiomycota, seven (3%) Zygomycota and 61 were sterile unidentified
morphotypes (including Fungus sp. strain) (Table 2). The number of viable fungal propa-
gules were 10>-10° CFU per 1 g dry weight. Taxonomic identification of all 211 taxa was
based on morphological characteristics, and 98 of them also were identified by molecular
genetics (ITS region, LSU, SSU rDNA), including a major part of the sterile mycelia (93 of
153 isolates), other species difficult to identify by morphology (13 taxa from Acremonium-
like, Cadophora/Phialophora-like and Phoma-like groups of fungi) and few frequent spe-
cies (10 taxa). Newly generated sequences were deposited in the GenBank with accession
numbers provided (Table 3). Due to the lack of the GenBank data sequence identity for
the ITS in some cases was higher than for LSU (Table 3). On the whole 25 taxa were linked
with known species and 73 remained undetermined. The number of taxa in the peatlands
ranged from 44 (Krugloe Peatland) to 84 (Ershovskoe Peatland). The number of identified
taxa in the peat and sediments ranged from 30 (Krugloe Peatland) to 47 (Verkhnee and
Kislosladkoe peatlands) and from 18 (Krugloe) to 42 (Ershovskoe Nizhnee). The overall fre-
quency of fungal taxa was low (20% and lower). The frequency of fungal taxa in the peat
and sediments of different bogs was 3.4-32.1% and 3.4-17.9%, respectively (Table 2).
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Table 2. The list of the isolated species with frequencies (%) of their occurrence and media of isolation.

Total F/No  Medium

Species Sampling site ofisolates

Peat Sediments

A° B° C [ B° c(ne c¢ b
Acremonium sp. 1 3.6 — — — — — — — — 1 MA
Acremonium sp. 2 — — — 188 — — — 34 — 4 AA
Acremonium sp. 3 — — — — 36 — — — 63 2 SWA
Acrodontium crateriforme (J.F.H. Beyma) de 36 — 34 — 71 — — — — 4 MA, CA, WA
Hoog
Acrodonti implex (F. M t) de Hoog — — 34 - = = — — — 1 WA
Agaricomycetes sp. — 37 — — — — — — — 1 CA
Alternaria alternata (Fr.) Keissl. 3.6 — — 63 — — — — — 2 SEA
Alternaria sp. — — — 63 — — — 34 — 2 MA, CA
Amylostereum areolatum (Chaillet ex Fr.) Boidin — — — — — — — 34 — 1 SWA
Antrodia xantha (Fr.) Ryvarden — — — — 36 — — — — 1 MA
Antrodia sp. 1 — — 34 — — — — — — 1 CA
Antrodia sp. 2 — — — — 36 — — — — 1 MA
Antrodiella romellii (Donk) Niemela — — 34 — — — — — — 1 MA
Ascomycota sp. 1 — — — 63 — — — — — 1 CA
Ascomycota sp. 2 — — — — — — — — 63 1 WA
Ascomycota sp. 3 — — — — — — — 34 — 1 AA
Ascomycota sp. 4 — — — — — — 34 — — 1 SWA
Ascomycota sp. 5 — — — — — — — 34 — 1 MA
Ascomycota sp. 6 — — — — — — — 34 — 1 SWA
Aspergillus repens (Corda) Sacc. — — — — 36 — — — — 1 CA
Aspergillus tubingensis Mosseray — — — — — — — — 63 1 MA
Aspergillus ustus (Bainier) Thom et Church 3.6 — — — 36 — — — — 2 MA, SEA
Aspergillus versicolor (Vuill.) Tirab. — — — 63 — — — — — 1 CA
Aureobasidium pullulans (de Bary) G. Arnaud — 74 103 — 36 — 69 6.9 — 10 MA, WA,

SEA, SWA

Basidiomycota sp. 1 — — 34 — — i — — — 1 CA
Basidiomycota sp. 2 - = = = = = — 34 — 1 MA
Basidiomycota sp. 3 - - - - = — 34 — — 1 CA
Basidiomycota sp. 4 — — — — 36 — — — — 1 MA
Beauveria bassiana (Bals.-Criv.) Vuill. 107 148 69 6.3 — — — — — 10 MA, CA, SEA
Beauveria brongniartii (Sacc.) Petch - — — 63 - = — — — 1 MA
Botryotinia sp. — — — 63 — — — — — 1 WA
Botrytis cinerea Pers. 3.6 — — 63 — — — — — 2 MA, CA
Cadophora fastigiata Lagerb. et Melin — — — 63 — — — 34 — 2 CA, SWA
Cadoph luteo-olivacea (J.F.H. Beyma) T.C. — — — 125 — — — 69 6.3 5 MA, CA, WA,
Harr. et McNew SEA, SWA
Cadophora sp. — — — — — — — 34 — 1 CA
Cadophora sp. — — — 63 — — — — — 1 SEA
Ceriporiopsis subvermispora (Pilat) Gilb. et — — — — 36 — — — — 1 MA
Ryvarden
Chrysosporium sp. — — — — — — 34 — — 1 WA




36 | Chapter2

Species

N Total F/No  Medium
Sampling site

of isolates
Peat Sediments
A B C« D A B ) c2 Db
Cladophialophora humicola Crous et U. Braun 3.6 — — — — — — — — 1 SEA
Cladosporium antarcticum K. Schub., Crous et — — — 188 — — — — — 3 AA
U. Braun
Cladosporium bruhnei Linder — 37 69 188 — 37 — — — 7 MA, CA, AA,
WA, SWA
Cladosporium cladosporioides (Fresen.) G.A. de 107 37 69 125 — — 34 — 125 1" MA, CA, WA,
Vries SEA, SWA
Cladosporium herbarum (Pers.) Link 36 74 34 188 — — — — — 7 MA, WA,
SEA, SWA
Cladosporium langeronii (Fonseca, Leao et 71 — — — — — — — — 1 SEA
Nogueira) Vuill.
Cladosporium sphaerospermum Penz. 321 11 — — 36 — — — — 13 MA, CA, WA,
SEA, SWA
Cladosporium sp. 1 3.6 — — — — — — — — 1 SEA
Cladosporium sp. 2 — 37 — — — — — — — 1 MA
Cladosporium sp. 3 — — — 63 — — — — — 1 SEA
Clavulinaceae sp. — — — — — 37 — 34 — 2 MA
Coniochaeta sp. — — — — 36 — — — — 1 CA
Crocicreas sp. — — 34 — — — — 34 — 2 CA, SEA
Dothideales sp. — — — 63 — — — — — 1 MA
Dothideomycetes sp. 1 - = = = = = — 34 6.3 1 MA, SEA
Dothideomycetes sp. 2 — — — 63 — — — — — 1 MA
Elaphocordyceps subsessilis (Petch) G.H. Sung, JM. 214 — 34 125 179 74 — — 63 17 all
Sung et Spatafora
Emericellopsis minima Stolk — — — — — — — 69 — 2 WA
Emericellopsis sp. — — — — — — 34 — — 1 SWA
Engyodontium album (Limber) de Hoog — 37 — 63 — 37 — — — 3 MA, CA, SEA
Fungal sp. - = = = = = — 34 — 1 WA
Fusarium sp. — — — — 36 — — — — 1 MA
Geomyces pannorum (Link) Sigler et J.W. Carmich. 7.1 37 34 63 — — — 69 — 7 MA, CA, WA,
SEA
Geotrichum candidum Link 36 — — — 36 — — 69 — 4 MA, CA, SEA
Gibellulopsis nigrescens (Pethybr.) Zare, W. 36 - = = = = — 34 — 2 MA, SWA
Gams et Summerb.
Gloeophyllum sepiarium (Wulfen) P. Karst. — — — — — — 34 — — 1 MA
Gnomoniaceae sp. — — — — 36 — — 34 — 2 MA, SEA
Hansfordia sp. - - = - = — 34 — — 1 SWA
Helotiales sp. 1 — — 34 — — — — — — 1 WA
Helotiales sp. 2 3.6 — — — — — — — — 1 SEA
Helotiales sp. 3 3.6 — — — — — — — — 1 MA
Helotiales sp. 4 - — — 63 - = — — — 1 MA
Helotiales sp. 5 — — — — — — — — 63 1 SEA
Helotiales sp. 6 — — — 63 — — — — — 1 CA
Helotiales sp. 7 — — — — — — — — 63 1 CA
Helotiales sp. 8 - - - = 71 37 — — — 3 MA, CA, SEA
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Total F/No  Medium

e Sampling site of isolates

Peat Sediments

A B Cc D A B ) cR Df
Helotiales sp. 9 S — — 34 — 2 WA
Helotiales sp. 10 — — — — — — — 34 — 1 MA
Helotiales sp. 11 — — — — — — 34 — — 1 CA
Helotiales sp. 12 — — — — 36 — — — — 2 MA
Helotiales sp. 13 - - — — 36 — — — — 1 MA
Helotiales sp. 14 - - - = = 37 — — — 1 SWA
Helotiales sp. 15 - - — — 36 — — — — 1 SWA
Helotiales sp. 16 — — — 63 — — _ — _ 1 WA
Helotiales sp. 17 — — — — — — — 34 — 1 MA
Helotiales sp. 18 U — — 34 — 2 CA, SWA
Helotiales sp. 19 — — — — — — 34 — — 1 MA
Humicola fuscoatra Traaen — — — — 36 — — — — 1 CA
Humicola sp. — — — — — — 34 — — 1 SWA
Lecanicillium evansii Zare etW. Gams — — 34 — — — — — — 1 MA
Lecanicillium muscarium (Petch) Zare et W. Gams — — — — — 37 — — — 1 AA
Leotiomycetes sp. 1 — 37 — — — — — — — 1 WA
Leotiomycetes sp. 2 3.6 — — — — — — — — 1 CA
Leotiomycetes sp. 3 - - — — 36 — — — — 1 MA
Leotiomycetes sp. 4 — — — — — 37 — — — 1 WA
Leotiomycetes sp. 5 — — — — — — 34 — — 1 MA
Massarinaceae sp. - — — 63 — — — . _ 1 CA
Mollisia sp. 1 — — — — 36 — — — — 1 CA
Mollisia sp. 2 — — — — — 37 — — — 1 MA
Mollisia sp. 3 — — — — — — — 34 — 1 WA
Mortierella elongata Linnem. — — — — — — — — 63 1 MA
Mortierella lignicola (G.W. Martin) W. Gams et R. — — — — — 37 — — — 1 WA
Moreau
Mortierella longicollis Dixon-Stew. - - — — 36 — — — — 1 SWA
Nectriaceae sp. — — — 125 — —_ — — — 2 MA
Neolentinus sp. = — — —  — 37 — — — 1 CA
Neoscytalidium dimidiatum (Penz.) Crous et — — 34 - = = — — — 1 WA
Slippers
Oidiodendron ambi Pey | et Malan — — — 63 - = — — — 1 MA
Oidiodendron echinulatum G.L. Barron - - - — — — 34 34 — 2 SWA
Oidiodendron griseum Robak 179 37 — 63 36 — — — — 8 MA, CA, WA
Oidiodendron maius var. citrinum (Barron) Rice 36 — — — — — — — — 1 MA
a.Currah
Oidiodendron periconioides Morrall — 37 e — — — — 1 CA
Oidiodendron sp. — — — — — 37 — — — 1 SEA
Penicillium aculeatum Raper et Fennell — — — — — — — — 63 1 MA
Penicillium aurantiogriseum Dierckx 36 37 34 — — — — — — 3 WA, CA
Penicillium brevicompactum Dierckx 36 11.1 — — — — — — — 4 MA, WA, SEA
Penicillium chermesinum Biourge - - = = = = — 34 — 1 CA
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Total F/No  Medium

Species Sampling site ofisolates

Peat Sediments

A B C« D A B i) c2 Db
Penicillium citreonigrum Dierckx 36 37 34 - = = — — — 3 MA, CA
Penicillium citrinum Thom — — — — — — — 34 — 1 SEA
Penicillium corylophilum Dierckx — — 34 — — — — — — 1 CA
Penicillium dierckxii Biourge — — — 63 — — — — — 1 WA
Penicillium expansum Link 36 — — — — — — — — 1 CA
Penicillium glabrum (Wehmer) Westling 36 185 — 63 — — — — — 7 MA, CA, WA,

SEA, SWA
Penicillium griseofulvum Dierckx — — — 63 — — — — — 1 CA
Penicillium implicatum Biourge — — 34 - = = — — — 1 MA
Penicillium janczewskii K.M. Zalessky — — 34 - - = — — — 1 CA
Penicillium multicolor Grig.-Man. et Porad. — — — — — — — — 63 1 WA
Penicillium nalgiovense Laxa — 37 — — — — — — — 1 WA
Penicillium purpurascens (Sopp) Biourge — — — — 36 — — — — 1 SWA
Penicillium restrictum J.C. Gilman et E.V. Abbott 3.6 - = = = = — — — 1 CA
Penicillium rolfsii Thom — 37 - = = = — — — 1 MA
Penicillium roseopurpureum Dierckx 36 — — — 71 — — — 63 3 CA, WA, SEA
Penicillium sclerotiorum J.F.H. Beyma — = — — — — — 34 — 1 CA
Penicillium solitum var solitum Westling - — — — 36 — — — — 1 SEA
Penicillium spinulosum Thom 143 185 103 25 36 74 — 34 — 20 MA, CA, WA,
SEA, SWA

Penicillium thomii Maire 36 37 172 — — — — — 63 8 MA, CA, WA
Penicillium verrucosum Dierckx — — 34 — — — — — — 1 MA
Penicillium vinaceum J.C. Gilman et E.V. Abbott 36 — 34 - - = — — — 2 SEA
Penicillium waksmanii K.M. Zalessky — — — 63 — — — — — 1 MA
Peniophora piceae (Pers.) J. Erikss. — — — — 36 — — — — 1 MA
Peniophora sp. 1 — — — — — — — 34 — 1 CA
Peniophora sp. 2 — — — — — — — — 63 1 WA
Pezizomycotina sp. 1 36 — — — — — — — — 1 MA
Pezizomycotina sp. 2 3.6 — — — —_ — —_ — — 1 SEA
Phaeosphaeria sp. — — = — — — — 34 — 1 WA
Phellinus sp. 36 — — — — — — — — 1 SEA
Phialophora europaea de Hoog, Mayser et 3.6 — — — — — — — — 1 CA
Haase
Phialophora lagerbergii (Melin et Nannf.) Conant — — — — — — — 34 — 1 MA
Phialophora verrucosa Medlar — — 34 63 - = — — — 2 CA, WA
Phlebiopsis gigantea (Fr.) Jiilich 36 — 69 — — — — 34 — 4 MA, CA, WA
Pholiota sp. — — — — 36 — — — — 1 MA
Phoma poolensis (Ellis et Kellerm.) Aa et — — 69 — — — — — — 2 MA, CA
Boerema
Piptoporus betulinus (Bull.) P. Karst. — — — — — — 34 — — 1 MA
Pochonia bulbillosa (W. Gams et Malla) Zare et 36 — — 125 — — — — — 3 MA, CA
W. Gams
Polyporus sp. — — — — — 37 — — — 1 MA
Polyporales sp. — — — — 36 — — — — 1 CA
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Total F/No  Medium

Speci S li it
pecies ampling site ofisolates
Peat Sediments
A B bp' A B CF C@° D

Polyscytalum fecundissimum Riess 36 - = = = = — — — 1 WA

Resinicium bicolor (Alb. et Schwein.) Parmasto — 37 34 — — — — — — 2 MA

Resinicium sp. — — 34 — — — — — — 1 SEA

Sclerotinia sp. 3.6 — — — — — — — — 1 MA

Scopulariopsis brumptii Salv.-Duval — — — — — — 69 — — 2 SWA

Sistotrema brinkmannii (Bres.) J. Erikss. — — 34 — 71 — — 34 125 6 MA, CA, AA,
WA, SWA

Sistotrema sp. 3.6 3.7 — — 36 — — — 6.3 4 MA, CA, SEA,
SWA

Stachybotrys chartarum (Ehrenb.) S. Hughes 3.6 — — — — — — — 1 SEA

Stachybotrys dichroa Grove — — — 63 — — — — — 1 SEA

Stephanosporium atrum Dal Vesco — — — — — — 34 — — 1 WA, SEA

Stereum sp. — — — — — — — — 63 1 AA, SEA

Strobilurus tenacellus (Pers.) Singer — — — — — — — 34 — 1 MA

Sydowia polyspora (Bref. et Tavel) E. Miill. 3.6 — — 63 — — — — — 2 CA, SEA

Talaromyces diversus (Raper et Fennell) Samson, — 37 — — — — — — — 1 MA

Yilmaz et Frisvad

Talaromyces duclauxii (Delacr.) Samson, Yilmaz, — — — — — — — 34 — 1 MA

Frisvad et Seifert

Talaromyces funiculosus (Thom) Samson, Yilmaz, 36 148 207 63 107 3.7 — 69 — 18 MA, CA, WA,

Frisvad et Seifert SEA, SWA

Talaromyces rugulosus (Thom) Samson, Yilmaz, — — 34 — — — — — — 1 MA

Frisvad et Seifert

Talaromyces variabilis (Sopp) Samson, Yilmaz, — 74 34 — — — — — 63 4 MA, CA, SEA

Frisvad et Seifert

Talaromyces verruculosus (Peyronel) Samson, 3.6 — — — — — — — 63 2 WA, SEA

Yilmaz, Frisvad et Seifert

Teberdinia hygrophila Sog W.Gams,Sum- — 74 34 — — — — — 3 WA

merb. et Schroers

Tolypocladium cylindrosporum W. Gams — — — 188 36 — — — 63 5 MA, AA,
SWA

Tolypocladium geodes W. Gams — 11— — 36 — — 34 — 5 WA, AA, SEA

Tolypocladium nubicola Bissett — — — 63 — — — — — 1 WA

Tolypocladium tundrense Bissett — — — — 36 — — — — 1 AA

Trichoderma asperellum Samuels, Lieckf. et — — — — 36 — — — — 1 WA, SEA

Nirenberg

Trichoderma hamatum (Bonord.) Bainier — — — — — 37 69 6.9 — 5 MA, CA, WA,
SEA, SWA

Trichoderma harzianum Rifai — 37 69 63 — — — 34 — 5 CA, WA, SEA,
SWA

Trichoderma koningii Oudem. — — — 63 - = — — — 1 CA

Trichoderma piluliferum J. Webster et Rifai — — 34 — — — — — — 1 WA

Trichoderma polysporum (Link) Rifai 3.6 — 34 — — 74 69 34 — 7 MA, CA, WA,
SEA, SWA

Trichoderma viride Pers. — 74 69 — 71 — 34 — — 7 WA, SEA,

SWA
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Total F/No  Medium

Species Sampling site ofisolates

Peat Sediments

A B C« D A B i) Cc2 D
Trichosporon lignicola (Diddens) Fell et Scor- 36 - = = = = — — — 1 CA
retti
Umbelopsis isabellina (Oudem.) W. Gams — — — 63 — — — — — 1 CA
Umbelopsis ramanniana (Mdller) W. Gams — — — 63 — — — — — 1 MA
Umbelopsis vinacea (Dixon-Stew.) Arx — — — 63 — — — — — 1 CA
Umbelopsis sp. — — — 63 — — — — — 1 SWA
Volutella sp. — — — — — 74 — — — 2 AA
Zythiostroma pinastri (P. Karst.) Hohn. 7.1 — — — — — — — — 2 MA, CA
Cladosporium spp. (3 morphotypes) 3.6 — — 63 — — — 34 — 3 MA, WA, SEA
Lecanicillium spp.f (4 morphotypes) — 37 — 125 36 — — — — 4 MA, AA, SEA,

SWA

Penicillium spp. (6 morphotypes) — 37 — — 107 37 — 34 — 6 MA, CA, SWA
Phaeoacremonium spp.| (4 morphotypes) — — 34 63 — 37 — 69 — 5 MA, WA, SEA
Trichoderma spp.’ (3 morphotypes) — — — — — — 34 6.9 — 3 SEA, SWA
Sterile isolates® (60 morphotypes) 143 185 69 188 464 259 207 276 750 60 all

A - Verchnee Peatland; B - Krugloe Peatland; C - Ershovskoe Peatland: C(1) - Ershovskoe Verchnee
Lake, C(2) - Ershovskoe Nizhnee Lake; D - Kislosladkoe Peatland
Species which were not found in Sphagnum peat before this research are in bold

? Frequency was calculated as percent of 28 samples collected from peatland A
P Frequency was calculated as percent of 27 samples collected from peatland B
¢ Frequency was calculated as percent of 29 samples collected from peatland C
4 Frequency was calculated as percent of 16 samples collected from peatland D

¢ Frequency was calculated as percent of 100 samples collected during the overall investigation
fMorphotypes were not determined to the species level.
9 Sterile morphotypes were not determined to the division level
Abbreviation: MA - malt extract agar, CA - citric agar, AA - alkaline agar, WA - water agar, SEA -
Sphagnum extract agar, SWA - sea water agar.

The dominance of fungi from the Ascomycota division was a common characteristic of

the mycobiota from all reservoirs investigated due to the anamorphic species (Fig. 3). The
prevailing genus was Penicillium Link with its Talaromyces C.R.Benj. sexual stage (32 spe-
cies) predominantly from Monoverticillata and Biverticillata-Symmetrica sections (Table

2). Only eight species (e.g. Talaromyces funiculosus, P. spinulosum, P. thomii, Cladosporium
cladosporioides, C. herbarum, Pseudogymnoascus pannorum, Beauveria bassiana, Tolypo-
cladium inflatum) were obtained from all peatlands and labeled typical species for the

investigated peatlands (Table 2). The similarity of the fungal communities among the dif-
ferent peatlands ranged from 0.20 (Ershovskoe and Kislosladkoe) to 0.32 (Verkhnee and

Krugloe) (Fig. 4).
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Figure 3. Abundance (%) of fungal divisions in four peatlands. A - Verkhnee; B - Krugloe; C — Ershovs-
koe; D - Kislosladkoe.
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Figure 4. Similarity of fungal communities of the peatlands (Serensen index). A - Verkhnee Peatland;
B - Krugloe Peatland; C - Ershovskoe Peatland; C(1) - Ershovskoe Verkhnee Lake; C(2) - Ershovskoe
Nizhnee Lake; D - Kislosladkoe Peatland.

Because the fungal communities of the peat and sediments of each of the four peatlands
differed substantially, peat and sediments had to be analyzed independently. An average
specific abundance of the genus Penicillium was 29.5% in peat and 11.5% in sediments.
Common species in peat were Talaromyces funiculosus, Penicillium spinulosum, P. glabrum,
P. thomii, Cladosporium bruhnei, C. cladosporioides, C. herbarum, Beauveria bassiana,
Oidiodendron griseum, Tolypocladium inflatum and Trichoderma harzianum. We found 31
species that have not been observed before 2007 y in Sphagnum peat (Table 2) (Thor-
mann and Rice 2007). In the bottom sediments sterile mycelia Tolypocladium inflatum,
Trichoderma hamatum, T. polysporum, Talaromyces funiculosus, Penicillium spinulosum,
Aureobasidium pullulans and Sistotrema brinkmannii were prevalent.

In total, 43 isolates of the Basidiomycota division were found; among them were species
of genera Phlebiopsis Jilich, Sistotrema Fr., Amylostereum Boidin, Antrodia P. Karst., Ceri-
poriopsis Domanski, Gloeophyllum P. Karst., Neolentinus Redhead & Ginns, Phellinus Quél.,
Pholiota (Fr.) P. Kumm., Piptoporus P. Karst., Peniophora Cooke, Polyporus P. Micheli, Resini-
cium Parmasto, Stereum Hill ex Pers., Strobilurus Singer and unidentified Basidiomycota.
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The observed fungal diversity was affected by the isolation media (Table 2). Many species
were isolated only on one type of media. Some versatile species such as Penicillium spp.,
Cladosporium spp., Trichoderma spp. and Sistotrema spp. appeared on all types of media.

We did not find distinct correlation between the species composition of the fungi and
the depth at which the peat samples were taken. The maximum species number of the
micromycetes was isolated from the upper and the deepest peat horizons. The number
of fungi isolated from the surface sediment was larger than that obtained from the deep
layer sediment.

Table 3. The results of the molecular analysis of 152 taxa including accession numbers of DNA se-
quences and the closest match from the GenBank database

Species Genbank Accession No. Blast
ITS LSuU SSuU

Acremonium sp. 1* JQ780657 JQ768402 Acremonium sp., 499/505, 99% ITS FJ571421
Acremonium strictum, 1319/1337, 98% LSU FJ176879

Acremonium sp. 2 JX535092 JX535093 Acremonium sp., 498/505, 99% ITS FJ571421
Sarocladium ochraceum, 800/813, 98% LSU HQ232070
Acremonium strictum, 1272/1299, 98% LSU FJ176879

Acremonium sp. 2 JX507654 JX507655 Acremonium sp., 498/505, 99% ITS FJ571421
Sarocladium ochraceum, 800/813, 98% LSU HQ232070
Acremonium strictum, 1272/1299, 98% LSU FJ176879

Acremonium sp. 3 JX535076 JX535077 Acremonium potronii, 443/443, 100% ITS DQ865091
Emericellopsis maritima, 1318/1321, 99% LSU FJ176861

Agaricomycetes sp. JQ780614 JQ768389 Sistotrema brinkmannii, 560/560, 100% ITS JQ912675
Antrodia gossypium, 1010/1016, 99% LSU EU232298

Phanerochaete lamprocystidiata, 898/903, 99% LSU GQ470648

Alternaria sp. JX507701 Alternaria tenuissima, 503/503, 100% ITS JX406554
Alternaria brassicae, 503/503, 100% ITS JX290140
Alternaria alternata, 503/503, 100% ITS JF802121
Alternaria sp. JX535139 Alternaria tenuissima, 503/503, 100% ITS JX406554
Alternaria brassicae, 503/503, 100% ITS JX290140
Alternaria alternata, 503/503, 100% ITS JF802121
Amylostereum areolatum JX507658 Amylostereum areolatum, 525/525, 100% ITS JX049992
Amylostereum areolatum, 525/525, 100% ITS HQ864715
Antrodia xantha JX507636 JX507637 Antrodia xantha, 531/531, 100% ITS EU232210
Antrodia xantha, 2087/2094, 99% LSU AJ583430
Antrodia sp. 1 JQ780622 JQ780623  JQ780624  Antrodia serialis, 446/560, 98% ITS AJ345010
Antrodia serialis,1081/1092, 99% LSU EU232293
Antrodia variiformis, 1663/1668, 99% SSU AY336783
Antrodia sp. 2 JX507729 JX507730 Antrodia sinuosa, 587/587, 100% ITS GU991578.
Antrodia xantha, 2015/2114, 95%, LSU AJ583430
Antrodiella romellii JQ780621 JQ768396 Antrodiella romellii, 587/587, 100% ITS AF126902

Antrodiella romellii, 879/879, 100% LSU JN710520
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Species Genbank Accession No. Blast
Ascomycota sp. 1 JX535148 JX535149 Helotiales sp., 457/464, 98% ITS FN548161
Articulospora tetracladia, 1957/2051, 95% LSU EU998928
Ascomycota sp. 2 JX535116 Ascomycete sp., 432/450, 96% ITS AY805600
Ascomycota sp. 3 JX507652 JX507653 Ascomycota sp., 488/510, 96% ITS JN120374
Setomelanomma holmii, 700/701, 99% LSU GQ387633
Ascomycota sp. 4 JX507689 Articulospora atra, 459/479, 96% ITS FJ000402
Ascomycota sp. 5 JX507709 Hirsutella sp., 489/493, 99% ITS EF029185
Ascomycete sp., 448/450, 99% ITS AMO084797
Ascomycota sp. 6 JX507650 JX507651 Lecythophora mutabilis, 505/505, 100% ITS HQ637304
Hyalodendriella betulae, 757/779, 97% LSU EU040232
Basidiomycota sp. 1 JQ780626 JQ780627  JQ780628  Basidiomycota sp., 490/492, 99% ITS GU062230
Leptosporomyces galzinii, 683/692, 99% LSU EU118642
Athelia sp., 994/1005, 99% SSU GU187619
Basidiomycota sp. 2 JX507638 JX507639 Basidiomycota sp., 642/642, 100% ITS FR682225
Antrodia xantha, 1968/2096, 94% LSU AJ583430
Basidiomycota sp. 3 JX507646 Armillaria novae-zelandiae, 536/592,91% ITS AF394919
Coprinus sp., 526/590, 89% ITS AY254874
Basidiomycota sp. 4 JX507631 JX507632 Armillaria novae-zelandiae, 536/592, 91% ITS AF394919
Coprinus sp., 526/590, 89% ITS AY254874
Multiclavula mucida, 1983/2059, 96% LSU EU909345
Botryotinia sp. JX535121 Botryotinia fuckeliana, 474/474, 100% ITS KC172064
Botrytis elliptica, 474/474, 100% ITS AY684918
Botrytis sp., 474/474,100% ITS FR822791
Cadophora fastigiata JX535145 Cadophora fastigiata, 521/521, 100% ITS JN689948
Cadophora fastigiata, 521/521, 100% ITS GU212371
Cadophora luteo-olivacea JX535088 Cadophora luteo-olivacea, 563/564, 99% ITS JQ796751
Cadophora luteo-olivacea, 563/564, 99% ITS FJ486274
Cadophora luteo-olivacea JX535123 Cadophora luteo-olivacea, 565/565, 100% ITS GU212374
Cadophora luteo-olivacea, 565/565, 100% ITS GU128589
Cadophora luteo-olivacea JX535125 Cadophora luteo-olivacea, 563/564, 99% ITS AB725391
Cadophora luteo-olivacea, 563/564, 99% ITS GU212374
Cadophora luteo-olivacea JX535132 Cadophora luteo-olivacea, 560/560, 100% ITS GU212374
Cadophora luteo-olivacea JX535171 Cadophora luteo-olivacea, 567/568, 99% ITS GU212374
Cadophora luteo-olivacea JX535179 Cadophora luteo-olivacea, 581/581, 100% ITS FJ430742
Cadophora sp. JX507647 Cadophora sp., 555/564, 98% ITS JN859254
Ceriporiopsis subvermispora JX507705 JX507706 Ceriopsiopsis subvermispora, 580/580, 100% ITS HQ659228
Ceriporiopsis subvermispora, 840/842, 99% LSU FJ496707
Cladosporium cladosporioides JX535079 Cladosporium cladosporioides, 483/483, 100% ITS JQ768327
Cladosporium cladosporioides JX535084 Cladosporium cladosporioides, 481/481, 100% ITS JQ768327
Cladosporium cladosporioides JX535135 Cladosporium cladosporioides, 491/491, 100% ITS JQ768327
Cladosporium cladosporioides JX535166 Cladosporium cladosporioides, 480/480, 100% ITS JQ768327
Cladosporium cladosporioides JX535173 Cladosporium cladosporioides, 491/491, 100% ITS HQ380766
Cladosporium cladosporioides JQ780660 Cladosporium cladosporioides, 481/481, 100% ITS JQ768327
Cladosporium herbarum JX535143 Cladosporium herbarum, 494/494, 100% ITS AF455517
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Species Genbank Accession No. Blast
Cladosporium herbarum 1X535172 fgz)i;:srp}grium herbarum (Davidiella tassiana), 408/408, KC292373
Cladosporium langeronii JQ780666 Cladosporium langeronii, 490/490, 100% ITS DQ780380
Cladosporium langeronii JQ780667 Cladosporium langeronii, 490/490, 100% ITS DQ780380
Cladosporium sp. 1 JQ780649 Cladosporium langeronii, 501/502, 99% ITS DQ780380
Cladosporium cladosporioides, 486/490, 99% ITS JN986780
Cladosporium sp. 2 JQ780629 Cladosporium cladosporioides, 487/488, 99% ITS JN986780
Cladosporium sp., 490/491, 99% ITS GU395509
Cladosporium sp. 3 JX535124 Cladosporium langeronii, 463/467, 99% ITS JQ780667
Cladosporium cladosporioides, 463/467, 99% ITS AF455525
Clavulinaceae sp. JX507640 JX507641 Clavulinaceae sp., 608/609, 99% ITS FJ475570
Clavulina sp., 792/829, 96% LSU AY745694
Clavulinaceae sp. JX507727 JX507728 Clavulinaceae sp., 610/611, 99% ITS FJ475570
Clavulina sp., 812/850, 96% LSU AY745694
Conichaeta sp. JX507629 JX507630 Coniochaeta sp., 489/489, 100% ITS HM595513
Coniochaeta sp., 509/509, 100% LSU HM595603
Crocicreas sp. JQ780618 JQ768393 Crocicreas sp., 477/478,99% ITS FJ005100
Cyathicula microspora, 1323/1339, 99% LSU EU940088
Crocicreas sp. JX507682 Crocicreas sp., 440/442,99% ITS FJ005098
Crocicreas sp., 438/442,99% ITS FJ0O05099
Dothideales sp. JX535090 JX535091 Dothideales sp., 510/511,99% ITS HM240804
Dothideomycetes sp., 503/513, 98% ITS GQ153228
Dothideomycetes sp., 763/774, 99% LSU GU323957
Dothidea insculpta, 764/808, 95% LSU NG027643
Dothideomycetes sp. 1 JX535078 Paraconiothyrium sp., 497/515,97% ITS HM999948
Paraphaeosphaeria sp., 496/515, 96% ITS KC208020
Dothideomycetes sp. 1 JX507635 Paraconiothyrium sp., 494/512, 96% ITS HM999948
Paraphaeosphaeria sp., 493/512, 96% ITS KC208020
Dothideomycetes sp. 2 JX535162 Mycosphaerella fragariae, 472/476, 99% ITS GU214691
Ramularia grevilleana, 469/475, 99% ITS GU939181
Elaphocordyceps subsessilis* JQ780640 Elaphocordyceps subsessilis, 493/494, 99% ITS JX488470
Elaphocordyceps subsessilis* JX507695 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JX507696 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JX507697 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JX507698 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JQ780650 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JQ780652 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Elaphocordyceps subsessilis* JQ780664 Elaphocordyceps subsessilis, 494/495, 99% ITS JX488470
Fungus sp. JX507690 Hongkongmyces pedis, 252/285, 88% ITS JQ435790
Geomyces pannorum JQ768386 JQ768405 Geomyces pannorum, 487/487,100% ITS HQ115661
Geomyces pannorum, 575/576, 99% LSU GU951694
Geomyces pannorum JQ780644 JQ768404 Geomyces pannorum, 487/487, 100% ITS HQ115661
Geomyces pannorum, 575/576, 99% LSU GU951694
Gloeophyllum sepiarium JX507712 JX507713 Gloeophyllum sepiarium, 569/570, 99% ITS JQ358803
Gloeophyllum sepiarium, 821/821, 100% LSU IN649344




The diversity of microfungi in peatlands originated from the White Sea | 45

Species Genbank Accession No. Blast
Gnomoniaceae sp. JX507716 Gnomonia cf. ischnostyla, 475/477,99% ITS EU254903
Ophiognomonia sp., 474/477,99% ITS JQ414264
Gnomoniaceae sp. JX507717 Gnomonia cf. ischnostyla, 475/477, 99% ITS EU254903
Ophiognomonia sp., 474/477,99% ITS JQ414264
Helotiales sp. 1 JQ780635 Lachnum sp., 416/435,97% ITS FJ378861
Helotiales sp. 2 JQ780665 Gremmeniella sp., 450/453, 99% ITS FR715997
Helotiales sp., 421/423, 99% ITS AY354243
Helotiales sp. 3 JQ780658 JQ780659 Godronia sp., 439/453, 98% ITS EF672237
Godronia urceulos1320/1321,99% LSU EU754163
Helotiales sp. 4 JX535181 Varicosporium elodeae, 489/492, 99% ITS GQ152148
Helotiales sp. 5 JX535100 JX535101 Helotiales sp., 480/490, 98% ITS JN655578
Mollisia cinerea, 801/811,99% LSU DQ470942
Helotiales sp. 6 JX535046 JX535047 Hyaloscyphaceae sp., 479/488, 98% ITS GU393951
Hyalodendriella betulae, 727/746, 97% LSU EU040232
Helotiales sp. 7 JX535102 JX535103 Catenulifera brevicollaris, 479/507, 94% ITS GU727561
Catenulifera brachyconia, 784/800, 98% LSU GU727559
Helotiales sp. 8 JX507674 JX507675 Hymenoscyphus sp., 472/487,97% ITS GU479911
Hyaloscypha fuckelii, 766/780, 98% LSU EU940154
Helotiales sp. 8 JX507670 JX507671 Hymenoscyphus sp., 471/486, 97% ITS GU479911
Hyaloscypha fuckelii, 806/820, 98% LSU EU940154
Helotiales sp. 9 JX507660 JX507661 Meliniomyces bicolor, 480/480, 100% ITS HQ157926
Hyaloscypha hepaticola, 829/838, 99% LSU EU940118
Helotiales sp. 9 JX507662 JX507663 Meliniomyces sp., 500/503, 99% ITS JQ711936
Hyaloscypha hepaticola, 830/839, 99% LSU EU940118
Helotiales sp. 10 JX507720 JX507721 Helotiales sp., 488/542,90% ITS FJ378857
Neobulgaria sp., 484/542, 89% ITS HQ211726
Neobulgaria pura, 752/788, 95% LSU DQ257365
Helotiales sp. 11 JX507672 JX507673 Helotiales sp., 492/497, 99% ITS JX852365
Catenulifera brachyconia, 766/782, 98% LSU GU727559
Helotiales sp. 12 JX507664 JX507665 Acephala sp., 478/483,99% ITS JN655564
Mollisia sp., 771/797, 97% LSU EU107273
Helotiales sp. 12 JX507666 JX507667 Acephala sp., 479/484, 99% ITS JN655564
Mollisia sp., 737/781, 94% LSU EU107273
Helotiales sp. 13 JX507676 JX507677 Cudoniella acicularis, 435/470, 93% ITS DQ202512
Varicosporium giganteum, 737/747, 99% LSU GQ477344
Helotiales sp. 14 JX507656 JX507657 Acephala sp., 481/489, 98% ITS HQ889709
Mollisia sp., 737/755, 97% LSU EU107273
Helotiales sp. 15 JX507693 Helotiales sp., 531/534, 99% ITS GU934595
Helotiales sp. 16 JX535119 JX535120 Helotiales sp., 424/426, 99% ITS AY354243
Godronia urceolus, 831/831, 100% LSU EU754163
Helotiales sp. 17 JX507731 JX507732 Helotiales sp., 491/545, 90% ITS FJ378857
Neobulgaria sp., 487/545, 89% ITS HQ211726
Neobulgaria pura, 748/783, 96% LSU DQ257365
Helotiales sp. 18 JX507688 Dimorphospora sp., 479/479, 100% ITS JX077075

Ascocoryne sp., 382/382, 100% ITS JX077076
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Species Genbank Accession No. Blast
Helotiales sp. 18 JX507714 JX507715 Dimorphospora sp., 479/479, 100% ITS JX077075
Ascocoryne sp., 382/382, 100% ITS JX077076
Neobulgaria lilacina, 794/821, 97% LSU EU940141
Helotiales sp. 19 JX507683 Dimorphospora sp., 479/479, 100% ITS JX077075
Ascocoryne sp., 382/382, 100% ITS JX077076
Leotiomycetes sp. 1 JQ780634 Leotiomycetes sp., 471/529, 94% ITS HQ212354
Leotiomycetes sp. 2 JQ780630 JQ768398 Helotiaceae sp., 463/478,97% ITS GU997932
Helotiales sp., 463/478, 97% ITS JN655588
Hyaloscypha fuckelii, 1324/1336, 99% LSU EU940154
Leotiomycetes sp. 3 JX507735 Dimorphospora sp., 474/479, 99% ITS JX077075
Ascocoryne sp., 377/382, 100% ITS JX077076
Leotiomycetes sp. 4 JX507684 JX507685 Leotiomycetes sp., 521/531,98% ITS HQ211767
Hyaloscypha sp., 810/831, 97% LSU EU940092
Leotiomycetes sp. 5 JX507687 Dimorphospora sp., 473/478,99% ITS JX077075
Ascocoryne sp., 370/377,100% ITS JX077076
Massarinaceae sp. JQ780631 JQ780632 Saccharicola bicolor, 491/501,98% ITS AF455415
Neottiosporina paspali, 813/822, 99% LSU EU754172
Mollisia sp. 1 JX507704 Mollisia minutella, 488/493, 99% ITS FR837920
Mollisia sp. 2 JX507644 JX507645 Mollisia minutella, 477/484, 99% ITS FR837920
Mollisia cinerea, 732/746, 98% LSU DQ470942
Mollisia sp. 3 JX507668 JX507669 Mollisia minutella, 483/483, 100% ITS FR837920
Mollisia cinerea, 806/819, 98% LSU DQ470942
Mortierella elongata JX535038 Mortierella elongata, 468/468, 100% ITS KC018241
Nectriaceae sp. JX535175 Cylindrocarpon obtusisporum, 475/476, 99% ITS GU726752
Nectria lugdunensis, 475/477,99% ITS FJ0O00394
Nectriaceae sp. JX535186 Cylindrocarpon obtusisporum, 480/481, 99% ITS GU726752
Nectria lugdunensis, 482/483,99% ITS FJ000394
Nectriaceae sp. JX535187 Cylindrocarpon obtusisporum, 475/477,99% ITS GU726752
Nectria lugdunensis, 476/477,99% ITS FJ0O00394
Neolentinus sp. JX507691 JX507692 Neolentinus lepideus, 452/455, 99% ITS AB615456
Neolentinus lepideus, 849/856, 99% LSU HM536077
Penicillium spinulosum* JQ780638 Penicillium spinulosum, 506/507, 99% ITS KC167850
Penicillium spinulosum JQ780639 Penicillium spinulosum, 510/510, 100% ITS DQ888735
Peniophora piceae JX507718 JX507719 Peniophora piceae, 545/545, 100% ITS AY781264
Peniophora sp., 1352/1357, 99% LSU DQ094783
Peniophora sp. 1 JX507724 JX507725 Peniophora pini, 574/576, 99% ITS EU118651
Peniophora pini, 1313/1331, 99% LSU EU118651
Peniophora cinerea, 1290/1309, 99% LSU DQ094786
Peniophora sp. 2 JX535110 JX535111 Peniophora pini, 569/572, 99% ITS EU118651
Peniophora pini, 1313/1331,99% LSU EU118651
Peniophora cinerea, 1290/1309, 99% LSU DQ094786
Pezizomycotina sp. 1 JQ780651 Ramularia eucalypti, 451/453,99% ITS EF394861
Glomerella lagenaria, 451/453, 99% ITS AJ301970
Pezizomycotina sp. 2 JQ780663 Ramularia eucalypti, 462/465, 99% ITS EF394861
Phellinus sp. JQ780625 JQ768397 Phellinus cinereus, 554/557,99% ITS AY340047
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Species Genbank Accession No. Blast
Phellinus igniarius, 601/604. 99% ITS AM269797
Phellinus cinereus, 858/859, 99% LSU AF311027
Phellinus igniarius, 1838/1850, 99% LSU AY839834
Phlebiopsis gigantea* JQ780612 Phlebiopsis gigantea, 626/626, 100% ITS AF087487
Phlebiopsis gigantea* JQ780617 JQ768392 Phlebiopsis gigantea, 584/584, 100% ITS AF087487
Ceratobasidiaceae sp., 1291/1335, 97% LSU JF799768
Phlebiopsis gigantea* JX507707 JX507708 Phlebiopsis gigantea, 598/598, 100% ITS AF087487
Antrodiella romellii, 1961/2058, 95% LSU JQ768396
Pholiota sp. JX507628 Pholiota lenta, 608/608, 100% ITS AY281022
Pholiota lubrica, 602/602, 100% ITS JF908578
Phoma poolensis JQ780633 JQ768399 Phoma novae-verbascicola, 468/468, 100% ITS GU237753
Phoma novae-verbascicola, 1323/1323, 100% LSU GU238135
Phoma poolensis JQ780648 JQ768403 Phoma novae-verbascicola, 455/455, 100% ITS GU237753
Phoma novae-verbascicola, 1319/1319, 100% LSU GU238135
Piptoporus betulinus JX507733 JX507734 Piptoporus betulinus, 600/600, 100% ITS GU731570
Piptoporus betulinus, 601/602, 99% LSU JQ700297
Piptoporus betulinus, 811/843, 96% LSU JQ700297
Pochonia bulbillosa JX535141 Pochonia bulbillosa, 537/539, 99% ITS AB378551
Pochonia bulbillosa JQ780661 JQ780662 Pochonia bulbillosa, 534/535,99% ITS AB378551
Pochonia bulbillosa, 838/840, 99% LSU HQ232164
Pochonia bulbillosa JX535180 Pochonia bulbillosa, 538/540, 99% ITS AB378551
Polyporus sp. JX507702 JX507703 Polyporus lepideus, 592/593% ITS GU731572
Polyporus ciliatus, 560/567, 99% ITS AB070883
Polyporus arcularius, 831/840, 99% LSU AF393067
Polyporales sp. JX507648 JX507649 Oligoporus placentus, 596/597, 99% ITS AJ416069
Postia placenta, 590/597, 99% ITS JQ700293
Antrodia xantha, 2039/2092, 97% LSU AJ583430
Resinicium bicolor JQ780611 JQ768387 Resinicium bicolor, 518/518, 100% ITS DQ218310
Resinicium bicolor, 1260/1266, 99% LSU AY700183
Resinicium bicolor JQ780619 JQ768394 Resinicium bicolor, 495/495, 100% ITS DQ218310
Resinicium bicolor, 1221/1226, 99% LSU AY700183
Resinicium sp. JQ780620 JQ768395 Resinicium furfuraceum, 609/617, 99% ITS DQ873648
Resinicium furfuraceum, 1357/1364, 99% LSU DQ873648
Sistotrema brinkmannii JQ780616 JQ768391 Sistotrema brinkmannii, 605/605, 100% ITS JQ912675
Sistotrema brinkmannii, 1286/1303, 99% LSU AF506473
Sistotrema brinkmannii JX507642 JX507643 Sistotrema brinkmannii, 577/577, 100% ITS JQ912675
Sistotrema brinkmannii, 1275/1292, 99% LSU AF506473
Sistotrema brinkmannii JX535082 JX535083 Sistotrema brinkmannii, 570/571, 99% ITS JQ912675
Sistotrema brinkmannii, 1289/1306, 99% LSU AF506473
Sistotrema brinkmannii JX507686 Sistotrema brinkmannii, 563/563, 100% ITS JQ912675
Sistotrema brinkmannii JX535117 JX535118 Sistotrema brinkmannii, 568/569, 99% ITS JQ912675
Sistotrema brinkmannii, 1288/1305, 99% LSU AF506473
Sistotrema brinkmannii JX507710 JX507711 Sistotrema brinkmannii, 570/571,99% ITS AY089729
Sistotrema brinkmannii, 1282/1300, 99% LSU AF506473
Sistotrema sp. JQ780613 JQ768388 Sistotrema sp., 530/530, ITS 100% AY781271
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Species Genbank Accession No. Blast
Sistotrema brinkmannii, 1282/1301, 99% LSU AF506473
Sistotrema coroniferum, 1247/1277, 98% LSU AM259215
Sistotrema sp. JQ780615 JQ768390 Sistotrema sp., 530/530, ITS 100% AY781271
Sistotrema brinkmannii, 1284/1303, 99% LSU AF506473
Sistotrema coroniferum, 1248/1278, 98% LSU AM259215
Sistotrema sp. JX507633 JX507634 Sistotrema sp., 522/522, 100% ITS AY781271
Sistotrema brinkmannii, 1288/1307, 99% LSU AF506473
Sistotrema coroniferum, 1252/1282, 98% LSU AM259215
Sistotrema sp. JX535108 JX535109 Sistotrema sp., 530/530, 100% ITS AY781271
Sistotrema brinkmannii, 1285/1304, 99% LSU AF506473
Sistotrema coroniferum, 1249/1279, 98% LSU AM259215
Stereum sp. JX535114 JX535115 Stereum hirsutum, 470/472, 99% ITS JX501297
Stereum annosum, 565/571, 99% ITS DQ000294
Stereum sp., 789/791, 99% LSU EF600046
Strobilurus tenacellus JX507722 JX507723 Strobilurus tenacellus, 686/686, 100% ITS GQ892812
Strobilurus tenacellus, 833/833, 100% LSU AM946470
Sydowia polyspora JQ780656 JQ768401 Sydowia polyspora, 536/537,99% ITS FR822985
Sydowia polyspora, 1305/1305, 100% LSU DQ678058
Sydowia polyspora JX535167 Sydowia polyspora, 526/529, 99% ITS FR822985
Sydowia polyspora, 526/530, 99% ITS FR717223
Talaromyces funiculosus JX507726 Penicillium funiculosum, 516/516, 100% ITS JX045839
Teberdinia hygrophila* JQ780641 JQ780642  JQ780643 Teberdinia hygrophila, 446/447, 99% ITS AY129291
Pseudoeurotium zonatum, 1311/1319, 99% LSU DQ470988
Pseudoeurotium sp, 785/791, 99% LSU AB470594
Teberdinia hygrophila, 733/734, 99% SSU AY129282
Teberdinia hygrophila* JQ780645 JQ780646  JQ780647  Teberdinia hygrophila, 447/447,100% ITS AY129291
Teberdinia hygrophila, 1053/1055, 99% SSU AY129282
Pseudoeurotium zonatum, 819/822, 99% LSU AF096198
Teberdinia hygrophila* JQ780653 JQ780654  JQ780655  Teberdinia hygrophila, 448/449, 99% ITS AY129291
Pseudoeurotium zonatum, 1307/1315, 99% LSU DQ470988
Pseudoeurotium sp, 785/791, 99% LSU AB470594
Teberdinia hygrophila, 1045/1047, 99% SSU AY129282
Tolypocladium cylindrosporum JX535129 Tolypocladium cylindrosporum, 497/497, 100% ITS FJ025179
Tolypocladium cylindrosporum JX507699 Tolypocladium cylindrosporum, 499/499, 100% ITS FJ025179
Tolypocladium geodes* JX507694 Tolypocladium geodes, 467/470, 99% ITS FJ973059
Trichoderma polysporum* JQ780637 Hypocrea pachybasioides, 555/557, 99% ITS FJ860796
Trichoderma polysporum, 532/537,99% ITS DQ093710
Trichoderma polysporum* JQ780636 JQ768400 Hypocrea parapilulifera, 539/540, 99% ITS FJ860799
Trichoderma sp., 1018/1018, 100% LSU AY283550
Volutella sp. JX507700 Volutella sp., 517/521,99% ITS FR822789
Volutella ciliata, 517/521,99% ITS GU479901

*species which names were identified by morphology
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Discussion

The composition of fungal species in the studied peatlands is primarily associated with
their origin. Substantial parts of the coastal zone of the White Sea are rising. As the result
numerous bays, armlets and coastal straits separate from the sea, which in turn leads
to the formation of small lakes (Shaporenko et al. 2005). Geological investigations and
diatom analysis of the sediments indicated that all peatlands of the Kindo Peninsula
formerly were a part of the sea (Romanenko, 2012). These isolated basins develop into
peatland lakes and evolve in different ways depending on depth. Those that are 5-6 m
deep remain as meromictic lakes, the shallower ones turn to fresh peatland lakes or slack
marshes (Pantulin and Krasnova 2011).

The maximum depth of the peatland lakes explored was 2.0-2.5 m (lakes Verkhnee, Kru-
gloe, Ershovskoe Verkhnee). Based on this fact it can be assumed that these peatlands
have a similar way of formation starting from their detachment from the sea and ending
with freshening and bogging (Olyunina 2008). The depth of the other two lakes (Er-
shovskoe Nizhnee and Kislosladkoe) is less than 5 m, and they evolve presumably in the
same way. The evolution of all the lakes explored is followed by the uniform processes of
change such as succession of plants, change of organic sediments and physical-chemical
properties of the lakes. All these factors influence species composition of fungi in the
boggy lakes.

Whereas the fungal communities from the peatlands studied have similarities at higher
taxonomic levels, the species composition at lower taxonomic levels change depending
on the distance of the lakes from the sea and differences in the age of the peatlands
(Table 1, Fig. 3). However, despite the mentioned similarities, the fungal communities
of the studied peatlands are different (Fig. 4). Consistently pairs Verkhnee-Krugloe and
Krugloe-Ershovskoe have the highest similarity. The established Ershovskoe Peatland and
the newly forming Kislosladkoe Peatland have the lowest similarity, which can be attrib-
uted to the unique species composition of the sediments of Lake Ershovskoe Verkhnee.

Fungal communities from the Verkhnee, Krugloe and Ershovskoe peatlands are similar in
spite of the differences in the altitude and age. This stability could be explained primarily
by the chemical constitution of Sphagnum moss, because it consists of complex phenolic
compounds that can be decomposed by a specific group of fungi. Taxa such as Oidioden-
dron griseum, O. maius, O. periconioides, Talaromyces funiculosus, Penicillium spinulosum,
P. thomii, Pochonia bulbillosa were found; they are known as decomposers of Sphagnum
mosses (Thormann et al. 2002, 2003; Rice et al. 2006; Thormann 2006). The community
of the Kislosladkoe Peatland appears to be fundamentally different from the others. The
Sphagnum peat of the Kislosladkoe Peatland contains a higher frequency and quantity
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of species of genera Cadophora Lagerb. & Melin, Alternaria Nees, Tolypocladium W. Gams,
Cladosporium and Acremonium Link when compared to the peat of the other peatlands
(Table 2). Presumably it could be explained by the sea proximity and the youth of the peat
deposit. These factors influence physical-chemical features and organic composition.

Sediments present a more dynamic system due to some differences in organic input as
well as physical-chemical and hydrological exposures. In the upper lake of the Ershovskoe
Peatland large numbers of invertebrate animals were found, such as leeches and freshwa-
ter shrimp. Apart from that, numerous plants and plant roots were discovered. These facts
could indicate the existence of a different fungal community in this lake (Table 2). The
results of the diatom research confirm the difference between the Ersovskoe Peatland
and other peatlands of the Kindo Peninsula (Shilova 2011). Taxa such as Emericellopsis
minima and Acremonium spp. were found in the sediments, which are characteristic for
marine habitats (Jones et al. 2009, Pivkin 2010).

The abundance of sterile isolates is typical for peat (Golovchenko et. al. 2002, Thormann
2006a). Significant amounts of sterile mycelium were found both in the peat and in
the sediments of all the peatlands. The identification of a part of the sterile isolates by
molecular approaches revealed the abundance of Ascomycota; isolates belonging to
the Helotiales were most abundant, especially in the sediments examined (Table 2). The
fungi of this group can fulfill different functions: members of the Helotiales have been de-
scribed as plant pathogens, endophytes, nematode-trapping fungi, mycorrhiza-forming
(including ectomycorrhizae and ericoid mycorrhizae), ectomycorrhizal parasites, fungal
parasites, terrestrial saprobes, aquatic saprobes, root symbionts and wood-rot fungi
(Wang et al. 2006).

One of the important results of using molecular approaches for the identification of sterile
isolates was the detection of species of the Basidiomycota. Thormann (2006a) considers
five groups of fungi, which decompose different types of organic substance in peat. One
of these includes species that are known as recalcitrant polymer degraders. This group
mostly consists of the basidiomycetes species, which are capable of utilizing complex
polymers, including lignin, tannins and other polyphenolics typical for peat. Due to slow
growth and difficulties related with identification of these fungi, they are difficult to find
and study. In our work a significant number of the basidiomycetes isolates was identified,
which can be used for future research.

Apart from that fungi that are known as psychrotolerant species were isolated. The exam-
ples of these fungi are Pseudogymnoascus pannorum and Tolypocladium inflatum (Bisset
1982, Bubnova 2005, Kochkina et al. 2007). Both species were found in almost all studied
samples; moreover T. inflatum was successfully grown on all media (Table 2). These facts
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indicate the adaptation of the species to a wide spectrum of environmental conditions. In
addition to T. inflatum other anamorphs of the Cordycipitaceae and Ophiocordycipitaceae
were isolated; these include Tolypocladium cylindrosporum, T. geodes, T. nubicola, T. tund-
rense, Beauveria bassiana, B. brongniartii and Engyodontium album.

Also, fungi that are known as typical soil saprobes for northern regions and species as-
sociated with insects such as Tolypocladium inflatum, Tolypocladium cylindrosporum, T.
geodes, Engyodontium album were found at high frequency (Lam et al. 1988, Hodge et
al. 1996, Bubnova 2005). The high incidence of entomopathogenic species is remarkable.
The abundance of insects and larvae in the peatlands may present a protein source in this
N-limited environment and may reflect adaptations similar to that of some carnivorous
plants found in the peatlands, such as Drosera spp. (Table 1; Limpens et al. 2011).

Our investigations revealed high fungal biodiversity and density in all components of the
studied peatlands on the Kindo Peninsula at Kandalaksha Bay of the White Sea. The iso-
lated fungi predominantly belong to saprobiotic ascomycetous species. In addition to the
data available on the biological diversity of the fungi from the peatland ecosystems of the
northern region we present molecular data on a large group of fungi of undetermined
taxonomy and sterile mycelia, among which are a significant percentage of basidiomy-
cetes as well as newly revealed taxa of ascomycetes. The investigations carried out in this
study suggest a specificity of the fungal community in aqueous-peatland system of the
coastal area of Kandalaksha Bay. It is related to the characteristic properties of the com-
plex communities of the isolated fungi in each of the reservoirs and in particular in a high
percentage of entomopathogenic species, as well as in the occurrence of psychrotolerant
species. Our research revealed that fungal communities in peat can be characterized by
higher stability than those in sediments.
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The major part of the north polar region is intensely rising by postglacial crustal
movement. This process gives rise to the separation of different basins from seas and
oceans, which affects a combination of freshwater and marine organisms. Gradually
losing contact with the seas, many near-shore lakes of the Arctic are mostly desalted
and form bogs. Fungi as decomposers play an important role in all ecosystems. How-
ever, the diversity and role of fungi in Arctic aquatic ecosystems is largely unknown. It
is also not clear how the taxonomic structure of the fungal community is affected by
the process of gradual desalinization and waterlogging. We investigated the diversity
of filamentous culturable fungi in different parts of the brackish Kislo-Sladkoe Lake
(White Sea, Russia). Annually, 42 samples of the bottom and coastal soils have been
collected at the lake from which fungi were recovered on standard and selective
media. Based on morphological and molecular markers, a total of 127 taxa have been
identified. The fungal community appeared to be influenced by its sea origin and
comprised both marine (Paradendryphiella salina, Acremonium spp.) and terrestrial
soil species of Penicillium, Talaromyces, Mucor, Umbelopsis, Cladosporium, Cadophora,
Sistotrema, Helotiales, Pleosporales, Sphagnum moss destructors (Oidiodendron spp.)
and insect-associated species of Tolypocladium. The results indicate that the com-
position of the fungal community in the rising polar White Sea region reflects the
dynamics of global changes in physical-chemical parameters and animal and plant
associations because of separation from the sea.

Key words
Fungal diversity, Brackish lake, Glacioisostatic movement, Coastal rising
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Introduction

Some Arctic oceanic and marine coastal zones are intensely rising because of glacio-
isostatic movement (Krasnova et al. 2013). As a result, water bodies are detaching from
seas and oceans and transforming to meromictic lakes in northern parts of North America
and Eurasia (Fig. 1; Dickman 1978; Ludlam 1996; Gibson et al. 2002; Hakala 2004; Lutz and
Kaulfu8 2006; Van Hove et al. 2006; Pouliot et al. 2009; Strelkov et al. 2014; Gulati et al.
2017). The coastal line of the White Sea (Russia) is a prominent example of this natural
phenomenon. The shoreline of the western part of the White Sea is flat and indented;
hence, the consequence of the coastal rising is the separation of the water bodies such
as bays, armlets, and small lakes from coastal straits. These lakes gradually lose their con-
nection with the sea and transform into different types of coastal basins varying in depth.
Lakes with a depth of more than 6 m transform into meromictic lakes, while those with a
depth of 1-6 m b transform into boggy fresh lakes. If the depth is less than 1 m, the lakes
form marshes (Pantiulin and Krasnonva 2011).

GREENLAND
(DENMARK)

Fig. 1 The studied meromictic lakes in in the Arctic region are marked by the circles; WSBS the White
Sea biological station.
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The lakes that are separating from the White Sea combine both marine and continental
features and represent a unique environmental niche. These basins are still connected to
the sea in a varying degree, while also having inflow of fresh water from inland. Therefore,
the main feature of these lakes is a strong vertical stratification governed by dynamics
of fresh and salt water influx (Vinogradov et al. 2015). As a result, such detaching lakes
harbour unique biota comprising a combination of freshwater and marine organisms
(Krasnova et al. 2013). The shore-lines of these lakes are equally interesting biotopes.
Horizontal nearshore currents distribute inflowing marine and fresh water along the
shores. Therefore, coastal soil and littoral ground are composed of different zones with
fluctuating environmental conditions, such as humidity, salinity and pH values. The
mosaic coastal vegetation of these lakes highlights the soil patchiness (Sidneva 2008).
Consequently, these transitional ecosystems represent extreme habitats and good sys-
tems for studying the general regularities in the formation of anaerobic conditions. These
water bodies also represent unique objects for investigations of the biogeochemical pro-
cesses that take place in water and sediments, and the interaction of freshwater and ma-
rine organisms. Scientists from various disciplines have explored the hydrology, flora and
fauna of the water bodies at different stages of isolation from the White Sea (Krasnova et
al. 2013). However, the fungal diversity and the role of fungi in meromictic and brackish
lakes are poorly studied, although some data are available on fungi from meromictic lakes
of Canada, Japan, France and Germany (Takishitaa et al. 2007; McAndrews and Turton
2010; Oikonomou et al. 2015; Lepére et al. 2016). So far, there have been no studies on
the fungal biodiversity in separating lakes in Russia. Yet, littoral zone and marine bottom
sediments including polar marine waters are specific ecotopes for fungi, with respect to
biodegradation, symbiotic relationships and other functions (Damare et al. 2006; Damare
and Raghukumar 2008; Bubnova 2017; Furbino et al. 2017; Rama et al. 2017).

In this study, we further explore the fungal biodiversity in the Kislo-Sladkoe Lake, which
is detaching from Kandalaksha Bay of the White Sea. This lake is a wellinvestigated site
as a model of separating water reservoirs located in this region. It is located near the
Pertsov White Sea Biological Station (WSBS; 66°34'N, 33°08’E; Online Resource 1) of the
Lomonosov Moscow State University and is at an initial stage of peatland formation be-
cause of its shallow waters (4.5 m maximum depth). Over recent years, the Kislo-Sladkoe
Lake has been examined with a wide range of approaches (Sidneva 2008; Krasnova et
al. 2013, 2014, 2015; Malyshko et al. 2015; Vinogradov et al. 2015). We began to study
the diversity of fungi in this lake from the year 2008. Presumably, soil from the coast is
more habitable for fungi than bottom sediments; therefore, we mainly focused on the
investigation of the lake’s shore-line, whereas fungi from the bottom sediments were
described in less detail. The fungi were isolated from the peat, soil and sediment samples
taken from the coast, littoral and bottom of the lake in 2008-2010. Our isolation method
recovered culturable basidiomycetous, ascomycetous and zygomycetous fungi, which
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were identified using morphological and cultural features as well as DNA sequence data
(ITS rDNA region, along with LSU rDNA). To make the present work more complete, we
combined our new data with selected data from our previous studies of microfungiin the
lake (Grum-Grzhimaylo et al. 2016). We characterized the composition, abundance and
spatial distribution of fungal species from different parts of the lake and related these
data to the ecological peculiarities of the lake, such as its freshening and a contact with
the Sea.

Materials and methods

Description of the Kislo-Sladkoe Lake

The Kislo-Sladkoe Lake [“Sour-Sweet” Lake; its other name is Polupresnoe (“Brackish”)
Lake] is located near the Karelian coast of Kandalaksha Bay of the White Sea 2 km east
of the Pertsov White Sea Biological Station (Online Recourse 1). The climatic and geo-
morphological characteristics of this area have been given earlier (Grum-Grzhimaylo et
al. 2016). The Kislo-Sladkoe Lake is oval-shaped, 100 m long, 60 m wide, occupying 1.6
ha, with an average depth of 1.5 m and a maximum depth of 4.5 m. The drainage area
of the lake is 157.0 m? In 2010, its elevation was 0.4 m above sea level (Schaporenko
et al. 2005; Krasnova et al. 2014). Its basin is being formed as a result of separation of
a water area between a small unnamed island covered with pines and the mainland
shore of Kindo Cape (Fig. 2). In the past, the bed of the strait was bound from two sides
by two submerged ridges, which rose to the surface because of the general rise of the
land and formed isthmuses separating the lake area from the Great Salma Strait. One of
the isthmuses is covered with grass and appears to be inundated only during seasonal
snow melting when the lake is overfilled. The second isthmus consists of rolled boulders
and pebble. A weak water exchange with Kandalaksha Bay takes place in the surface
layer through this isthmus during high tides (once a month for 2-3 days). A weak water
exchange is likely to exist through the entire northern shore of the lake. The southern
shore is swampy and very weak though permanent creek flows into the sea over a steep
slope of the peninsula. Underwater springs, which freshen the lake water, can also exist
(Schaporenko et al. 2005). The vertical structure of the lake is characterized by seasonal
and interannual variations (Vinogradov et al. 2015). Water characteristics from each of the
layers in 2010 are shown in the Online Recourse 2.

Coastal vegetation of the lake is a mosaic. Different plant communities including littoral,
bog and forest vegetation constantly change one after another along the shore. The
circular position of the primary sea-coast vegetation is indicative for the coastal rising
(Sidneva 2008; Grum-Grzhimaylo 2013; Yatzenko et al. 2017).



62 | Chapter3

Sampling

The samples of soil, peat and bottom sediments were collected from several locations
along the overgrown coast, littoral edge and bottom of the lake (Fig. 2; Tables 1, 2). Soil
samples from the coast and littoral at the surface and 0.1 m depth, forest soil at the dif-
ferent horizons (two profile cuts), plants (living and dead parts of the moss Sphagnum
spp.), and peat samples at 0.15 and 0.3 m depths were taken using a knife and transferred
to sterile Petri dishes. The knife was cleaned with water and 96% alcohol following each
extraction. The bottom sediment samples were collected every 0.5 m at different depths
by SCUBA diving and placed in sterile tubes. All the samples were taken at one replication
per season. Some locations were sampled twice (in different years). The collected samples
were transported in a cold container to the laboratory and stored at 5 °C for 1-2 days until
plating.

Peninsula

Fig. 2. Scheme of the Kislo-Sladkoe Lake, the sampling points are: 1 Sphagnum peat, 2 boreal podzol,
3 muck land, 4 seashore grassed soil, 5-7 ooze, 8 coastal sand, 9-15 bottom sediments.
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Table 1. Characteristics of the samples of the different parts of the Kislo-Sladkoe Lake shore.

Characteristics Soil from the coast Soil from the littoral zone

No. of sampling

2 4 7
place (see Fig. 2) 3 5 6 8
July 2008, July July 2009, July 2009,  July 2009, July
Date of sampling 2010 July 2008 July 2010 July 2010 July 2010 July2010 2010 July 2010
Location (compass
point) SSW W N NE ENE S N NNE
Juncus atrofuscus,

Triglochin maritima,

Pinus sylvestris, Betula Blysmus rufus, Eleocharis

Main vegetation Sphagnum spp.  pubescens uniglumis - Carexspp. - -

Seashore
Type of ground Peat Boreal podzol Muck land soil Qoze Coarse sand
Sample (horizon/
type/depth, m) LS DS 02 03 L F+H B C S 01 S 01 S 0.1 S 01 S 01 S 0.1
pH of samples 6.0 5.0 6.5 6.5 5.0 85 80 70 80 85 80 8.5

LS living part of Sphagnum spp., DS dead part of Sphagnum spp., L dead soil cover, ground litter, F
+ H fermentation and humification horizons, B illuvial horizon with surface gleying, C parent rock
material (sand), S surface.

Table 2. Characteristics of the samples of the different parts of the Kislo-Sladkoe Lake bottom sedi-
ments.

No. of sampling place (see Fig. 2) 9 10 11 12 13 14 15
Date of sampling July 2010

Depth, m 0.5 1.0 1.5 20 25 3.0 35
Type of ground Oozy bottom

Sample (horizon) Surface

pH of samples 6.0 6.0 5.5 5.0 6.0 6.0 55

Fungal isolation, cultivation, identification and data analysis

Dilutions were prepared from all the samples using 1 g in 10 mL of sterile distilled water,
pounded in a mortar, and further diluted 100-fold. From this final dilution, 0.25 mL was
pipetted onto two Petri plates each of six media: malt extract agar, water agar, citric-acid
buffer agar, Sphagnum extract agar, alkaline buffer agar and brackish water agar with
the water from the lake. The media preparation and fungal cultivation were performed
as described previously (Grum-Grzhimaylo et al. 2016). The identification of the fungi by
morphologic and cultural characters was performed using manuals (Raper and Fennell
1965; Raper et al. 1968; Rifai 1969; von Arx 1981; Ellis 1971; Gams 1971, 2000; Barnett
and Hunter 1972; Schipper 1978; Kohlmeyer and Kohlmeyer 1979; Carmichael et al. 1980;
Bissett 1982, 1984; de Hoog et al. 2000; Schroers 2001; Zare and Gams 2001; Klich 2002;
Samson et al. 2004; Crous et al. 2007; Domsch et al. 2007; Samson and Houbraken 2011;
Seifert et al. 2011). The morphologycal analysis was carried out with light microscopes
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(Mikmed-2, Carl Zeiss Axioskop 40 FL, Leica DM 2500). The information regarding fungal
classification generally follows the Index Fungorum (http://www.indexfungorum.org)
databases. The fungal strains which failed to sporulate following incubation (for 30 days)
were considered sterile mycelia. A substantial part of the sterile mycelia and sporulat-
ing strains that were hard to identify by morphology were identified by DNA sequence
analysis of the ITS and LSU regions of the nuclear-encoded rDNA. The same analysis was
conducted for dominant fungal species in order to verify identification by morphologi-
cal characters. Total genomic DNA (gDNA) was extracted from the mycelium of the 109
fungal strains using the chloroform/isopropanol method (Karakousis et al. 2006; Grum-
Grzhimaylo et al. 2016). We amplified and sequenced the ITS rDNA for all strains and LSU
rDNA for the most of them using common primer sets. The primer sets, thermocycling
programs and sequencing procedures were performed as described previously (Grum-
Grzhimaylo et al. 2016). Sequences were compared with the data from GenBank using
BLAST similarity searches. Newly generated sequences were deposited in the GenBank.
The GenBank Accession Numbers of 36 species from the lake are in our previous work
(Grum- Grzhimaylo et al. 2016), and the others given in the Online Resource 3.

Data on the total number of fungi were expressed as colony-forming units (CFU) g™' of
dry peat, as described previously (Grum-Grzhimaylo et al. 2016). The Sgrensen index was
used to compare fungal communities between the different parts of the lake (Zak and
Willig 2004).

Table 3. Isolated species with total number (CFU x 10> g™' dry soil) and media of isolation.

Soil from the coast Soil from the littoral zone Bottom sediments

pH of the samples 50 65 65 50 80 70 85 80 55 50 55

60 85 85 80 60 60 60
No. of sampling places (see Fig. 2) ! 2 3 4 > 6 7 8 bl 1—; ke
Taxa Media
Acremonium cf. charticola - - 5 - - - - - - - - WA
Acremonium cf. fuci - - - - - - - 5 - - - SWA
Acremonium sp. 1 10 5 - 10 10 20 - - - 800 - WA, AA, SWA, MA
Acremonium sp. 2 - - 20 - 20 - 50 5 - - - AA, MA, SWA
Acremonium sp. 3 30 - - 5 15 - - - - - - MA, AA
Acremonium sp. 4 - - - - 5 - - - - - - MA
Acremonium sp. 5 - - 10 - 50 10 - - - - - SWA, MA
Acremonium sp. 6 - - - - 28 10 - 5 - - - AA
Alternaria alternata (Fr.) Keissl. 15 - - - - - - - - - - CA
Alternaria sp. 1 - - - - - - - 5 - - - MA
Alternaria sp. 2 - - - 10 - - - - - - - CA, MA
Antrodia sp. - - - - 15 - - - - - - CA

Ascomycota sp. 1 35 - - - - - - - - - - CA
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Soil from the coast

Soil from the littoral zone

Bottom sediments

pH of the samples 50 65 65 50 80 70 85 80 55 50 55

60 85 85 80 60 60 60
No. of sampling places (see Fig. 2) ! 2 3 4 > 6 7 g 240 1_; 5B
Ascomycota sp. 2 - - - - - - - 5 - - - MA
Ascomycota sp. 3 - - - 5 - - - - - - - MA
Ascomycota sp. 4 - - - - - - - - - - 20 WA
Ascomycota sp. 5 - - - - - 50 - - - - - SWA
Aspergillus proliferans G. Sm. - - - - - 45 - - - - - SEA
Aspergillus tubingensis Mosseray - - - - - - 15 - - - 65 MA
éiﬁig\iﬂus ustus (Bainier) Thom and _ _ _ 5 B 10 B ~ ~ ~ ~ MA
Aspergillus versicolor (Vuill.) Tirab. 10 - - - - 10 - - - - - CA
Aspergillus sp. - - 5 15 - - - - - - - MA SEA
Aureobasidium pullulans (de Bary B 5 _ _ B B B B B B B MA
and Léwenthal) G. Arnaud
Basidiomycota sp. - - - - - - 5 - - - - MA
Beauveria bassiana (Bals.-Criv.) Vuill. 15 - - = = 10 - - - - - CV/I\-\ CA, MA, SEA,
Beauveria brongniartii (Sacc.) Petch 21 - - - - - - - - - - MA
Beauveria sp. - - - 14 - - - - - - - MA
Botryotinia sp.” 550 - - - - - - - - - - WA
Botrytis cinerea Pers. 50 - - - - - - - - - - CA
‘CI:I(::;::;; zf::t:gmta Lagerb. and 5 B B 5 B B B ~ ~ ~ _ AACA SWA
Cadophora luteo-olivacea (J.F.H.
Beyma) T.C. Harr. and McNew VKM 250 - 10 15 - - - - - 10 - CA, SEA, WA
F-4773°
Cadophora malorum (Kidd and B B B B B B B s ~ - - A
Beaumont) W. Gams
Cadophora melinii Nannf. 30 100 - 5 - - - - - - - MA, SEA, WA
Cadophora sp. 1 25 - - - - - - - - - _  SEA
Cadophora sp. 2 - - - - - - - 5 - - - CA
Chaetosphaeria sp. - - - - - 10 - - - - - CA
S{a;:z;:]o;::;ncrtrlcl)i::'snum (Fr.) Bensch, 400 B B 5 B B B ~ ~ ~ ~ AR, CA, MA, SWA
QodopmomarodimkSab: gy s
Clad ium clad ioides
(Freser:.) G.A. de Vriesa 650 - - - - 10 - - 15 - 20 MA, SEA, SWA
fiI:::sporium herbarum (Pers.) 60 B B B B 2 B ~ ~ ~ ~ MA, SWA
’fAIfjsocss'iZum oxysporum Berk. and 200 B B B B B ~ ~ ~ ~ . MASEA
Cladosporium sp. 1 - - - - 10 - - - - - - AA
Cladosporium sp. 2 10 - - - - - - - - - - SEA
Cladosporium sp. 3 - - 5 - - - - - _ _ - CA
Cladosporium sphaerospermum Penz. 10 30 - - - - - - - - - SEA
Coniochaeta sp. - 5 - - - - - - - - - CA
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Soil from the coast

Soil from the littoral zone

Bottom sediments

pH of the samples 50 65 65 50 80 70 85 80 55 50 55

60 85 85 80 60 60 60
No. of sampling places (see Fig. 2) ! 2 3 4 > 6 7 g 240 1_; 5B
Cordyceps militaris (L.) Fr. - - - - 10 - - - - - ~  AA
E{‘I:r’:i;:il:asidium laeve (Pers.) _ B 5 B B _ _ ~ ~ ~ o
Dothideales sp.* - - - - - - - - - 5 - MA
Dothideomycetes sp. 1* - - - - - - - - - - 65 SWA
Dothideomycetes sp. 2* 10 - - - - - - - - - - MA
Fusarium avenaceum (Fr.) Sacc. = - 10 - - - - - - - - MA
Fusarium graminearum Schwabe - - 10 - - - - - - - - CA
Fusicladium pini Crous and de Hoog 10 - - - - - - - - - ~  SEA
Helotiaceae sp.” 10 - - - - - - - - - - WA
Helotiales sp. 1* 35 - - - - - - - - - - CAWA
Helotiales sp. 2* 25 - - - - - - - - - - CA
Helotiales sp. 3 - - - 15 - - - - - - - MA
Helotiales sp. 4° - - 5 - - - - - - - _ SWA
Helotiales sp. 5° - - - _ _ _ _ _ _ 10 S
Helotiales sp. 6 - - - - - - - - - 5 - CA
ée:;:icillium evansii Zare and W. _ B B B 15 B B ~ ~ ~ A
Lecanicillium sp. 1 10 - - - - - - - - - - AA
Lecanicillium sp. 2 35 - - - - - - - - - - SWA
Lecanicillium sp. 3 - - - 15 - - - - - - - SEA
Massarinaceae sp.” 25 - - - - - - - - - - CA
llie;ngaorrélzllljaddgz;za (Grove) L. 30 B B B B B B ~ ~ ~ ~ SEA
Metapochonia bulbillosa (W. Gams
and Malla) Kepler, Rehner and 30 - - - - - - - - - - CA
Humber VKM F-4674>°
Mortierella elongata Linnem.? - - - - - - - - - 200 - MA
Mucor circinelloides Tiegh. - 5 - - - - - - - - - CAMA
gz;«;i; I:iemalis WehmerVKM B 25 B 15 N B B ~ ~ ~ _ MA SEA WA
Mucor racemosus Fresen. - - 5 - - - - - - - - WA
Nectriaceae sp. 15 - - - - 10 - - - - -  MA
;)r/;z;k')\;li:lr:ri‘ron ambiguum Peyronel 25 B B B B B B B ~ ~ oA
Oidiodendron griseum Robak 10 - - - - - - - - - - MA
Paradendryphiella salina (G.K. _ B s ~ ~ ~ ~ s ~ - o
Sutherl.) Woudenb. and Crous
Parengyodontium album (Limber)
C.C.Tsang, J.FW. Chan, W.M. Pong,
JH.K. Chen, A H.Y.Ngan, Cheung, 30 - - - 15 - - - - - - CA, MA, SEA
C.K.C. Lai, D.N.C. Tsang, S.K.P. Lau,
P.C.Y.Woo
Penicillium aurantiogriseum Dierckx - - 5 - - - - - - - - SEA
Penicillium decumbens Thom - - - - - 35 - - - _ _ CA
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Soil from the coast Soil from the littoral zone Bottom sediments

pH of the samples 50 65 65 50 80 70 85 80 55 50 55

6.0 85 85 8.0 6.0 6.0 6.0

1 2 3 4 5 6 7 8 9,10 11 14,15

No. of sampling places (see Fig. 2) S
Penicillium dierckxii Biourge 10 - - - - - - - - - - WA
Penla'///um glabrum (Wehmer) 10 750 B B B 2 B 5 _ _ _ CA, MA, SEA, WA
Westling
Penicillium griseofulvum Dierckx - - - - - - - - - 10 - CA
Penicillium montanense M. Chr. CA, MA, SEA,
and Backus 100250 - 15 - - - - - T SWAWA
Penicillium multicolor Grig.-Man. _ B B B B B B B 15 B WA
and Porad.
Penicillium restrictum J.C. Gilman and
EV. Abbott -0 - - - - - s ST
Penicillium roseopurpureum Dierckx - - - - - - - - 5 - - WA
Penicillium thomii Maire VKM
F-4664° - 20 - 5 15 - - - - 200 - CA, MA
Penicillium waksmanii K.M. Zaleski 15 10 - - - - - - - - - MA, SEA
Penicillium sp. 1 - - - - 10 - - - - - —  SWA
Penicillium sp. 2 - - - - - 20 - - - - - CA, MA, SWA
Penicillium sp. 3 - - 5 - - - - - _ _ _ SWA
Penicillium sp. 4 - - - - - - 10 - - - - CA, MA, SWA
Peniophora sp. - - - - - - - - - 5 - WA
Phaeoacremonium sp. 375 - - - - - - - - - - SEA
Phialophora sp. - - - 5 - - - - - - —  SWA
Phialophora verrucosa Medlar 15 - - - - - - - - - - CA
Plectosphaerella sp. - - 20 - - - - - — — _ AA
Pleosporales sp. 1 - - - - - - - 5 - - - MA
Pleosporales sp. 2 - - 10 - - - - - - - - MA
Pleosporales sp. 3 - - - - - - - 5 - - -  MA
Ps‘eud'ogymnoasc‘us pannorum (Link) 35 _ _ _ B B B B B B - SEA
Minnis and D.L. Lindner
Sarocladium implicatum (J.C. Gilman
and E.V. Abbott) Giraldo, Gené and - - - - - 10 - - - - - WA
Guarro
Scopulariopsis brumptii Salv.-Duval - - - - - - 5 - - - - MA
Sistotrema brinkmannii (Bres.) J. AA, CA, MA, SWA,
Erikss. VKM F-4640° - -0 % - - 3 N0y,
Sporothrix sp. - - - - - - 10 - - - - CA
Stachybotrys echinatus (Rivolta) B 500 B B B B B B B B _ SEAWA
G.Sm.
Sydowia polyspora (Bref. and
Tavel) E. Miill.* s MA
Talaromyces aculeatus (Raper and
Fennell) Samson, N. Yilmaz, Frisvad = - - - - - - - - - 20 MA
and Seifert
Talarom){ces funlfulosus (ThorT\) Sam- _ B B 250 30 2 10 s _ _ 100 CA, MA, SEA WA
son, N.Yilmaz, Frisvad and Seifert
Talaromyces variabilis (Sopp) Sam- _ 20 B 30 B B B B B 200 _ CASEA

son, N. Yilmaz, Frisvad and Seifert
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Soil from the coast Soil from the littoral zone Bottom sediments
pH of the samples 50 65 65 50 80 70 85 80 55 50 55
6.0 85 85 8.0 6.0 6.0 6.0
2 3 4 5 6 7 8 9,10 1 14,15
No. of sampling places (see Fig. 2) 3
Talaromyces verruculosus (Peyronel)
Samson, N. Yilmaz, Frisvad and - 10 - - 15 - - - - 5 - CA, SWA
Seifert
Tolypocladium cylindrosporum W.
Gams VKM F-4627° 25 - - - - 10 10 5 - - 65  AA MA.SEA
Tolypocladium inflatum W. Gams
1 - - 2 - AA, MA, WA
VKM F-2675° 5 60 5 5 5 5 5 00 y
Tolypocladium nubicola Bissett 5 - - 5 - - 10 - - - - MA,SWA WA
Tflchoderma fzsperellum Samuels, B _ _ _ _ 10 _ _ _ _ _ WA
Lieckf. and Nirenberg
Trichoderma harzianum Rifai 50 - - - 10 - 10 - - - - CA, SEA, SWA, WA
Trichoderma koningii Oudem. 5 - - - - - - - - - - CA

Trichoderma parapiluliferum
(B.S. Lu, Druzhin. and Samuels) - 5 - - - - - - - - - MA
Jaklitsch and Voglmayr

Trichoderma polysporum (Link)

Rifai VKM F-4630° - - 5 - - - - - - - - CAWA

Trichoderma viride Pers. - - 5 - - 10 - - - - - SWA

Trichoderma sp. - - - - - 10 - - - - - CA

Umbelopsis isabellina (Oudem.) 875 15 B B B B B ~ ~ ~ ~ A

W. Gams

Umbelopsis ramanniana (Méller) 25 40 B B B B B ~ ~ ~ ~ CA WA

W. Gams

Umbelopsis vinacea (Dixon-Stew.) 10 B B B B B B ~ ~ ~ ~ A

Arx

Umbelopsis sp. 65 - - - - - - - - - - SWA

Xylobolus sp. - - - - - - 10 - 5 - - AASEA

No of sterile isolates (28 morpho- AA, CA, MA, SEA,
- - 4 2 1 2

types) 3 5 3 3 5 SWA, WA

Species identified by morphological and molecular approach are in bold.

Abbreviation: MA malt extract agar, CA citric agar, AA alkaline agar, WA water agar, SEA Sphagnum
extract agar, SWA semi-saltwater agar.

® GenBank Accession Numbers of these species are in our previous work (Grum-Grzhimaylo et al.
2016).

P Species deposited to All-Russian Collection of Microorganisms—VKM (the numbers are near the
species names).

Results

In total, 313 fungal isolates were obtained from the 42 samples of different types of soils
around the lake and its bottom sediments. These isolates belonged to 127 taxa, repre-
senting 40 genera and 28 sterile unidentified morphotypes (Table 3). Of these taxa, 111
(71.2%) were Ascomycota, 8 (5.1%) Basidiomycota, and 8 (5.1%) Zygomycota. The number
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of viable fungal propagules ranged from 10’ to 10° CFU g' of the sample dry weight.
Taxonomic identification of all taxa was based on morphological characters, while 40 of
them (109 isolates) were identified using molecular markers (ITS and LSU rDNA), includ-
ing the majority of the sterile mycelia (86 of 114 isolates), together with 13 species which
were impossible to identify by morphology and a few frequent species (10 taxa).

The dominance of the fungi from the Ascomycota division was a common characteristic
of the mycobiota from all parts of the lake due to abundance of the anamorphic spe-
cies. The predominant genera were Penicillium (mostly Monoverticillata) and Talaromyces
(Table 3).

The following genera were widely represented in all parts of the lake: Acremonium, Clado-
sporium, Cadophora, Trichoderma, Lecanicillium, Mucor, Umbelopsis, Aspergillus, Tolypo-
cladium, Cordyceps (was presented by anamorphic stages from the genera Beauveria v
Parengyodontium), Talaromyces and Penicillium.

In the Sphagnum peat (Fig. 2, point 1), the following species dominated: Acremonium
spp., Cadophora luteo-olivacea, Hypocreales sp., Penicillium montanense, Metapochonia
bulbillosa, Tolypocladium cylindrosporum, Cladosporium antarcticum, C. allicinum, C.
cladosporioides, and C. herbarum. Cadophora luteo-olivacea, Talaromyces funiculosus and
Tolypocladium inflatum were frequently found in grassed soil (Fig. 2, point 4); Penicillium
glabrum, P. montanense, Trichoderma polysporum and Umbelopsis ramanniana in the for-
est soil (Fig. 2, point 2). Acremonium spp., Antrodia sp., Paradendryphiella salina, Sistotrema
brinkmannii, Penicillium aurantiogriseum, P. funiculosum, P. glabrum, P. thomii, Penicillium
sp., Tolypocladium cylindrosporum, T. inflatum, Trichoderma harzianum and T. viride pre-
dominated in the littoral soils (Fig. 2, points 5-8, 3), and Cladosporium cladosporioides
in the benthic ooze (Figs. 2, points 9-15). The sterile mycelium morphotypes were often
isolated from all components of the lake, except for the forest and silted soils.

The greatest level of similarity in the fungal species composition was identified for the
mycobiota of littoral zone and the lake benthic ooze, while the lowest level was found
between the ooze and the Sphagnum peat. The similarity of the fungal communities
between the different parts of the lake ranged from 0.09 (between the Sphagnum peat
and the bottom sediments) to 0.23 (between the littoral zone and the bottom sediments)
(Table 4).
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Table 4. Similarity of fungal communities of the different parts of the Kislo-Sladkoe Lake (Sgrensen
index).

Grassland soil Forest soil Littoral zone Lake bottom
Sphagnum peat 0.20 0.18 0.21 0.09
Grassland soil - 0.21 0.20 0.15
Forest soil - - 0.1 0.12
Littoral zone - - - 0.23

In the 24 samples taken from different points along the lakeshore that were not flooded
during high tides (Fig. 2, points 1-4; Table 1), 88 fungal morphotypes were distinguished.
The largest number of fungal taxa was found in samples of the living part of the Sphag-
num moss and Sphagnum peat (Fig. 2, point 1) and grass-overgrown soil (Fig. 2, point
4). Penicillium montanense was identified in all layers of the Sphagnum peat deposit, and
all horizons of the forest and grass-overgrown soil. Penicillium glabrum and Trichoderma
polysporum were also isolated from all the horizons of the forest soil (Fig. 2, point 2).
Cladosporium antarcticum, C. allicinum, C. herbarum, Tolypocladium cylindrosporum and
Acremonium spp. were recovered from the peat-bog layers (Fig. 2, point 1). Talaromyces
funiculosus and Tolypocladium inflatum were found to be common in the grass-overgrown
soil (Fig. 2, point 4), and Acremonium sp. 2 and Plectosphaerella sp. in the silted soil (Fig.
2, point 3). Cladosporium, Cordyceps (Beauveria spp., Parengyodontium album), Tolypo-
cladium, Penicillium, Umbelopsis, Cadophora and sterile mycelium were the most widely
represented fungi in the Sphagnum peat (Fig. 2, point 1). In the grass overgrown soil (Fig.
2, point 4), Acremonium, Cadophora, Cordyceps and Penicillium were found with high
frequency, while Penicillium was maximally represented in the forest soil (Fig. 2, point 2;
Fig. 3), and Acremonium, Fusarium and Trichoderma in the silted soil (Fig. 2, point 3). Two
species of Oidiodendron were found only in the Sphagnum peat (Fig. 2, point 1; Table 3).

The littoral zone of the lake (Fig. 2, points 5-8) is characterized by different soil properties
and plant communities, which vary depending on the distance to the sea or freshwater
basins. Eleven soil samples from the littoral zone of the lake yielded 63 morphotypes of
fungi. Samples that were collected from the surface yielded about 3-4 times more fungal
taxa than in samples collected at a depth. The maximum number of fungal taxa (21) was
observed in a sample of surface silt taken close to the river confluence area (Fig. 2, point
6). In general, the soils at the lake always contained Penicillium spp. and sterile mycelia.
Genera such as Acremonium, Tolypocladium, Trichoderma, Aspergillus and Cladosporium
were also widely represented (Table 3). The analysis of the spatial frequency of occur-
rence showed that the predominant fungi in the soil of the Kislo-Sladkoe Lake littoral
were Acremonium spp., Talaromyces funiculosus, Sistotrema brinkmannii, Tolypocladium
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cylindrosporum, T. inflatum, Paradendryphiella salina, Penicillium glabrum, P. thomii, and
Trichoderma viride (Fig. 3, 4).

In total, 33 fungal taxa were identified in the samples collected from the lake’s bottom
sediment (Fig. 2, points 9-15). The number of fungi from the bottom sediment in various
samples varied from 4 to 7. The lake benthic ooze harbored Cladosporium spp., Talaro-
myces spp., Penicillium spp., Tolypocladium spp., and Sistotrema spp., while the remaining
genera were represented by a single species, and the sterile mycelia by 10 morphotypes
(Table 3).

Discussion

The Kislo-Sladkoe Lake is an interesting system to study, as it shares features of both fresh-
and seawater environments. We hypothesized that such a transitional ecosystem would
contain a unique composition of fungal biodiversity. Earlier studies on typical terrestrial
peatlands in the same area showed a drastically different set of fungi (Grum- Grzhimaylo
and Bilanenko 2012; Bilanenko and Grum- Grzhimaylo 2016; Grum-Grzhimaylo et al.
2016). Thus, our current study highlights the unusual hydrology of the lake, which in turn
has resulted in the establishment of a specific fungal community. This could be explained
by the distinctive physical, chemical and hydrological conditions, characteristic to the
lake, which possesses a direct connection to the sea and, as a consequence, contains
coastal vegetation, algoflora, microorganisms and animals different from the continental
water basins that serve as a source of food for the fungi. At the level of higher rank taxa,
such as divisions and classes, the fungal communities in the peatlands of the Kindo pen-
insula are characterized by a similar taxonomy. As the distance from the sea increases,
the composition of the dominant species of fungi in the peat and swamp ooze of the
peatlands changes. We found similar species of fungi in a specific component (e.g., peat
or ooze) between the peatlands, rather than in the peat and ooze of a single peatland.
The Sphagnum peat of the lake coast (Fig. 2, point 1) is thin in comparison with other
studied peat bogs in the area (Grum-Grzhimaylo et al. 2016). From the lake, despite the
unfavorable conditions of the Sphagnum peat (recalcitrant cell walls of Sphagnum moss,
abundant phenolic compounds, anoxia), we isolated a large diversity of fungi, including
Acremonium spp., Alternaria spp., Aspergillus versicolor, Beauveria spp., Botryotinia sp.,
Botrytis cinerea, Cadophora spp., Cladosporium spp., Oidiodendron spp., Lecanicillium spp.,
Penicillium spp., Talaromyces funiculosus, Tolypocladium spp., Trichoderma spp., Umbelopsis
spp., sterile mycelia, some of which (Cadophora sp. 1, Cadophora luteo-olivacea, Cladospo-
rium sp. 2, Cladosporium sphaerospermum, Fusicladium pini, Helotiales sp. 5, Lecanicillimm
sp. 3, Penicillium aurantiogriseum, Phaeoacremonium sp, Pseudogymnoascus pannorum,
and Stachybotrys dichroa) appeared only on the media which were based on the Sphag-
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num extract (Table 3). Contrary to typical terrestrial peat, the Sphagnum peat of the lake
harbored a substantially larger fraction of fungi which are indicative of marine habitats,
such as Acremonium, Cadophora, Cladosporium, and Tolypocladium (Online Resource 4).
The fungal composition in the peat bogs of the terrestrial lakes in the area (Verkhneye,
Krugloye and Yershovskoye Lakes), which have already separated from the sea, is similar,
despite the different age and altitude above sea level (Grum-Grzhimaylo et al. 2016).

Frequency % B Peat MSeashore soil MBoreal podzol MLittoral Lake bottom
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Fig. 3. The spatial frequency of the most abundant fungal species in the Kislo-Sladkoe Lake.

The benthic ooze (Fig. 2, points 9-15) is a more dynamic system due to differences in the
organic matter inflow, exposure to external physical, chemical and hydrological condi-
tions, and to the presence of marine sediments therein. Therefore, the fungal composition
of the ooze was unique and differed between different lakes, except for sterile mycelia,
the proportion of which was much higher compared to the peat. The ooze of both the
terrestrial lakes and brackish lakes contained typical marine fungi of Acremonium which,
by BLAST similarity search, are close to A. fuci, A. potronii and A. strictum (Jones et al. 2009).
Thus, the presence of typical marine-borne fungi in the ooze of all the studied lakes re-
flects the process of their separation from the sea.
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Fig. 4. The spatial frequency of fungal species (with the spatial frequency > 22%) in the littoral of the
Kislo-Sladkoe Lake

To make a direct comparison with the marine habitats, we compared the fungal com-
position of the lake with the fungal community in the bottom sediments of the Velikaya
Salma Strait (part of the White Sea near the lake). Bubnova et al. (2014) detected three ob-
ligate marine species in the sediments (Acremonium fuci, Paradendryphiella arenaria and
P. salina), all the rest were classified as land-origin species. The fungal composition was
represented mainly by the cosmopolitan species (Penicillium spp.) and typical soil species
for this region (Pseudogymnoascus pannorum, Penicillium spp., Tolypocladium spp., and
Trichoderma spp.). The distinctive feature of the fungal composition in the bottom sedi-
ments was a high abundance and rich diversity of Acremonium spp., which are known to
often occupy marine-borne habitats (Bubnova et al. 2014). These fungi were also found
in our samples taken from the littoral zone of the lake, especially at sites where sea water
flows in. BLAST search results showed that all of them were close to the obligate and
facultative marine species of Acremonium.

Many of the dominating and frequent species distinguished from different components
of the lake appeared to be typical representatives of nearby habitats (Acremonium spp.,
Penicillium spp., Tolypocladium spp., and Trichoderma spp.).

Of note, the littoral samples, which are the closest to the sea (Fig. 2, points 5, 7), were
enriched with the fungi typically found in marine habitats (Paradendryphiella salina,
Acremonium cf. fuci, and Cadophora spp.). Conversely, the peat samples from the shore,
which are desalinated and covered with vegetation (Fig. 2, points 1, 2, 4), contained fun-
gal species commonly associated with peat bogs (Oidiodendron spp., Penicillium thomii,
P. montanense). Penicillium montanense was recovered from all the samples of the coastal
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area (forest soil, Sphagnum peat, meadow soil and the place of the freshwater brook
confluence), but was not found in samples taken at places connected to the sea or in
benthic ooze sediments. It can be assumed that pH values inhibit the spread of this spe-
cies. Penicillium montanense is often noted in acidic habitats, such as decomposing bogs
and fens, needle litter, and the rhizosphere of coniferous (Thormann et al. 2004; Osono et
al. 2006), while sea water has an alkaline reaction.

Table 5. Helotiales taxa distribution in the Kislo-Sladkoe Lake, and the Yershovskoye, Krugloye and
Verkhneye lakes.

Lake Number of taxa
Kislo-Sladkoe 15
Ershovskoye 8
Krugloye 2
Verkchneye 9

Selective media makes it possible to recover slowly growing oligotrophic and acid-
tolerant species that are able to thrive under unfavorable conditions, such as low pH and
the presence of recalcitrant compounds of Sphagnum moss. The highest number of spe-
cies was isolated on malt extract agar and citric acid buffer agar media. However, the use
of alkaline and neutral media allowed us to identify the alkalitolerant and neutrophilic
species (Acremonium spp., Plectosphaerella sp.) characteristic of many parts of the lake.
The results of using the different media are shown in Online Resource 5. DNA-based
identification was most useful with basidiomycetous fungi, though also with ascomyce-
tous species of the Helotiales and Pleosporales. BLAST search results showed that many
of our pleosporalean isolates from the lake were close to known marine species, such as
Bissothecium circinans and Loratospora aestuarii (Schoch et al. 2009). Similarly, fungi from
the Helotiales have often been found in marine habitats (Wang et al. 2006). In our stud-
ies of the fungi in the Kindo peninsula pealtland lakes, the major part of the Helotiales
were found in the lake (Table 5). Presumably, this is related to the fact that conditions in
this lake are more similar to the sea conditions in comparison with the other lakes of the
Kindo peninsula. The most common basidiomycete in the lake was Sistotrema brinkman-
nii, which is widely distributed in deciduous and coniferous forests, and known as a late-
stage wood destructor. In the current study, this species was found in the swamp peat
along the peninsula and from most of the samples taken from different parts of the lake.
The presence of Sistotrema brinkmannii both in the littoral soil and benthic sediments
of the water basins is intriguing, and its exact role in these wood-free habitats warrants
further research.
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Our investigations revealed that the fungal communities in the Kindo peninsula peat and
lakes depend on their origin. Since the lake is similar in its properties to the other lakes
that we studied in the WSBS area (depth less than 5 m and presence of a freshwater flow),
it could be assumed that the lake would develop in the same way — from eutrophic to
oligotrophic, through the mesotrophic and upper aapa-type swamp stages (Olunina
2008). Hence, in the process of their waterlogging, as well as in other swamps, there will
be a respective change in plant communities, the organic composition of sediments,
and, consequently, in the fungal content. The presence of both typical marine species
and species characteristic for freshened water basins, soil and peat, indicates the lake’s
transitional stage from the sea to a groundwater basin, resulting in a combination of
abiotic factors. In future research, it would be of interest to study the functional role and
adaptation trajectories of fungi in such environments.
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Online Resource 2. Parameters of water in the Kislo-Sladkoe Lake from each layer in 2010
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Online Resource 3. Results of the molecular analysis of 73 taxa including accession numbers of DNA
sequences and the closest match from the GenBank database

Taxa Genbank Accession No.  Blast results
ITS LSU
Acremonium cf. fuci JX535068 JX535069 Acremonium fuci, 512/513,99% ITS KT207762
Acremonium fuci, 474/475, 99% ITS AY632652
Acremonium sp., 2039/2040, 99% LSU KC987248
Acremonium sp. 1 JX535106 JX535107 Acremonium sp., 500/500, 100% ITS KC987141
Acremonium sp., 2038/2040, 99% LSU KC987248
Acremonium sp. 1 JX535076 JX535077  Acremonium sp., 498/498, 100% ITS KC987141
Acremonium sp., 2025/2027, 99% LSU KC987248
Acremonium sp. 1 JX535096 JX535097 Acremonium sp., 500/500, 100% ITS KC987141
Acremonium sp., 2038/2040, 99% LSU KC987248

Acremonium sp. 1 JX535176 Acremonium sp., 500/500, 100% ITS KC987141
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Taxa Genbank Accession No.  Blast results
ITS LSU
Acremonium sp. 2 JX535074 JX535075  Acremonium sp., 496/496, 100% ITS KC987145
Acremonium sp., 2032/2033, 99% LSU KC987248
Acremonium sp. 2 JX535054 JX535055 Acremonium sp., 499/499, 100% ITS KC987145
Acremonium sp., 2036/2037, 99% LSU KC987248
Acremonium sp. 2 JX535152 Acremonium sp., 499/499, 100% ITS KC987145
Acremonium sp. 2 JX535048 JX535049 Acremonium sp., 506/506, 100% ITS KR425654
Acremonium sp., 497/497,100% ITS KC987145
Acremonium sp., 2013/2037, 99% LSU KC987248
Acremonium sp. 2 JX535064 JX535065 Acremonium potronii, 458/458, 100% ITS AY632655
Acremonium sp., 2040/2040, 100% LSU KC987248
Acremonium sp. 2 JX535066 JX535067  Acremonium potronii, 505/505, 100% ITS AY632655
Acremonium sp., 2040/2040, 100% LSU KC987248
Acremonium sp. 3 JX535062 JX535063 Acremonium sp., 507/510, 99% ITS KP269047
Acremonium sp., 383/391, 99% ITS JX076976
Acremonium sp., 1919/2053, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 3 JX535092 JX535093 Acremonium sp., 499/506, 99% ITS FJ571421
Acremonium sp., 2017/2050, 98% LSU GQ867783
Sarocladium sp., 2007/2039, 98% LSU KC987243
Acremonium sp. 4 JX535182 Acremonium sp., 426/431,99% ITS FN386307
Acremonium sp., 499/506, 99% ITS FJ571421
Acremonium sp. 5 JX535044 JX535045 Acremonium sp., 507/510, 99% ITS KP269047
Acremonium sp., 1919/2053, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 5 JX535050 JX535051 Acremonium sp., 508/511, 99% ITS KP269047
Acremonium sp., 1911/2044, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 5 JX535072 JX535073 Acremonium sp., 507/510, 99% ITS KP269047
Acremonium sp., 1902/2035, 93% LSU GQ867783
Sarocladium sp., 1896/2029, 93% LSU KC987243
Acremonium sp. 5 JX535056 JX535057  Acremonium sp., 507/510,99% ITS KP269047
Acremonium sp., 1915/2049, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 5 JX535058 JX535059  Acremonium sp., 506/510, 99% ITS KP269047
Acremonium sp., 1915/2049, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 5 JX535060 JX535061 Acremonium sp., 507/510, 99% ITS KP269047
Acremonium sp., 1911/2044, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 5 JX535156 Acremonium sp., 515/519, 99% ITS KP269047
Acremonium sp. 5 JX535070 JX535071 Acremonium sp., 507/510, 99% ITS KP269047
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Taxa Genbank Accession No.  Blast results
ITS LSU
Acremonium sp., 1915/2048, 93% LSU GQ867783
Sarocladium sp., 1909/2042, 93% LSU KC987243
Acremonium sp. 6 JX535052 JX535053 Emericellopsis terricola, 505/506, 99% ITS ETU57676
Emericellopsis minima, 505/506, 99% ITS KT290876
Acremonium sp., 2027/2036, 99% LSU KC987248
Acremonium sp., 2027/2036, 99% LSU KC987223
Acremonium sp. 6 JX535094 JX535095 Emericellopsis terricola, 505/505, 99% ITS FJ430737
Emericellopsis minima, 505/506, 99% ITS KT290876
Acremonium sp., 2027/2035, 99% LSU KC987248
Acremonium sp., 2027/2035, 99% LSU KC987223
Acremonium sp. 6 JX535153 Emericellopsis terricola, 512/513,99% ITS FJ430737
Emericellopsis minima, 516/518, 99% ITS KT290876
Alternaria sp. 1 JX535138 Alternaria brassicae, 503/503, 100% ITS KT803065
Alternaria porri, 503/503, 100% ITS KT803064
Alternaria alternata, 503/503, 100% ITS KT366738
Alternaria sp. 2 JX535139 Alternaria tenuissima, 503/503, 100% ITS KT291415
Alternaria alternata, 503/503, 100% ITS KT238888
Alternaria sp. 2 JX535178 Alternaria tenuissima, 503/503, 100% ITS KT291415
Alternaria alternata, 503/503, 100% ITS KT238888
Antrodia sp. JX535080 JX535081 Antrodia primaeva, 564/566, 99% ITS JQ700272
Antrodia xantha, 2016/2089, 97% LSU AJ583430
Ascomycota sp. 1 JX535148 JX535149 Fungal sp., 514/524,98% ITS EU725705
Helotiales sp., 457/464, 98% ITS FN548161
Articulospora atra, 1975/2057, 96% LSU KP234353
Ascomycota sp. 2 JX535087 Ascomycota cf. Helotiales, 432/439, 98% ITS HE998712
Ascomycota sp., 461/489, 94% ITS HQ008924
Ascomycota sp. 3 JX535098 JX535099  Ascomycete sp., 479/483,99% ITS AMO084519
Ascomycota sp., 501/521, 96% ITS JN655575
Articulospora atra, 1975/2057, 96% LSU KP234353
Ascomycota sp. 4 JX535116 Pseudocercosporella fraxini, 439/448, 98% ITS LN808860
Ascomycota sp., 456/474, 96% ITS KC460802
Ascomycota sp. 5 JX535144 Tricladium sp., 493/493, 100% ITS HQ623448
Helotiales sp., 494/499, 99% ITS KF428422
Aspergillus tubingensis JX535043 Aspergillus tubingensis, 474/474, 100% ITS KT277272
Aspergillus pseudoglaucus, 492/492, 100% ITS KT222020
Aspergillus glaucus, 492/492, 100% ITS AY373887
Aspergillus sp. JX535174 Aspergillus pseudoglaucus, 492/492, 100% ITS KT222020
Aspergillus glaucus, 492/492, 100% ITS AY373887
Cadophora luteo-olivacea JX535085 Cadophora luteo-olivacea, 567/567, 100% ITS KU141395
Cadophora luteo-olivacea JX535089 Cadophora luteo-olivacea, 574/575, 99% ITS KU141395
Cadophora luteo-olivacea, 574/575, 99% ITS KP903599
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Taxa Genbank Accession No.  Blast results
ITS LSU
Cadophora luteo-olivacea JX535159 Cadophora luteo-olivacea, 568/568, 100% ITS KU141395
Cadophora malorum JX535086 Cadophora malorum, 543/543, 100% ITS GU212432
Uncultured Melanopsammella (Chaetosphaeria)
Chaetosphaeria sp. JX535168 clone, 490/490, 100% ITS JF519556
Cladosporium sp. 1 JX535160 Cladosporium langeronii, 489/489, 100% ITS KP701931
Cladophialophora bantiana, 489/489, 100% ITS ~ KM232500
Coniochaeta sp. JX535133 JX535134 Coniochaeta sp., 507/507, 100% ITS HQ829070
Coniochaeta sp., 502/502, 100% ITS HQ657291
Coniochaeta sp., 1512/1544, 98% LSU JX507630
Cylindrobasidium laeve JX535036 JX535037 Cylindrobasidium laeve, 680/680, 100% ITS KJ652553
Cylindrobasidium laeve, 680/680, 100% ITS DQ097354
Cylindrobasidium laeve, 1385/1386, 99% LSU DQ234541
Helotiales sp. 3 JX535161 Phialocephala sp., 496/497, 99% ITS AY606294
Phaeomollisia piceae, 489/494, 99% ITS LN714584
Helotiales sp. 6 JX535102 JX535103 Helotiales sp., 478/505, 95% ITS JX852365
Catenulifera brevicollaris, 479/507, 94% ITS NR_121471
Helotiales sp., 2027/2043, 99% LSU JX507673
Mucor hiemalis* JX535127 Mucor hiemalis f. silvaticus, 588/589, 99% ITS AY243948
Mucor hiemalis f. silvaticus, 569/570, 99% ITS JN206122
Nectriacea sp. JX535154 Neonectria obtusispora, 478/479, 99% ITS KP411558
Cylindrocarpon lucidum, 456/457, 99% ITS AY805555
Paradendryphiella salina JX535142 Paradendryphiella salina, 526/526, 100% ITS KU214560
Paradendryphiella salina JX535165 Paradendryphiella salina, 510/510, 100% ITS KU214560
Penicillium montanense* JX535126 Penicillium montanense, 504/504, 100% ITS JN376150
Penicillium thomii* JX535130 Penicillium thomii, 512/512, 100% ITS KT200277
Plectosphaerella sp. JX535155 Plectosphaerella cucumerina, 489/490,99% ITS ~ KP686178
Plectosphaerella sp., 487/488, 99% ITS KP714372
Plectosphaerella sp. JX535151 Plectosphaerella cucumerina, 489/490,99% ITS ~ KP686178
Plectosphaerella sp., 487/488,99% ITS KP714372
Plectosphaerella cucumerina JX535104 JX535105 Plectosphaerella cucumerina, 490/490, 100% ITS  KP686178
Plectosphaerella cucumerina, 924/934,99% LSU  U17399
Pleosporales sp. 1 JX535157 JX535158  Stagonospora pseudovitensis, 481/482,99% ITS ~ KF251262
Pleosporales sp., 476/477,99% ITS AB809642
Pleosporaceae sp., 1958/2046, 96% LSU KJ443134
Pleosporales sp. 2 JX535136 JX535137  Pleosporales sp., 465/471,99% ITS KP963609
Pleosporaceae sp., 1965/2053, 96% LSU KJ443134
Pleosporales sp. 3 JX535184 Stagonospora pseudovitensis, 481/482,99% ITS ~ KF251262
Pleosporales sp., 476/477,99% ITS AB809642
Sistotrema brinkmannii JX535039 JX535040  Sistotrema brinkmannii, 606/606, 100% ITS KM232461
Sistotrema brinkmannii, 2060/2060, 100% LSU JX535083
Sistotrema brinkmannii JX535169 JX535170 Sistotrema brinkmannii, 570/570, 100% ITS KM232461
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Taxa Genbank Accession No.  Blast results
ITS LSU

Sistotrema brinkmannii, 2056/2056, 100% LSU JX535083
Sistotrema brinkmannii JX535117 JX535118  Sistotrema brinkmannii, 524/524, 100% ITS JX946668

Sistotrema brinkmannii, 2062/2062, 100% LSU ~ JX535083
Sistotrema brinkmannii JX535146 JX535147 Sistotrema brinkmannii, 569/569, 100% ITS LN714605

Sistotrema brinkmannii, 1197/1199, 99% LSU KF218967
Sistotrema brinkmannii JX535041 JX535042 Sistotrema brinkmannii, 570/570, 100% ITS JX507710

Sistotrema brinkmannii, 1199/2000, 99% LSU KF218967
Sistotrema brinkmannii JX535183 Sistotrema brinkmannii, 573/573, 100% ITS LN714605
Sistotrema brinkmannii JX535177 Sistotrema brinkmannii, 576/576, 100% ITS LN714605
Tolypocladium cylindrospo- Tolypocladium cylindrosporum, 504/504, 100%
rum* JX535140 ITS KJ028796
Tolypocladium cylindrospo- Tolypocladium cylindrosporum, 498/498, 100%
rum* JX535150 ITS FJ025179
Tolypocladium inflatum* JX535185 Tolypocladium inflatum, 494/494, 100% ITS JQ780650
Tolypocladium inflatum* JX535128 Tolypocladium inflatum, 487/488, 99% ITS JQ780650

Tolypocladium inflatum, 487/488, 99% ITS JQ266196
Trichoderma parapiluliferum* ~ JX535122 Trichoderma parapiluliferum, 539/539, 100% ITS  NR_134341
Trichoderma polysporum* JX535131 Hypocrea pachybasioides, 557/557, 100% ITS JQ780637
Xylobolus sp. JX535112 Stereum hirsutum, 470/472,99% ITS JX501297

* species names identified also by morphology
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Online Resource 4. The spatial frequency of fungal species (with the spatial frequency in the Sphag-
num peat samples > 4.5%) in the Sphagnum peat of the Verkhnee, Krugloe, Yershovskoe and Kislo-
Sladkoe Lakes

Frequency % MVerchnee M Krugloe ™ Ershovskoe M Kislo-Sladkoe
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Online Resource 5. Fungi from the Kislo-Sladkoe Lake isolated on different culture media
Media
Taxa MA CA AA WA SEA SWA
Acremonium cf. charticola — — — + — _
Acremonium cf. fuci — — — — —
Acremonium sp. 1 + — + + —
Acremonium sp. 2 + — + — _
Acremonium sp. 3 + — + — — —
Acremonium sp. 4 + — — — — _
Acremonium sp. 5 + — — — — +
Acremonium sp. 6 — — + — — —
Alternaria alternata — + — — — _
Alternaria sp. 1 + — — — — _
Alternaria sp. 2 + + — — — _

Antrodia sp. — + — — — —
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Taxa

Media

MA

CA

AA

WA

SEA

SWA

Ascomycota sp. 1

Ascomycota sp. 2

Ascomycota sp. 3

Ascomycota sp. 4

Ascomycota sp. 5

Aspergillus proliferans

Aspergillus tubingensis

Aspergillus ustus

Aspergillus versicolor

Aspergillus sp.

Aureobasidium pullulans

Basidiomycota sp.

Beauveria bassiana

Beauveria brongniartii

Beauveria sp.

Botryotinia sp.

Botrytis cinerea

Cadophora fastigiata

Cadophora luteo-olivacea

Cadophora malorum

Cadophora melinii

Cadophora sp. 1

Cadophora sp. 2

Chaetosphaeria sp.

Cladosporium allicinum

Cladosporium antarcticum

Cladosporium cladosporioides

Cladosporium herbarum

Cladosporium oxysporum

Cladosporium sp. 1

Cladosporium sp. 2

Cladosporium sp. 3

Cladosporium sphaerospermum

Coniochaeta sp.

Cordyceps militaris

Cylindrobasidium laeve

Dothideales sp.

Dothideomycetes sp. 1

Dothideomycetes sp. 2




86 | Chapter3

Taxa

Media

AA

WA

SEA

SWA

Fusarium avenaceum

Fusarium graminearum

Fusicladium pini

Helotiaceae sp.

Helotiales sp. 1

Helotiales sp. 2

Helotiales sp. 3

Helotiales sp. 4

Helotiales sp. 5

Helotiales sp. 6

Lecanicillium evansii

Lecanicillium sp. 1

Lecanicillium sp. 2

Lecanicillium sp. 3

Massarinaceae sp.

Memnoniella dichroa

Metapochonia bulbillosa

Mortierella elongata

Mucor circinelloides

Mucor hiemalis

+ |+ |+
+

Mucor racemosus

Nectriaceae sp.

Oidiodendron ambiguum

Oidiodendron griseum

Paradendryphiella salina

Parengyodontium album

+l+ |+ |+ ]+
|

Penicillium aurantiogriseum

Penicillium decumbens

Penicillium dierckxii

Penicillium glabrum

+

Penicillium griseofulvum

Penicillium montanense

Penicillium multicolor

Penicillium restrictum

Penicillium roseopurpureum

+ |+ |+ |+

Penicillium thomii

Penicillium waksmanii

Penicillium sp. 1

Penicillium sp. 2




Mosaic structure of the fungal community in the Kislo-Sladkoe Lake

87

Taxa

Media

MA

CA

AA

WA

SEA

SWA

Penicillium sp. 3

Penicillium sp. 4

Peniophora sp.

Phaeoacremonium sp.

Phialophora sp.

Phialophora verrucosa

Plectosphaerella sp.

Pleosporales sp. 1

Pleosporales sp. 2

Pleosporales sp. 3

Pseudogymnoascus pannorum

Sarocladium implicatum

Scopulariopsis brumptii

Sistotrema brinkmannii

Sporothrix sp.

Stachybotrys echinatus

Sydowia polyspora

Talaromyces aculeatus

Talaromyces funiculosus

Talaromyces variabilis

Talaromyces verruculosus

Tolypocladium cylindrosporum

Tolypocladium inflatum

Tolypocladium nubicola

Trichoderma asperellum

Trichoderma harzianum

Trichoderma koningii

Trichoderma parapiluliferum

Trichoderma polysporum

Trichoderma viride

Trichoderma sp.

Umbelopsis isabellina

Umbelopsis ramanniana

Umbelopsis vinacea

Umbelopsis sp.

Xylobolus sp.

No of taxa

51

43

16

29

27

24

Abbreviations: MA = malt extract agar, CA = citric agar, AA = alkaline agar, WA = water agar, SEA =
Sphagnum extract agar, SWA = semi-saltwater agar.
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Abstract

The current study addresses the fungal diversity of the peatlands that vary geo-
graphically and geologically, in the central and northern parts of Russia. The central
(Smolenskaya area, National Park «Smolenskoye Poozerie») and northern (White Sea
Biological Station area) peatlands have a different geological history, the former have
a glacial origin, while the latter are of marine origin. Our aim was to investigate the
fungal biota of these zones full of Sphagnum mosses, and possibly reveal the species
that are pertinent to these particular habitats. In both investigated areas, we found
an overall poor species diversity with a high fraction of sterile mycelia. Many penicillia
species were dominating in all peat samples - P. thomii, P. spinulosum, P. glabrum, P.
funiculosum, P. aurantiogriseum (together with Geotrichum candidum), many of them
are known to degrade Sphagnum. We were particularly interested in the dynamics
of the species from the genus Oidiodendron that have been shown to be involved in
primary Sphagnum degradation. The northern area contained a larger species diver-
sity of Oidiodendron, as compared to the central zone. Interestingly, insect-associated
species of the genus Tolypocladium and Beauveria, along with the psychrotolerant
species of Geomyces and Tolypocladium were recovered only from the northern
peatlands. Aspergillus spp. were found in peatlands of the central zone only. We link
this result to the climatic features of the area, but also different invertebrate contents
that may be utilized by fungi. We detected a tendency of an increasing diversity of
Oidiodendron species, psychrotolerant and entomopathogenic fungal species as well
as a proportion of sterile forms in the northern area.

Key words
Entomopathogenic fungi, fungi decomposing Sphagnum, fungi in peatlands, micro-
mycetes in peatlands, Oidiodendron spp., psychrotolerant fungi, Tolypocladium spp.
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Introduction

Oligotrophic peatlands cover more than 10% of Russia’s territory and are the largest reser-
voirs of peat among peatland types in Russia (Yurkovskaya, 2004). Although oligotrophic
peatlands are prevalent in northern areas such as taiga and tundra zones, they also occur
more southerly, to the extent of the steppe zone. The peat accumulation is caused by
microorganisms that decompose organic matter at a relatively slow rate. The slow rate is
corroborated by extremely unfavourable abiotic conditions: low oxygen, low tempera-
ture, low pH, high humidity and presence of inhibitory phenolic compounds from a local
vegetation, mostly Sphagnum mosses. Specific groups of fungi and bacteria are the main
players involved in the process of organic matter decomposition in peat (Kachalkin et al.,
2005; Gilbert, Mitchell, 2006; Thormann, Rice, 2007; Andersen et al., 2010; Golovchenko
et al.,, 2013). However, the diversity of fungi inhabiting oligotrophic peatland remains
understudied, especially in the northern regions. The comparison of the fungal biota be-
tween oligotrophic peatlands of both central and northern areas would allow to evaluate
the fungal species that are shared (or different) among habitats, possibly shedding some
light on their physiology in peat. Existing studies suggest that the fungal diversity among
oligotrophic peatlands may vary significantly (Thormann et al., 2004; Thormann, Rice,
2007). The reason is believed to be the unique associations of fungi with specific plants,
which are pertinent to a given area (Nilsson et al., 1992; Thormann et al., 2004; Filippova,
2015).

Materials and methods

We have been monitoring fungi at the White Sea coastal and Smolensk region peatlands
for a number of years now. Using various approaches, we sought to recover most of the
culturable fungal species from that area (Bilanenko, Grum-Grzhimaylo, 2007; Grum-Grzhi-
maylo et al., 2010, 2012, 2016). Since the Sphagnum mosses are the main ingredient of
peat, we collected and analyzed the samples from the vertical columns of peat deposits
where dominated by Sphagnum spp. Hence, our comparative analysis of the fungal biota
in differently located oligotrophic peats was accounting for the climatic factors (mainly
temperature) rather than plant-associated differences of fungal communities. The pH val-
ues of the samples in both regions were similar and varied from 4.0 to 4.5. Climatic factors
globally affect the distribution of biota, including one of the most prominent inhabitants
of the oligotrophic peats — an arctic mosquito (Aedes spp., Culex spp.). During warm sea-
son, these species reproduce in bulk, and along with the plant material, can act as a food
source for fungi (Bubnova et al., 2014). Our research attempts to compare fungal diversity
of the two distinct following types of peatlands — the White Sea coastal peatlands (White
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Sea Biological Station, WSBS, northern, 66°34'N, 33°08'E) and the Smolensk region peat-
lands (National Park «Smolenskoye Poozerie», SP, central, 55°53'N, 31°40'E) (Fig. 1).
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Fig 1. The map of both research locations

The first type appears to have been formed as a result of a part of the sea becoming
isolated in the course of a land uplift, followed by both demineralization and bogging
(Shaporenko et al., 2005; Pantyulin, Krasnova, 2011), whereas the central type shows
boggy depressions of glacial origin (Grum-Grzhimaylo et al., 2016). The comparison of the
fungal biota between the two boggy areas may give us a clue about the shared species,
but also unique ones that may contribute to local ecology of a given peatland.

The climate of the SP is moderately continental with well-defined seasons. Wet air masses
from the Atlantic release frosts and snowfalls in winter and a high temperature and rain
in summer. The average yearly temperature here is about 4.3°C (Grum-Grzhimaylo et al.,
2016). The climate of the WSBS region is transitional from marine polar to moderately con-
tinental. There are long winter and spring, short summer and long autumn at the WSBS.
The average yearly temperature here is about 0.5°C (Shilovtseva, 2009). In June 2006 29
and 25 peat samples from three SP peatlands were taken and from three WSBS peatlands
in June 2007, subsequently. The detailed description of the peatlands and taking, storing
and cultivation of the samples has been exposed in our earlier works (Bilanenko, Grum-
Grzhimaylo, 2007; Grum-Grzhimaylo et al., 2016). Only the differences in the methods are
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remarked here. The peat samples from the SP were stored at deep freeze until the cultiva-
tion, whereas the samples from the WSBS were processed immediately after collecting.

Results and Discussion

Our results indicate that the explored peatlands of both regions show low species diver-
sity of the cultured micromycetes. The analysis of the SP samples helped to identify 39
species of fungi and to reveal 3 sterile isolates. The samples of the WSBS peatlands con-
tained 31 species and 8 sterile mycelia. Only 8 fungal species were found in both regions
(sterile isolates excluded) (Table 1).

Table 1. Fungal species isolated from the peatlands (No 1, 2, 3)

Species SP WSBS

Acrodontium crateriforme (J.F.H. Beyma) de Hoog -

Alternaria alternata (Fr.) Keissl. -

|
+ |+ |+

|

|

Aureobasidium pullulans (de Bary & Lowenthal) G. Arnaud +

Aspergillus fischeri Wehmer -

+ |+ |+ [+
+

Aspergillus fumigatus Fresen. -

Aspergillus niger Tiegh. + - - - _ _

Beauveria bassiana (Bals.-Criv.) Vuill. - - — - + _

Botrytis cinerea Pers. - - - + - +

Cadophora fastigiata Lagerb. & Melin + - - - - -

Cladosporium cladosporioides (Fresen.) G.A. de Vries - - - + - +

Cladosporium herbarum (Pers.) Link - - - + + +

Clonostachys rosea (Link) Schroers, Samuels, Seifert & W. Gams + - - - - -

Diplodascus geotrichum (E.E. Butler & L.J. Petersen) Arx + + - + - -

Gibellulopsis nigrescens (Pethybr.) Zare, W. Gams & Summerb. - - - + - -

Lecanicillium evansii Zare & W. Gams + - - _ _ _

Lecanicillium sp. - - - - + -

Mucor hiemalis Wehmer + + + - - -

Mucor plumbeus Bonord. + - - - - _

Oidiodendron cereale (Thim.) G.L. Barron + - - - - _

Oidiodendron griseum Robak - - - + + _

Oidiodendron periconioides Morrall - - - - + -

Paecilomyces divaricatus (Thom) Samson, Houbraken & Frisvad - + + - - -

Penicillium aurantiogriseum Dierckx + + + - + -

Penicillium brevicompactum Dierckx - - - + + -

Penicillium chermesinum Biourge + - - - - -

Penicillium citreonigrum Dierckx - - - + + -




94 | Chapter4

Species SP WSBS

Penicillium citrinum Thom - + _ - - _

Penicillium dierckxii Biourge + + + - - -

Penicillium dipodomyis (Frisvad, Filt. & Wicklow) Banke, Frisvad & S.
Rosend.

Penicillium glabrum (Wehmer) Westling + - - + + _

Penicillium implicatum Biourge - - - - - +

Penicillium lividum Westling - + - - - -

Penicillium nalgiovense Laxa - - - - + -

Penicillium oxalicum Currie & Thom - + - - _ _

Penicillium purpurascens (Sopp) Biourge + - - - - _

Penicillium restrictum J.C. Gilman & E.V. Abbott - - - + - -

Penicillium rolfsii Thom - - - - + -

Penicillium spinulosum Thom + + + + + +

Penicillium thomii Maire - + - + + +

Penicillium velutinum J.F.H. Beyma + - - _ _ _

Penicillium vinaceum J.C. Gilman & E.V. Abbott - - - + + +

Penicillium waksmanii K.M. Zaleski + + - - _ _

Pseudogymnoascus pannorum (Link) Minnis & D.L. Lindner - - - + - -

Phialophora europaea de Hoog, Mayser & Haase - + - - - -

Rhizopus stolonifer (Ehrenb.) Vuill. + - - - _ _

Sclerotinia sp. - - - + + -

Talaromyces aculeatus (Raper & Fennell) Samson, N. Yilmaz, Frisvad
& Seifert

Talaromyces diversus (Raper & Fennell) Samson, N. Yilmaz & Frisvad - - - - + -

Talaromyces funiculosus (Thom) Samson, N. Yilmaz, Frisvad &
Seifert

Talaromyces purpureogenus Samson, Yilmaz, Houbraken, Spierenb.,
Seifert, Peterson, Varga & Frisvad

Talaromyces rugulosus (Thom) Samson, N. Yilmaz, Frisvad & Seifert + - - - - -

Talaromyces variabilis (Sopp) Samson, N. Yilmaz, Frisvad & Seifert + + - - - -

Talaromyces verruculosus (Peyronel) Samson, N. Yilmaz, Frisvad &
Seifert - - - + - -

Thyronectria cucurbitula (Tode) Jaklitsch & Voglmayr - - - + - -

Tolypocladium geodes W. Gams - - - - + _

Tolypocladium inflatum W. Gams - - - + - _

Trichoderma koningii Oudem. - - + - - -

Umbelopsis ramanniana (Méller) W. Gams + - - - - _

Sterile isolates (12 morphotypes) 3 - - 3 5 1

Abbreviation: SP - the National Park «Smolenskoye Poozerie». WSBS - the White Sea Biological
Station. Common species for SP and WSBS are in boldface
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It is known that specific conditions of peatlands restrict the diversity of fungi (Grum-
Grzhimaylo, Bilanenko, 2010). The prevailing number of anamorphic species belonged to
Ascomycota, mostly Penicillium spp. These results do not disprove the existing view on
the mycobiota of peatlands (Thormann, Rice, 2007). The following species were found
in both regions: P. thomii, P. spinulosum, P. glabrum, P. funiculosum, P. aurantiogriseum.
The capacity of P. spinulosum and P. thomii to decompose Sphagnum was mentioned in a
number of earlier mycological works (Chastuchin, 1967; Dickinson, Maggs, 1974). P. spinu-
losum is regarded as a typical species for a humus soil horizon and oligotrophic peatlands
(Summerbell, 2005). This species is widely spread in the soils of tundra and taiga and in
bogs of various types. P. spinulosum is capable to grow in a wide range of temperatures
(from 5°C to 42°C). The upper layers of peatlands, including the peatlands of temperate
zones, are characterized by drastic changes in temperature regime. P. thomii is capable to
develop in the temperature range of 5-37°C. It is found in all complexes of filamentous
fungi isolated from acidic soils, in peatlands and from bog plants (Domsh et al., 2007). P
glabrum is a common species in podsolic and other acidic soils, raised bogs and fens. P.
glabrum is widely spread in northern regions, including the soils of the Arctic tundra (Nils-
son et al., 1992; Domsh et al., 2007). In our research this species was found in two WSBS
peatlands and in one SP peatland. The cosmopolitan species P. funiculosum (Talaromyces
funiculosus) was among the dominating species in all SP peatlands (frequency of occur-
rence was up to 20-30% and the colony-forming units (CFU) value up to 10* CFU per 1
gram of a dry sample). P. funiculosum was found in all WSBS peatlands and dominated in
one of them (frequency of occurrence up to 100%, CFU value up to 10° CFU per 1 gram of
a dry sample). P. funiculosum can grow in a broad temperature range (5-42°C). This spe-
cies survives in extremely cold and acidic conditions, in low oxygen conditions (Domsh
et al,, 2007; Grum-Grzhimaylo, 2013). It can be found in all types of soils, in oligotrophic
peatlands and in taiga marsh soils. P. funiculosum is capable to destroy Sphagnum mosses
(Dickinson, Maggs, 1974; Thormann et al., 2004; Thormann, Rice, 2007).

We found Geotrichum candidum (Diplodascus geotrichum) in both peatland systems men-
tioned in this work. This fungus is also known as a destructor of Sphagnum mosses (Dick-
inson, Maggs, 1974; Karunen, Kalviainen, 1985). It can exist in highly moist conditions
(Dix, Webster, 1995). In further research we managed to isolate it in all WSBS peatlands
samples we explored.

Oidiodendron species are known as primary destructors of Sphagnum mosses (Tsuneda
et al,, 2001). Oidiodendron spp. grow at acidic and even extremely acidic conditions
(pH-values from 1.5 to 6.0) (Gross, Robbins, 2000; Domsh et al., 2007). In our research
O. griseum and O. periconioides were found in northern peatlands, O. cereale was found
in peatlands of the central zone. O. griseum was one of the dominant species in WSBS
peatlands. O. griseum is a typical species of the ericales rhizosphere, peat and podsolic
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soils. O. periconioides and O. cereale are also known as typical species for Sphagnum bogs
(Thormann, Rice, 2007). In frost peatlands of the Kola Peninsula we discovered even
greater Oidiodendron species diversity than in WSBS peatlands (our unpublished data).

The psychrotolerant species Geomyces pannorum was identified in WSBS samples with
high frequency and abundance. However, it was not revealed in SP samples at all. G. pan-
norum is a psychrotolerant species and it can be found predominantly in northern soils
of tundra and in conditions of the natural cryopreservation (Tosi et al., 2002; Kochkina
et al, 2007). This species is known as polyextremotolerant, capable to develop under
the influence of numerous stress factors such as low temperature, low water activity and
lack of oxygen. This allowed it to survive in anaerobic conditions, which are common for
cryopegs in permafrost (Kochkina et al., 2007; Shcherbakova et al., 2010). G. pannorum
can grow in a wide range of pH values (3.5-8.0) (van Oorschot, 1980). This species was
isolated in large quantities (CFU value up to 10° for 1 gram of a dry sample) at the depth
of 1 metre from a peat sample of a northern bog, which supports the conditions of low
temperatures and low oxygen content. Psychrotolerant type of temperature adaptation
is also common for Tolypocladium spp. (Bisset, 1982). Tolypocladium spp. were found in
the WSBS samples, but not in the SP ones.

Tolypocladium spp. and Beauveria spp. (T. inflatum, T. geodes, B. bassiana) are known as as-
sociated with insects. These species were found in the northern peatlands only. This fact
was also demonstrated in our later works (Grum-Grzhimaylo et al., 2016). One of the pos-
sible reasons for such abundance of Tolypocladium spp. and B. bassiana in the northern
peatlands may be connected with considerable populations of invertebrates, including
larvae of sanguivorous mosquitoes, on which these species can grow.

Aspergillus spp. (A. fischeri, A. fumigatus, A. niger) known as typical in the southern regions
were found in SP peatlands only.

A considerable share in fungi societies of both regions is represented by sterile mycelia.
Their number is higher in northern regions. Using molecular methods we showed later
that the majority of sterile forms are basidiomycetes (Grum- Grzhimaylo et al., 2016).

The fact is that the absence of some species in the samples could be explained by the
low number of samples or by other methodological errors. For example, the absence of
Trichoderma spp. in WSBS samples was quite surprising. In the following years we consis-
tently discovered T. piluliferum, T. polysporum, T. harzianum, T. viride in WSBS peatlands.

We assume that the detected tendency of the increasing diversity and the abundance
of Oidiodendron spp., psychrotolerant and entomopathogenic fungal species (Geomyces
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pannorum, Tolypocladium spp., Beauveria spp.) as well as the proportion of sterile forms in
the northern area is clear.
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Fungi are widely distributed on our planet, including in extremely harsh habitats,
such as the polar regions. The extreme conditions of those habitats limit the num-
ber of organisms capable of living there, but some fungi are adapted to the polar
conditions and play essential roles in nutrient cycling. However, knowledge about
their diversity, distribution, and functioning is fragmented, and approaches used to
study them are diverse, often yielding difficult-to-compare results. We present maps
with locations of mycological studies in the Arctic and Antarctica, as well as a list of
mycelial fungi found on various terrestrial substrates through cultivation on nutrient
media and/or molecular methods. These fungi were identified to the species level
based on morphological-cultural features or gene-sequence analysis. Analysis of the
methods applied to study fungi in different substrates shows that a combination of
multiple methods is optimal to study species composition. The taxonomic affiliation
of the identified species to different fungal divisions is largely determined by habitat
conditions and research methods. The largest number of species belongs to the
divisions Ascomycota and Basidiomycota. The predominant ecological groups were
saprotrophic and symbiotic fungi. The majority of 1324 discovered fungal species are
known as cosmopolitan species. Approximately one-fifth of the fungi were identical
between the Arctic and Antarctica, only a few species are known to be endemic to
Antarctica or Arctic, and there are 1-6 identified bipolar species. Claims of endemism
of polar-region fungi are relatively weakly supported.

Keywords
Fungal diversity, mycological approaches, polar fungi, polar and bipolar endemic
fungi.
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Introduction

Being the polar regions of our planet, the Arctic and Antarctic regions contain extreme
conditions for life (Cox et al., 2016), such as low average annual temperatures, long periods
of darkness and light, widespread permafrost, high ultraviolet radiation, frequent freeze
and thaw cycles during the vegetation period, and low water and nutrient availability
(Canini et al., 2021; Govani et al., 2022; Hassan et al., 2016). However, the polar regions
also have significant differences in landscape areas, hydrological features, climatic con-
ditions, types of ice and snow covering, soils and permafrost (Dobinski, 2011; Dobirski,
2020; Govani et al., 2022). The Arctic is often defined as a land of tundra with climatic con-
ditions restricting tree growth (Robinson, 2001; Walker et al., 2005); however, a big part
of the areas above the Arctic Circle also contains taiga forests (Montesano et al., 2009).
Vast peatland coverage storing huge carbon reserves is a characteristic feature of the
arctic region (Chaudhary et al., 2020; Tarnocai, 2009). Antarctica is a predominantly rocky
continent more than 98% occupied by ice and characterized by irregularly developed soil
or its absence (Bockheim and Haus, 2014; Pires et al., 2017). Bockheim and Haus (2014)
noted organic, ornithogenic and mineral type of soils storing organic carbon in ice-free
Antarctic areas. Arctic permafrost is an uneven environment, generally abundantly moist-
ened and containing mineral and organic soils. In contrast, Antarctic permafrost has large
differences between the deep continental and maritime parts and is highly influenced
by regional climate, proximity to the glaciers, age, vegetation, snow cover, and surface
albedo (Ottoni et al., 2022). Increasing warming in high-latitude regions affects Arctic
permafrost peatlands, which are sensitive to climatic changes and provokes permafrost
thawing, changing in plant composition and soil microorganism communities (Zhang et
al., 2018). In different parts of Antarctica, the processes of climate change are contradic-
tory. The Antarctic continental deserts, specifically McMurdo Dry Valleys, are considered
the coldest and driest on the World (Goordial et al., 2016) comprising the only permafrost
with a dry soil layer over ice-cemented ground (Canini et al., 2021; Ottoni et al., 2022).
Intriguingly, Doran et al. (Doran et al., 2006) registered the large-scale perennial cooling
in this area. However, the increasing warming in the Antarctic Peninsula and some other
parts of Maritime Antarctica is reported at the same time (Doran et al., 2006; Pires et al.,
2017; Royles et al., 2012). All of the processes in the polar regions generated by climate
changing listed above affect the living-organism communities (Makhalanyane et al.,
2016) and global carbon fluxes (Jenny Angel et al., 2022; Liu et al., 2022).

An exploration of research articles has shown the presence of fungi in the polar regions
on a variety of substrates. Makhalanyane et al. (2016) notified: “in cold environments,
microorganisms (bacteria, archaea and fungi) are major constituents of the total biomass,
and are estimated to mediate the cycling of key biogeochemical elements such as nitro-
gen and carbon, with potentially important implications for the productivity of these sys-
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tems” (Makhalanyane et al., 2016). However, we still have a very limited understanding of
fungal diversity and distribution (Eisenhauer et al., 2017; Tedersoo et al., 2021), especially
in such extreme habitats as polar regions (Bolter et al., 2002; da Silva et al., 2019; Hassan
et al,, 2016; Makhalanyane et al., 2016). Additionally, we have insufficient knowledge on
the contribution of fungi to carbon fluxes (Tveit et al., 2013), as well as on their ecological
role and evolution in the polar regions (Botnen et al., 2020; Cox et al., 2016; da Silva et
al, 2019). It is not entirely clear which fraction of the fungi found in the extreme ecosys-
tems of the Arctic and Antarctic is present in a living active mycelial state, and which as
spores (Bolter et al., 2002; Robinson, 2001; Schmidt and Bolter, 2002). However, there is a
significant part of the work showing that the psychrotolerant® species of fungi predomi-
nate over psychrophilic® ones in polar regions (Frisvad, 2008; Hassan et al., 2016; Ludley
and Robinson, 2008; Nikitin and Semenov, 2022; Robinson, 2001; Zucconi et al., 1996).
Furthermore, investigations show that the community structure within the consortia of
bacteria, yeasts and fungi is also similar to that of temperate soils (Bolter et al., 2002).
Therefore, it is assumed that with warming, the overall activity of microorganisms, includ-
ing fungi, in the polar regions will increase (Ozerskaya et al., 2008), which presumably
boosts the intensity of the nitrogen and carbon cycles (Arenz et al., 2011; Siciliano et al.,
2009; Wild et al., 2014).

We found that most past studies present lists of fungi identified both to the species level
as well as to higher taxonomic level, such as the genus (Bridge and Spooner, 2012; Penton
et al,, 2013), family and order (Stephenson et al., 2007). In this work, only names of fungi
identified to the species level are included, since the species is the relevant level for our
work. Species of a single genus often differ from each other in their physiological char-
acteristics and ecological confinement, which is valuable for understanding the ability
of these species, rather than entire genera, to live in such extreme habitats as the polar
regions.

This review summarizes our knowledge about the diversity of terrestrial filamentous
fungi in Polar regions detected and identified to species names by culture-based and
molecular methods. The overall aim of this study was to evaluate the claim that the poles
have unique fungal communities with many endemic species. To achieve the aim the fol-
lowing objectives were formulated:

1) to create a comprehensive list of terrestrial flamentous fungi that have been reported
from Arctic and Antarctic regions;

2 Psychrotolerant fungi can grow close to 0°C, with optimum growth temperatures of >15°C and maximum growth
temperatures of >20°C (Coleine et al., 2022).
3 Psychrophilic can grow at or below 0°C, with optimum growth temperatures of <15°C and maximum growth

temperatures of <20°C (Coleine et al., 2022).
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2) to analyze methods used for sample storage, detection and identification of fungi
from these regions and to discuss the influence of the applied methods on the results
obtained;

3) to compare the fungal communities of both polar regions with each other and with
more global fungal communities;

4) to collect information about endemic fungal species in polar regions to evaluate
claims of endemism.

Information retrieval and processing

In order to compile information about fungi known from the polar regions, we reviewed
mycological and ecological manuscripts mainly using Google Scholar searches through-
out the research time of fungi in these regions. Additionally, we used a list of fungi and
manuscripts from the British Antarctic Survey site (https://legacy.bas.ac.uk/bas_research/
data/access/fungi/Speciespublic2.html#Use) in order to find more studies of Antarctic
fungi.

We employed the following criteria to compile this list: (1) The report had to be verified
in a peer-reviewed publication. Unpublished, mimeographed, and locally distributed
reports, herbarium information, anecdotal references, and checklists were not included;
(2) The fungi had to be filamentous. (3) The fungi had to be detected by cultural and/
or molecular approaches. (4) Fungi had to be identified up to the species level. (5) Only
terrestrial fungi and fungi detected in driftwood were included. Generally we included
fungi detected on or above/under the boundaries of the Arctic and Antarctic polar circles
(66°33'49.3"N and 66°33'49.3"S, respectively), but in several cases we included fungal
species of near subpolar locations as well.

In addition to the geographic locations of the investigations we also tried to find informa-
tion about methods of sample storage, detection and taxonomic identification from the
studied manuscripts. Moreover, our list of fungi was intended to serve as a compilation of
those fungi that have been found growing in the polar regions from different substrates.
We relied mostly on the habitat descriptions of each fungus in the appropriate publica-
tions. However, we realize that these data are likely incomplete. In some instances, the
above information could not be determined from the available literature; these records
are marked as “n.i”" (ho information).

Fungal taxonomies follow the Index Fungorum (http://www.indexfungorum.org). When
the names of the fungal species in the Index Fungorum differed from the name of this
species in the articles, we cited both names. If the article indicated the fungal name as the
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genus sp., which has only one species, according to the Index Fungorum and data from
the GenBank (https://www.ncbi.nlm.nih.gov/genbank/), then we indicated this species
instead of the genus sp. in our list of fungi. There is some of species present in the articles
are not in the Index Fungorum or have archaic status, we marked them by * (Supplem.
Tables 1).

The data were processed using Excel 14.6.1 and SketchBook 8.7.0 softwares. Maps of
fungi investigations and sampling were created in open-source software QGIS 3.22.
Papers we studied contained three types of georeferencing: geographic coordinates
in degree-minutes-seconds format, text descriptions of the place and maps. Only 46%
of the descriptions we used had coordinates and thus could be accurately reproduced
on the map. Furthermore, 44% of the sources described vast territories in text only and
another 10% were also accompanied by maps. In such cases we located points in the
centers of research areas or according to the maps.

General description of the fungal community obtained by
culture-based and molecular methods in both polar regions

The list of filamentous terrestrial fungal species of the polar regions presented in this
article was obtained from 221 scientific publications. A greater number of the articles,
145 dealt with the study of fungi in Antarctica, 71 articles with fungi of Arctica, and five
research papers with fungi from both poles. A complete list of discovered fungal species
and locations of the investigations is presented in Supplemental Tables 1 and on the
maps of Fig. 1, 2. Detailed information about these fungi is given in additional materials,
which indicate the places and substrates of detecting the species, methods for their
sampling and identification, as well as methods for storing samples (Supplem. Tables 1).

Of the analyzed investigations, 1324 identified species of terrestrial filamentous fungi
have been reported from Arctic and Antarctic regions (Supplem. Tables 1, Fig. 3).
Ascomycota and Basidiomycota species form the largest component of this assemblage
with ~68% and ~28% of species, respectively; ~4% of species are mucoromycetes, one
species is an entomophthoromycete, one species is a glomeromycete, and one species is
a zoopagomycete. The presence of multiple types of sterile mycelium detected by cultural
methods was pointed out in many studies of both polar regions (Supplem. Tables 1).

We found that the majority of fungal species (853) were recorded in the polar regions
once, and 471 fungal species were noted in two or more studies (Supplem. Tables 1,
2). Pseudogymnoascus pannorum is the most common species in both Polar regions,
mentioned in 77 analyzed papers and obtained by all methods described in this
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article (Supplem. Tables 1, 2). Other taxa commonly isolated in both polar regions that
were noted in 45 - 53 papers (Cladosporium cladosporioides, C. herbarum, Penicillium
chrysogenum), 23 - 40 papers (Alternaria alternata, Antarctomyces psychrotrophicus,
Aspergillus versicolor, Aureobasidium pullulans, Cadophora fastigiata, C. luteo-olivacea,
C. malorum, Cladosporium sphaerospermum, Mortierella alpine, Mucor hiemalis, Phoma
herbarum, Penicillium aurantiogriseum, P. brevicompactum, P. glabrum, Thelebolus
microspores) or in less papers (Supplem. Tables 2).

In the process of reviewing the literature on fungal diversity in the polar regions, we
identified several difficulties associated with the analysis of available information: i) while
some areas have been explored more frequently and in more detail, most have not been
explored at all due to inaccessibility; ii) the fungi of the Arctic and Antarctic have been
studied with different intensity; iii) different methods of sampling and storage of samples,
isolation and determination of fungi were used, which affected the results obtained.
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Fig. 1. The map of Arctic with locations of the investigations; 1 — (Bubnova, 2017; Bubnova and Ve-
likanov, 2004; Grum-Grzhimaylo et al., 2018, 2016); 2 — (Santalahti et al., 2018); 3 - (Korneykova et al.,
2022, 2020) Tkachenko, 2013; 4 - (Bubnova and Konovalova, 2018); 5, 6, 7 — (Bubnova, 2017); 8,9, 10,
11 - (Kirtsideli et al., 2016, 2011); (Nikitin, 2021); 13,14,15 - (Kirtsideli et al., 2016, 2011); 16 - (Lapteva
et al,, 2017); 17 - (Kirtsideli et al., 2010); 18, 19, 20 - (Kirtsideli et al., 2016, 2011); 21 - (Kirtsideli et
al,, 2014); 22 - (Kirtsideli et al., 2016, 2011); 23 - (Kirtsideli, 1999); 24 - (Blanchette et al., 2016); 25 -
(Miyamoto et al., 2022); 26 — (Ozerskaya et al., 2008); 27 - (Stakhov et al., 2008); 28 - (Bellemain et al.,
2013); 29 - (V. lliushin et al., 2022); 30 — (Bellemain et al.,, 2013); 31 - (Lydolph et al., 2005); 32 - (Geml
etal, 2012; Semenova et al., 2016, 2015; Timling et al., 2014); 33 - (Dunleavy and Mack, 2021; Geml
et al,, 2012; Timling et al., 2014); 34 - (Timling et al., 2014); 35 - (Timling et al., 2014; Geml et al,,
2012); 36 — (Timling et al., 2014); 37 - (Timling et al., 2014; Geml et al., 2012); 38, 39, 40 — (Robicheau
etal, 2019); 41 — (Jurgens et al., 2009); 42 - (Day et al., 2006); 43 - (Osono et al., 2012); 44 - (Jurgens
et al,, 2009; Blanchette et al., 2021; Smith et al., 2017); 45 - (Tsuji et al., 2022); 46, 47 — (Robicheau et
al., 2019); 48 - (Meyling et al., 2012); 49 — (Meyling et al., 2012; Pedersen et al., 2020) ; 50 — (Perini et
al., 2021, 2019); 51, 52, 53 - (Blanchette et al., 2016); 54, 55 - (Meyling et al., 2012); 56 - (Borchhardt
etal., 2019); 57, 58 — (Bjorbaekmo et al., 2010); 59 - (Santalahti et al., 2018); 60 — (Poosakkannu et al.,
2017), 61 — (Juottonen et al., 2020); 62 - (Borzecka et al., 2022; Botnen et al., 2020); 63 — (Botnen et
al., 2020; lliushin, 2020; V. A. lliushin et al., 2022; Kurek et al., 2007; Lorberau et al., 2017); 64 — (Bot-
nen et al., 2020; Edwards et al,, 2013; Frossard et al.,, 2021; Geml et al., 2012; Gunde-Cimerman et
al., 2003; Perini et al., 2021; Singh et al., 2015, 2012; Tsuji et al., 2016; Zalar et al., 2008; Zhang et al.,
20154, 2015b; Zhang and Yao, 2015; Svalbardkatalogen, 1996); 65, 66, 67 — (Botnen et al., 2020); 68 —
(Bjorbaekmo et al., 2010); 69 - (Crous et al., 2022); 70 - (Nikitin and Semenov, 2022); 71 - (Bergero et
al., 1999; Nikitin and Semenov, 2022); 72 — (Bergero et al., 1999; Kirtsideli et al., 2011; Nikitin and Se-
menov, 2022); 73 - (Bergero et al., 1999); 74 - (Conery, 2021); 75 — (Yakushev et al., 2019); 76 — (Koch-
kina et al., 2011); 77 - (Knowlton et al.,, 2013; Ma et al., 1999); 78 - (Korneykova et al., 2022, 2020);
79 - (Tkachenko, 2013); 80 - (Bubnova and Velikanov, 2004; Grum-Grzhimaylo et al., 2018, 2016);
81 - (Bubnova and Konovalova, 2018); 82, 83, 84, 85 - (Bubnova, 2017); 86 — (Botnen et al., 2020;
Edwards et al., 2013; Frossard et al., 2021; Geml et al., 2012; Gunde-Cimerman et al., 2003; Perini et
al, 2021; Singh et al., 2015, 2012; Tsuji et al., 2016; Zalar et al., 2008; Zhang et al., 2015a, 2015b; Zhang
and Yao, 2015; Svalbardkatalogen, 1996); 87, 88, 89 - (Botnen et al., 2020); 90 — (lliushin, 2020; V. A.
lliushin et al., 2022); 91 - (Botnen et al,, 2020; Lorberau et al., 2017); 92, 93, 94 — (Botnen et al., 2020);
95 — (Kurek et al., 2007); 96 — (Botnen et al., 2020).
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Methods used in the investigations

Due to the remoteness of the polar regions, most samples were stored for several weeks
or months before laboratory processing. It is also worth noting that a variety of substrates
were examined in different studies.

Substrates from which fungi were obtained

Analysis of the investigations showed that fungi identified in polar regions through
molecular and cultural methods included species associated with both living organisms
and dead organic matter (Table 1). The majority of species were isolated from substrates
formed by bioinert matter which represent materials generated as a result of living or-
ganisms activity and inert processes of the biosphere (Ostroumov, 2008). Some of the
bioinert substrates were dominated by organic matter and others by inorganic matter.
Substrates subjected to anthropogenic influence and airborne fungi were classified into
distinct categories. Each substrate group added new fungal species to the overall list that
were not detected on other materials. The majority of fungal species were isolated from
Arctic material, with the exception of species obtained from animal remains and airborne
fungi, which predominated in Antarctica (Table 1). A more detailed table with the studied
substrates is given in the appendices (Supplem. Tables 1).

Storage of samples, detection and identification of fungi

Only in rare cases was laboratory work with the samples done immediately or in 3-10
days after collection (Baublis et al., 1991; Dunleavy and Mack, 2021; Gongalves et al., 2015,
2012; Grum-Grzhimaylo et al,, 2016, 2018; Gunde-Cimerman et al., 2003; Kirtsideli et al.,
2011; Poosakkannu et al., 2017). The researchers occasionally did not indicate the dura-
tion of sample storage (e.g., Blanchette et al., 2016; Held and Blanchette, 2017; lliushin et
al., 2022a,b; Tosi et al., 2005) or information regarding the storage method (Kirtsideli et al.,
2016, 2010; Lapteva et al.,, 2017; Mercantini et al., 1989; Perini et al., 2019; Zhang and Yao,
2015). The studies we found indicated that researchers mainly stored collected samples
until laboratory treatment in one of three ways: freezing, cooling (several degrees above
zero), or drying, and in some cases samples were processed in 24 hours after collection
(Supplem. Fig. 1, 2; Supplem. Tables 1).
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Fig. 2. The map of Antarctica with locations of the investigations; 1 — (Ryan et al., 1989; Steele et
al, 1994); 2 - (Kochkina et al., 2012, 2014; Nikitin, 2018; Singh et al., 2006); 3 - (Hirose et al., 2016,
2013; Tsuji et al., 2013; Tubaki, 1961); 4 — (Kochkina et al., 2019; Nikitin, 2018); 5 — (Hirose et al., 2016);
6 — (Fletcher et al., 1985; Kerry, 1990; Line, 1988); 7 — (Brunati et al., 2009; De Hoog et al., 2005; Ellis,
1980; Kerry, 1990; Kochkina et al., 2012, 2019, 2014; Line, 1988); 8 - (Kochkina et al., 2019; Marfenina
et al., 2016; Nikitin, 2018); 9 — (Brunati et al., 2009; Kochkina et al., 2012); 10 — (Kochkina et al., 2014);
11 - (Olech and Alstrup, 1996); 13 — (Azmi and Seppelt, 1998; Chambers et al., 1999; Ellis, 1980; Kerry,
1990; McRae et al., 1999; McRae and Seppelt, 1999; Pudasaini et al., 2017); 14 — (Chambers et al.,
1999; Ellis, 1980; Kerry, 1990; Kerry and Weste, 1985; Roddam and Rath, 1997); 15 — (Ellis, 1980); 16
- (Kochkina et al,, 2014); 17, 18 — (Arenz and Blanchette, 2011); 19 — (Broady et al., 1987; Coleine et
al., 2018; Del Frate and Caretta, 1990; Fenice et al., 1997; Mercantini et al., 1993, 1989; Montemartini
Corte et al,, 2000; Selbmann et al., 2021, 2008, 2005; Tosi et al., 2005, 2004, 2002; Zucconi et al., 1996;
Held et al., 2006); 20 - (Arenz et al., 2011, 2006; Baublis et al., 1991; Brunati et al., 2009; Christner et
al., 2003; Coleine et al,, 2018, 2017; Connell et al., 2006; De Hoog et al., 2005; Fell et al., 2006; Gilich-
insky et al., 2005, 2007; Houbraken et al.,, 2012; Kochkina et al., 2021, 2012; Onofri, 1999; Selbmann
etal, 2021, 2008, 2005; Sugiyama et al., 1967; Sun et al., 1978; Tubaki and Asano, 1965; Visagie et al.,
2016; Vishniac, 1996; Kudalkar, 2016); 21 — (Alias et al., 2013; Arenz and Blanchette, 2011; Blanchette
et al., 2010, 2004; Broady et al., 1987; Connell and Staudigel, 2013; Duncan, 2007; Duncan et al.,
2010, 2006; Laichmanova, 2020); 22 - (Zucconi et al., 2012); 23 - (Crous et al., 2019; Kochkina et al.,
2012; Marfenina et al., 2016; Nikitin, 2018); 24 — (Knowlton et al., 2013); 25 - (Goncalves et al., 2017);
26 — (Godinho et al., 2015); 27 - (Hughes and Lawley, 2003; Malosso et al., 2006); 28 - (Arenz and
Blanchette, 2011; Bridge et al., 2005; Christie and Nicolson, 1983; Hughes et al., 2007, 2003; Jump-
ponen et al,, 2003; Bridge et al., 2008); 29 - (Arenz and Blanchette, 2011; Christie and Nicolson, 1983);
30 - (Arenz and Blanchette, 2011); 31 — (Christie and Nicolson, 1983; Gray et al., 1982; Gray and Lewis
Smith, 1984); 32 — (Arenz and Blanchette, 2009, 2011); 33 - (Arenz and Blanchette, 2011; Coleine et
al., 2017; Ogaki et al., 2020a); 34 - (Christie and Nicolson, 1983; de Menezes et al., 2019); 35 — (Ab-
neuf et al.,, 2016); 36 — (Arenz et al., 2011); 37 - (Christie and Nicolson, 1983); 38 — (Brito Devoto et al.,
2022); 39 - (Arenz and Blanchette, 2011); 40 - (Arenz and Blanchette, 2011; de Menezes et al., 2019);
41 - (Caretta and Piontelli, 1977); 42 — (de Menezes et al., 2019); 43 — (Abneuf et al., 2016; Alves et
al.,, 2019; Arenz and Blanchette, 2011; da Silva et al., 2022; de Menezes et al., 2019; Gongalves et al.,
2015, 2012; Held and Blanchette, 2017; Lindsay, 1976; Rosa et al., 2020); 44 - (da Silva et al., 2022);
45 — (Alves et al., 2019; Caretta and Piontelli, 1977; Kostadinova et al., 2009; Litova et al., 2014; Upson
et al.,, 2007); 46 - (Alves et al., 2019; Houbraken et al., 2012; Lucini et al., 2022), 47 - (Abneuf et al.,
2016; Alves et al,, 2019; da Silva et al., 2022; de Menezes et al., 2019, 2017; Gomes et al., 2018); 48 -
(Alves et al., 2019; Bridge and Worland, 2004; Caretta and Piontelli, 1977; Crous et al.,, 2021b, 20213;
Czarnecki and Bialasiewicz, 1987; da Silva et al,, 2022; de Carvalho et al., 2020; de Menezes et al.,,
2019; Ding et al., 2016; Gomes et al., 2018; Gongalves et al., 2015, 2012; Kochkina et al., 2012, 2019;
Krishnan et al., 2016; Lucini et al., 2022; Méller and Dreyfuss, 1996; Nikitin, 2018; Ogaki et al., 2020b;
Schubert et al., 2007; Stchigel et al., 2003, 2001; Upson et al., 2007; Wang et al., 2015; Yu et al., 2014;
Bertini et al., 2022); 49 - (Alves et al., 2019; Crous et al., 2017, 2013; Gomes et al., 2018); 50 - (Bailey
and Wynn-Williams, 1982; Bridge and Denton, 2007; Christie and Nicolson, 1983; Duddington et al.,
1973; Gaiser et al., 2021; Gray et al., 1982; Gray and Lewis Smith, 1984; Latter and Heal, 1971; Lindsay,
1976; Upson et al., 2007; Weinstein et al., 2000, 1997); 51 - (Bridge et al., 2008; Christie and Nicolson,
1983; Hurst et al., 1983; Lindsay, 1976; Smith, 1994; Upson et al., 2007), 52 - (Knowlton et al.,, 2013).
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Fig. 3. Schematic illustration of the number of fungal species found in the polar regions.

Most fungal species were obtained only from frozen samples, but this was also the most
common way to store samples, while drying was the rarest method (Supplem. Fig. 1, 2;
Supplem. Tables 1). Furthermore, we observe that many fungal species were discovered
only after samples were stored by any one method (Supplem. Fig. 1, 2).

We examined studies in which fungi were detected and identified mainly by one of the
following methods: direct cultivation of environmental samples on standard and selec-
tive media, or metabarcoding after isolation of eDNA from the samples. After cultivation
of the samples identification of the fungi were provided by morphological features or
ITS or/and LSU regions of the rDNA sequencing. The majority of fungal species were
obtained by cultivation and eDNA sequencing (~45% and ~43%, respectively), and ~10%
of the species were found with both approaches. However, of studies to detect fungi,
cultivation was used in 78%, eDNA was used in 14%, and both approaches were applied
in 3% (Supplem. Fig. 3, 4). Approximately ~59% of the discovered fungi species were
identified by the rDNA sequencing method, while ~24% of species were identified using
morphological features. Both methods were used to identify ~14% of species (Supplem.
Fig. 5). Approximately equal numbers of fungal species were identified by molecular and
morphological methods, while only in 5% of the cases both methods were used (Sup-
plem. Fig. 5, 6).
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Effect of storage and detection methods on the discovered composition
of fungi

The complex of methodological approaches for storing and analysing samples undoubt-
edly affects the result of detecting and identifying fungi (Bolter et al., 2002; Frisvad, 2008).
To reveal the most complete picture of species diversity, distribution, quantity, and eco-
logical role of fungi, long-term studies of the most diverse types of substrates (Kochkina
etal., 2012) are needed, in numerous replications and throughout all seasons, as seasonal
conditions and vegetation directly affect the fungal community (Wallenstein et al., 2007).
Despite the wide range of different sample types studied in polar regions (Table 1, Sup-
plem. Tables 1), usually only a small number of them were analyzed in each individual
study, and most studies were conducted only once. In addition, a significant part of the
polar regions has not been studied at all (Fig. 1, 2).

Table 1. Substrates of fungal isolation.

Only from
this sub-
Substrate Arctic Antarctica Both poles strate (from
either of the
poles)

Dead material

Plants (wood material, fallen leave and litter, fossil 193 37 37 86

plants, peat)

Animals (corpses, skeleton remains, faeces, feathers) 13 28 6 8
Living material

Plants (algae, mosses, wood, leaves, herbaceous 309 179 27 253

plants, roots, lichens)

Animals (seals) 1 16 0 5
Substraites dominated by organic substances

Soil, birds spots and nests, lake sediments, microbial 454 282 170 449

mats
Substraites dominated by inorganic substances

Rocks, ice and snow, cryoconites, water 117 38 11 22
Substraites with antropogenic influence

Settl ts and different materials fi its, soil with

ettlemen san. ifferen ma.erlas r9m|550| wi 12 16 25 35

kerosene and oil, food, coal mine spoils

Airborne fungi 17 28 10 8

The method and duration of storage of samples affect the detection of the fungal com-
munity (Cui et al., 2014; Delavaux et al., 2020; Frisvad, 2008). Presumably, during freezing
and drying, some species and colony-forming units (CFU) are lost, and during long-term
storage of cooled samples the fungal community changes since growth of some spe-
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cies continues. Studies showing the effect of sample drying on the number or detected
colonies and fungal species were not found. Nikitin et al. (2017) conducted a study show-
ing the effect of sample storage temperature on the length of mycelium visible under a
microscope and the number of fungal spores in soil samples. He recommends dividing
each sample into several parts and storing each part at different temperatures (+5,-18...-
20, -70...-80°C) separately. Each of these temperature values had a different effect on
the preservation of mycelia length and number of spores (Nikitin et al., 2017). The effect
of storing samples at low temperatures on the overall picture of the fungal community
may seem unlikely to be significant when studying fungi from the polar regions, since
psychrophilic and psychrotolerant species will be common. However, mesophilic species
are active during the growing season in the polar regions. Therefore, when samples are
stored at low temperatures, they are suppressed by cold-loving ones, which results in
an overall distorted picture. Thus, it is ideal to use all methods of sample storage or to
study the samples quickly after collecting to obtain a complete picture of fungal species
diversity.

Moreover, the methods of fungal detection in substrates strongly influence the results
of fungal species composition (Frisvad, 2008). When using the culture-based approach,
only cultivable fungal species are isolated. in practice, 1 % is easily cultivable using
standard lab protocols (Frey et al., 2016), although it has been estimated that 2/3 of all
fungi can in principle be cultivated (Arenz and Blanchette, 2011). Furthermore, species
composition and quantity of isolated fungi using culture-based approaches are affected
by the number of samples and their dilution, the repetition of each sample seeding, the
composition of nutrient media (Arenz et al., 2006), and cultivation conditions (Kochkina
et al,, 2012). The temperature of cultivation influences the detection of psychrophilic or
mesophilic fungi (e.g., McRae 1999 and Seppelt, 1999; Weinstein, 1997), while different pH
values can detect acid-tolerant or acidophilic species (Grum-Grzhimaylo 2016, 2018). The
application of molecular methods has made it possible to understand the non-cultivable
fraction (Frey, 2016). By using metatranscriptomic analysis of extremely short-lived
mMRNA, it is more likely to detect fungi that were in an active stage during sample collec-
tion. However, in most studies, samples are analyzed through the extraction of total DNA,
which can remain preserved for thousands of years in permafrost soils (Coolen and Orsi,
2015). Additionally, the results of fungal detection by DNA depend on many analytical
variables, such as sample volume and amount, DNA extraction methods, primers for PCR
and sequencing technology, fungal life cycle stages, and other factors (Tedersoo et al.,
2021).

Cultivation methods suffer from several disadvantages. On the one hand, many of the
species obtained through cultivation were not in an active state under natural conditions;
however, their isolation from the substrate enables a deeper examination of the physiol-
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ogy of these fungi in laboratories (Arai et al., 2022; lanutsevich et al., 2023a,b), as well as
sequencing and studying their genomes (Coleine et al., 2020, 2017), creating databases
and culture collections (Kochkina et al., 2021). On the other hand, although collection of
fruiting bodies of basidiomycetes confirms their activity, it does not give a clear idea of
the distribution and biomass, since the fruiting bodies are formed irregularly and it is not
clear how much mycelium is present in the material. Furthermore, numerous fungi are in
symbiosis with higher plants (Vohnik, 2020) and others infect plants (Doehlemann et al.,
2017) and animals (Gnat et al., 2021) and these species frequently cannot cultivated on
standard nutrient media, and their detection and identification is feasible either through
direct microscopy or molecular methods, which are constrained by insufficient genomic
data and primarily rely on identification to higher taxonomic categories than the species
level.

Many studies we examined used either culture methods or eDNA isolation from samples.
We were able to find single studies in which several approaches would be applied simul-
taneously. Arenz et al., (2006) used culture-based and molecular methods to study antro-
pogenic samples of wood, artifacts including straw, paper, floor, rope, burlap collected
butter, biscuits, and soils in Antarctica. They analyzed 164 samples by plating them on
three different culture media and 48 of these samples were analyzed using denaturing
gradient gel electrophoresis (DGGE). In total, 284 fungal ITS sequences were identified;
including 184 from culturing and 100 from DGGE. In summary, 25 taxa were detected by
traditional culturing methods and not by DGGE. Conversely, 28 taxa, including the four
unknown types, were detected and identified by DGGE and not by culturing (Arenz et al.,
2006). Malosso et al. (2006) analyzed soils from Antarctica using molecular methods and
by cultivating the same soil samples on nutrient media. Nucleic acids from both the com-
munity DNA and colony extracts were amplified using PCR with primers specific to the
18S rRNA gene. Amplicons were separated on denaturing gradient gels (DGGE) or after
restriction digestion with endonucleases (ARDRA). The obtained fungal clones, showing
unique ARDRA and DGGE bands, were sequenced. The fungal species compositions ob-
tained from the same samples varied depending on the fungal detection method utilized
(Malosso et al., 2006). Kochkina et al. (2012) analyzed 36 samples of ancient deposits from
Antartctica using a diverse range of culture-based techniques, and for nine samples, they
employed both culture-based and molecular approaches. When using culture-based
methods, fungi were not found in about half of the samples, and total-DNA was only
isolated from one third of the analyzed samples. Both culture-based and molecular meth-
ods were able to identify fungi from only one sample, while no common fungal species
were identified by both methods. These data indicate that different species are identified
using different methods (Kochkina et al., 2012). Pudasaini et al. (2017) explored the mi-
crobial diversity of an ice-free Antarctic desert using traditional cultivation methods, an
approach of the soil substrate membrane system (SSMS; (Ferrari et al., 2005), and culture-
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independent 454-tag pyrosequencing for 18 soils samples. This study found that fungal
OTUs were not shared between culture-dependent and independent techniques. A total
of 663 fungal OTUs were recovered using three approaches with distinct methods, yet
not a single common OTU was identified across all three methods (Pudasaini et al., 2017).
Selbmann et al. (2021) investigated Antarctic cryptoendolithic black fungi using cultiva-
tion n the high-throughput sequencing approaches. “Both methods applied showed ad-
vantages and disadvantages; for instance, the use of amplicon sequencing captured the
diversity of environmental microbiota in deeper detail, but several black fungi that were
successfully isolated were not detected by this approach” (Selbmann et al., 2021). Nikitin
and Semenov (2022) explored the fungal diversity of the Franz Josef Land archipelago
using the classical plating techniques and real-time PCR methods for samples from five
islands of the archipelago. They estimated the abundance of fungal rRNA gene ITSs, the
CFU numbers, and the taxonomic diversity of culturable micromycetes in cryosols of the
islands. The number of copies of the fungal rRNA gene ITS significantly exceeded CFU/g
of soil in the same samples (Nikitin and Semenov, 2022). Edwards et al., (2013) investigat-
ed the fungal community in Svalbard cryoconite holes with both traditional cultivation
methods and multivariate analysis of terminal-restriction fragment length polymorphism
(T-RFLP) profiles of rRNA ITS amplicons and showed differences in the results obtained by
these different approaches (Edwards et al., 2013). All the authors of the aforementioned
studies acknowledge the significance of employing diverse methodologies to attain the
most comprehensive identification of the species diversity of fungi. Furthermore, these
examples demonstrate that researchers, using different methods can achieve different
and almost incomparable results.

About a half of fungal cultures isolated from the material of the polar regions are sterile
mycelium (e.g., Bolter et al., 2002; Kochkina et al., 2012), which limits the drawing of a
taxonomic picture. Moreover, many species of fungi are characterized by significant
variability in taxonomic characters, and hence their identification by morphology can be
difficult (Grum-Grzhimaylo et al., 2016; Kaitera et al., 2019). These cases require isolation
of DNA from the mycelium, followed by sequencing of the internal transcribed spacer
(ITS) region, which has been used in the most studies on the diversity of fungi in the
polar regions (Supplem. Fig. 6). However, other difficulties arise when using molecular
identification methods. In some cases, the ITS region is not sufficient for identifying
species, and other DNA regions require additional sequencing (Bolter et al, 2002).
Furthermore, there is not enough information in the databases to identify all detected
species with DNA data (Hyde et al., 2010). For these reasons, it is frequently feasible to
identify samples based on DNA sequences up to higher taxonomic categories than the
species (Tedersoo et al., 2020). It has been noted that it is useful to combine molecular
techniques and morphological observations to identify many fungal species (Baturo-
Ciesniewska et al., 2020). The limitation of combining these two identification methods
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is that it is only possible for fungi obtained through cultivation. Even when fungi were
detected through cultivation in a very small number of polar studies, they were identified
both by morphological features and by sequencing DNA regions (e.g., Grum-Grzhimaylo
et al., 2016, 2018; Kaitera et al., 2019; Kochkina et al., 2019).

It is therefore difficult to obtain an understanding of the biogeography and functioning
of fungi living in the Arctic and Antarctic from the available data, obtained by various
methods. Therefore, at present we still need to employ multiple methods to get a good
picture. More research is needed to understand the relationship between different sam-
pling methods, and particularly to distinguish active mycelia from spores.

Taxonomy and ecology of fungi in the polar regions

More fungal species have been detected in the Arctic region than in Antarctica (717 and
326 unique species, respectively) and the number of species common to both polar re-
gions was 250 species (Fig. 3), corresponding to approximately 19%. Such differences can
be attributed to both the geographical distance between polar regions and the unique
ecological characteristics specific to these regions. In this section, we provide a brief
comparative overview of the taxonomy of fungal communities in the Arctic and Antarc-
tic, as well as their ecological associations. Additional information about the ecological
significance of fungi from our list was taken from 358 articles and 16 Internet resources
(Supplem. Tables 1).

Taxonomic description and abundance of fungi in the polar regions

There is a large difference between the Arctic region and Antarctica in the distribution
of different fungal divisions (Table 2). The highest number of species common to the
two poles belongs to the divisions Mucoromycota and Ascomycota (~37% and ~25%,
respectively), while shared Basidiomycota species account for only ~3%. According to our
data only a few species are known to be endemic to Antarctica or Arctic, and there are
1-6 identified bipolar species, i.e. species occurring at both poles, but not at intermediate
latitudes (Fig. 3). General information on the taxonomic composition of fungi found in
the polar regions is given in the Supplementary materials 3. Ascomycota species repre-
sent the largest group of fungi reported from both polar regions. The discovered species
belong to 12 classes, and 31 species have an unclear taxonomic position (incertae sedis;
Supplem. Tables 3). Basidiomycota species are the second-largest taxonomic group of
fungi in the polar regions mostly recorded in Arctica and mainly represented by species
belonging to the class Agaricomycetes (Supplem. Tables 3). The most species-rich were
genera Cortinarius (Pers.) Gray (65 species), Inocybe (Fr.) Fr. (33 species), Russula Pers. (28
species), Lactarius Pers. (15 species) and Mycena (Pers.) Roussel (12 species; Supplem.
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Tables 1, 3). The biggest part of Mucoromycetes belongs to Mortierella Coem. and Mucor
P. Micheli genera, species of which were found in both polar regions, predominantly in
Arctica (Supplem. Tables 3).

Table 2. Abundance of fungal divisions in the polar regions.

Division No of species
Common for

Arctic Antarctica both poles Total
Ascomycota 388 279 229 896
Basidiomycota 326 34 12 372
Mucoromycota 20 14 19 53
Glomeromycota 0 1 0 1
Entomophthoromycota 0 1 0 1
Zoopagomycota 0 1 0 1
Total 734 330 260 1324

A brief sketch of the ecology of fungi in the polar regions

A significant cause of the difference between fungal communities in the Arctic and Ant-
arctic regions, as described in section 5.1, may be the various ecological factors specific to
these regions. Interesting reviews characterizing different groups of fungi and their ecol-
ogy in polar regions and permafrost already exist in scientific literature (Table 3). We did
not intend to provide a complete picture of the ecology of fungal communities in polar
regions, partly due to the fact that certain ecologically important groups of fungi in polar
regions, such as yeasts (Buzzini et al., 2017), snow mold (Hoshino et al., 2019; Tkachenko,
2013), lichenicolous fungi (Brackel, 2010; Brinker, 2020; Santiago et al., 2015), certain spe-
cies associated with animals (Bridge and Worland, 2004), and many macrofungi (Denchev
et al.,, 2020), were not considered because they were detected using methods that we
did not take into account. Another complicating factor in data analysis was that many
fungal species can perform multiple roles in ecosystems simultaneously (Supplem. Tables
1). To investigate certain patterns of fungal distribution in polar regions based on their
ecological associations according to our data, we only included species whose role in
ecosystems has been studied the most.
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Table 3. The list of reviews characterizing different groups of fungi and their ecology in polar regions

and permafrost.

Titles

References

Microbial Life in Permafrost

(Altshuler et al., 2017)

Microbial Life in Supraglacial Environments

(Edwards and Cameron, 2017)

Heterotrophic Microbes, Microbial and Enzymatic Activity in Antarctic Soils

(Bolter et al., 2002)

Arctic soil microbial diversity in a changing world

(Blaud et al., 2015)

Permafrost active layer

(Dobinski, 2020)

Fungi in cold ecosystems

(Frisvad, 2008)

Mycorrhizal diversity in arctic and alpine tundra: an open question

(Gardes and Dahlberg, 1996)

Psychrophilic and psychrotrophic fungi: a comprehensive review

(Hassan et al., 2016)

How will thawing permafrost affect the microbial abundant and diversity in
the Arctic?

(Maria and Langvad, 2020)

Decomposer’Basidiomycota in Arctic and Antarctic ecosystems

(Ludley and Robinson, 2008)

Microbialdiversity and functional capacity in polar soils

(Makhalanyane et al., 2016)

Microbial diversity and biogeography in Arctic soils

(Malard and Pearce, 2018)

Root-associated fungi and carbon storage in Arctic ecosystems

(Robinson et al., 2020)

Cold adaptation in Arctic and Antarctic fungi

(Robinson, 2001)

Snow moulds in polar environments

(Tojo and Newsham, 2012)

Adapting the changing environment: microbial way of life

(Aley et al., 2022)

Trends in yeast diversity discovery

(Boekhout et al., 2021)

Introduced and indigenous fungi of the Ross Island historic hutsand pristine
areas of Antarctica

(Farrell et al,, 2011)

No need for speed: slow development of fungi inextreme environments

(Gostincar et al., 2022)

Structure and function of alpine and arctic soil microbial communities

(Nemergut et al., 2005)

Mycorrhizas and dark septate root endophytes inpolar regions

(Newsham et al., 2009)

Antarctic microfungi

(Onofri, 1999)

The Role of Ectomycorrhiza in Boreal Forest Ecosystem

(Qu et al., 2010)

Biodiversity in the dark: root-associated fungi in the Arctic

(Botnen, 2020)

Fungi in Antarctica

(Ruisi et al., 2007)

Fungi of Antarctica: Diversity, Ecology and Biotechnological
Applications

(Rosa et al., 2019)

Resurrection of inactive microbes and resistome present in the naturalfrozen
world: Reality or myth?

(Sajjad et al., 2020)

Seasonal dynamics of previously unknown fungal lineages in tundra soils

(Schadt et al., 2003)

Antarctic permafrost: An unexplored fungal microhabitat at the edge of life

(da Silva et al,, 2019)

Fungi in hot and cold deserts with particular referenceto microcolonial fungi

(Sterflinger et al., 2012)

Global diversity and geography of soil fungi

(Tedersoo et al., 2014)

Peeking through a frosty window: molecular insights into theecology of
Arctic soil fungi

(Timling and Taylor, 2012)

Natural products from polar organisms: Structural diversity, bioactivitiesand
potential pharmaceutical applications

(Tripathi et al., 2018)

Microbial Communities and Processes in Arctic Permafrost Environment

(Wagner, 2008)
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Approximately half of the polar fungal species are saprotrophs (Supplem. Fig. 7). It is
among these species that the greatest number of species shared between both polar
regions has been found. The second largest group in the Arctic consists of symbionts,
dominated by mycorrhizal species associated with a much larger number of Arctic plant
species than Antarctic ones. Pathogenic species for plants and animals follow (Supplem.
Fig. 7). The ecological role of about 8.2% of the identified fungal species remains un-
known. Interestingly, approximately 3.5% (47 species) of the identified fungi are known
to be pathogenic, as well as potentially or conditionally pathogenic for humans and
warm-blooded animals (Supplem. Fig. 7; da Silva et al., 2022). The list of these species,
their frequency of occurrence in studies, and the substrate of detection are provided in
Supplementary Table 4. It is impossible to determine with certainty how these species
reached the polar regions, but it can be assumed that they were introduced by humans,
animals, or migratory birds (Supplem. Table 4). It is also unknown whether pathogenic
fungi are active in polar regions or remain in the form of spores. The presence of thermo-
philic species, such as Acaulium caviariforme, Collariella gracilis, Mycothermus thermophi-
lus, Thermomyces lanuginosus, and Thermothelomyces thermophiles (Supplem. Tables 1), is
intriguing. It can be confidently assumed that with global warming, the activity of both
pathogenic species and thermophilic and thermotolerant species will increase.

It is interesting to compare the fungal complexes of two polar regions isolated from
similar substrates, such as drifting wooden material in the Arctic (Blanchette et al., 2016)
and wooden structures in Antarctica (Arenz et al., 2006; Blanchette et al., 2004; Duncan et
al., 2006; Gaiser et al., 2021), bird feathers from high Canada (Robicheau et al., 2019) and
Svalbard (Singh et al., 2015) and Antarctica (Brito Devoto et al., 2022; Del Frate and Caretta,
1990), mosses, vascular plants, and lichens (e.g. de Carvalho et al., 2020; Jumpponen et
al., 2003; Kerry, 1990a; McRae and Seppelt, 1999; Moller and Dreyfuss, 1996; Osono et
al., 2012; Park et al., 2015; Rosa et al., 2020b; Tosi et al., 2002; Zhang et al., 2015b), peat
Grum-Grzhimaylo et al., 2016; Lapteva et al., 2017; Semenova et al., 2015; Yakushev et al.,
2019), ice, snow, and cryoconites (Borzecka et al., 2022; Christner et al., 2003; de Menezes
et al,, 2019; Edwards et al., 2013; Gilichinsky et al., 2005; Gunde-Cimerman et al., 2003;
Knowlton et al., 2013; Ozerskaya et al., 2008; Perini et al.,, 2021, 2019; Tsuji et al., 2022),
aerial dispersal of fungi (Czarnecki and Bialasiewicz, 1987; Duncan, 2007; Duncan et
al., 2010; Kirtsideli et al.,, 2011; Sun et al., 1978). Interesting comparative descriptions of
fungi on plants and mosses in the Arctic and Antarctica are presented in the book by
Tsuji and Hoshino (2019) and in the publication by de Carvalho et al. (2020), but they
cover a limited number of studies. Separate interest is raised by studies of mycorrhizal
fungi and their movement together with symbiotic plants, mainly characteristic of the
Arctic (Bjorbaekmo et al., 2010; Botnen et al., 2020; Chlebicki et al., 2005; Dunleavy and
Mack, 2021; Geml et al., 2012; Kaitera et al.,, 2019; Lorberau et al., 2017; Miyamoto et al.,
2022) and to a lesser extent for Antarctica, as there are only two species of vascular plants
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(Colobanthus quitensis (Kunth) Bartl. and Deschampsia Antarctica Desv.), but they also
form mycorrhizae (Barbosa et al., 2017; Christie and Nicolson, 1983; Lucini et al., 2022;
Upson et al., 2008). The results of studies on the biogeography of fungi along transects
from temperate to cold latitudes (Timling et al., 2014), the adaptive features of fungi in
polar regions, such as optimal temperature for growth (Alias et al., 2013; da Silva et al.,
2022; Gaiser et al., 2021; Kerry, 1990b; Kostadinova et al., 2009; Krishnan et al., 2016; Latter
and Heal, 1971; Litova et al.,, 2014; Lucini et al., 2022; Singh et al., 2006; Stakhov et al., 2008;
Tosi et al., 2002; Wang et al., 2015; Weinstein et al., 2000, 1997; Zucconi et al., 2012, 1996),
their enzymatic and antimicrobial activity (Abneuf et al.,, 2016; Ding et al., 2016; Duncan,
2007; Duncan et al,, 2006; Krishnan et al,, 2016; Lindsay, 1976; Mercantini et al., 1993;
Montemartini Corte et al., 2000; Singh et al., 2012), resistance to extreme factors such as
high UV radiation and radiation, freezing, dryness, oligotrophic conditions (Bergero et al.,
1999; Fell et al,, 2006; Gunde-Cimerman et al., 2003; Hughes et al., 2003; Sazanova et al.,
2019; Selbmann et al., 2015, 2008; Singh et al., 2006; Tosi et al., 2005; Tsuji et al., 2013),
their associations with vertebrates and invertebrates (Bridge et al., 2005; Bridge and
Denton, 2007; Bridge and Worland, 2004; Brito Devoto et al., 2022; Meyling et al., 2012;
Roddam and Rath, 1997), as well as the physiological response of fungi to global warming
(Geml et al., 2015; Semenova et al,, 2015; Tosi et al., 2005; Weinstein et al., 2000), changes
in snow cover thickness (Morgado et al., 2016), succession dynamics (Juottonen et al.,
2020; Kerry and Weste, 1985; Poosakkannu et al., 2017), changes in fungal communities
due to anthropogenic influence (Blanchette et al., 2010, 2004; Czarnecki and Bialasiewicz,
1987; Gaiser et al., 2021; Kirtsideli et al., 2016; Korneykova et al., 2022; Line, 1988; Ogaki et
al., 2020; Tsuji et al., 2022) undoubtedly deserve attention.

It is impossible not to mention the works relating to paleontological studies of fungi
in polar regions. For example, we encountered such an interesting case: Eucasphaeria
capensis, firstly obtained in South Africa in living leaves and leaf litter of Eucalyptus sp. and
described by Crous et al. (2007), was detected by metabarcoding of DNA in ancient arctic
permafrost a few years later (Bellemain et al., 2013). Analysis of paleontological studies
can help understand the biogeography of fungi in polar regions hundreds and thousands
of years ago (Bellemain et al., 2013; Gilichinsky et al., 2007; Knowlton et al., 2013; Lydolph
et al,, 2005; Ma et al., 1999; Ozerskaya et al., 2008; Stakhov et al., 2008).

Thus, a more detailed description of the ecological role and adaptive features of fungi in
polar regions deserves a separate research work.
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Are these fungi endemic?

Some fungi in polar regions have not been recorded in other parts of our planet. Fungi
that occur only in one of the polar regions, according to one definition of endemism (Shi-
pley and McGuire, 2022), will be referred to as endemic species in this work. For the Arctic,
this will be the area within the polar circle, and for Antarctica, it will be the continent
itself and the islands of the Antarctic and sub-Antarctic seas. Species known in both polar
regions but not recorded in other parts of the planet will be referred to as bipolar endem-
ics (Cox et al., 2016).

When attempting to assess the presence and number of endemic species and bipolar
endemics, we encountered several problems: 1) some species that were originally de-
scribed as Antarctic fungi (e.g., Penicillium antarcticum, Drechmeria coniospora, D.obovata,
Phialophora dancoi, Sclerococcum dobrowolskii, Thelebolus mircosporus) were later found
in other regions, in certain instances including the Arctic (e.g., Conidiobolus antarcticus,
Drechmeria balanoides, and Thelebolus ellipsoideus), or only in the Arctic, making them bi-
polar endemics (Acrodontium antarcticum, Antarctomyces pellizariae, A. psychrotrophicus,
Cadophora antarctica, Cladosporium antarcticum and Mortierella antarctica); 2) species
that were once considered boreal and only found in the circumpolar regions of the Arctic
and subarctic zones have since been discovered in high mountainous areas (e.g., Inocybe
arctica, I. borealis); (Kokkonen and Vauras, 2012; Cripps and Horak, 2006), or known from
Antarctic and high alpine areas (e.g., Psychrophila antarctica, Wang et al., 2015); 3) there
are species that were previously considered bipolar endemics but were later found in
other places, such as Penicillium amphipolaria; 4) as the number of studies analyzed in-
creased, the number of unique fungal species for the poles decreased, and more species
became common to both the Arctic and Antarctic; 5) the later the species were described,
the fewer regions they were recorded from, suggesting that over time, the unique fungal
species presently found in polar regions may be discovered in other places. All of these
issues are closely linked to researchers’ noted incomplete understanding of fungal distri-
bution worldwide (Tedersoo et al., 2021), and especially in polar regions (e.g., Bridge and
Spooner, 2012; Newsham et al., 2016; Cox et al., 2016), so the concept of endemic fungal
species has to be considered relative and tentative.

In this section, we have attempted to gather information about fungal species that are
currently considered endemic to polar regions, or were believed to be so for a long time
until they were found at the opposite pole or in inter-polar regions.

Characteristic Antarctic Fungi

Antarctica, along with its surrounding islands, represents extreme and well-isolated
regions on our planet that are challenging for survival. As a result, unique plant and
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animal communities have formed here. It would be logical to expect unique fungi in
this area, many of which are parasitic and symbiotic species that are commonly found
in association with plants and animals. The distribution of saprotrophic fungi, as hetero-
trophic organisms that feed on ready-made organic materials, is closely associated with
the presence of suitable substrates, whose chemical composition is closely linked to the
enzymatic apparatus of fungi capable of breaking down specific substances thus deter-
mining substrate specialization. Extreme sub-zero temperatures, dryness, and intense UV
radiation also have a significant impact on the growth and metabolic activity of Antarctic
fungi. The complex combination of these factors determines the species composition of
fungi inhabiting this area.

Out of the more than 300 Antarctic fungi we have found in various studies, 23 species
in the table are considered endemic until today. Part of these species are actively being
studied, while others have only been found in Antarctic substrates, described and studied
little. The characteristic Antarctic fungi identified in these studies were isolated from typi-
cal substrates in this region, such as plants, lichens, soil, lake sediments, bird and insect
waste, nematodes, and rocks. Among the species with certain physiological character-
istics, keratinophilic fungi have been identified, which can potentially degrade animal
keratin structures, and psychrophilic and psychrotolerant fungi, capable of functioning at

low temperatures (Table 4).

Table 4. Endemic fungal species of Antarctica; endolithics are in bold.

Species of fungi (mod-
ern names from the
Index Fungorum)

Names of spe-

cies from articles Substrate of

(archaic), if dif-
ferent

detection

Ecology

References

Acremonium psychrophi-
lum

Lichens

Lichenicolous,
psychrophilic

(Etayo et al., 2023; Moller
and Dreyfuss, 1996; Vish-
niac, 1996)

Apenidiella antarctica

Permafrost soil

n.i.

(Crous et al., 2019)

Arthrod is- Ch i Keratinolytic,
rthroderma magnis rysosporium .| pellet eratinolytic (Crous et al, 2013)
porum magnasporum psychrotolerant
Chrysosporium Dead bird, lake Keratinolytic, Crous et al., 2013; Ogaki
Arthroderma oceanitis 4 pr Iu . I ot (Crou gakt
oceanitesii sediments psychrotolerant et al.,, 2020a)
Rhizosphere of

Chalara antarctica

Deschampsia
antarctica and
Colobanthus
quitensis

Vascular plant
associated

(Vishniac, 1996; Onofti,
1999; Newsham et al.,
2020)

Cladosporium austroli-
torale

Coastal sea sand

Saprotrophic,
psychrotolerant

(Crous et al., 2021b)

Comoclathris antarctica

Soil

n.i.

(Crous et al., 2021a)
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Crvomyces antarcticus ) Sandstone, soil, Endolithic, (Selbmann et al., 2005;
yomy! rocks psychrophilic  Nikitin, 2023)
Endolithic,
Cryomyces minteri - Soil 1t o (Selbmann et al., 2005)
psychrophilic
Soil with
. Acrostalagmus i . Endoparasitic (Gray and Lewis Smith,
Drechmeria bactrospora Deschampsia
bactrosporus . nematophagous 1984)
antarctica
Extremus ant- Rocks, sand- "
Extremus antarcticus X ,mu ¢ Endolithic (Selbmann et al., 2021)
arcticus stones
Granite or peg- Onoftri et al., 1999; Selb-
Friedmanniomyces ,I peg Endolithic, ¢ I .
endolithicus - matite, sandston, svchrophilic mann et al., 2005; Nikitin,
rocks, soil psy P 2023)
Friedmanniomyces Endolithic, (Selbmann et al., 2005;
. - Sandstone - -
simplex psychrophilic Nikitin, 2023)
. L . . (Weinstein et al., 1997;
Hi I - Soil Psychrophil
umicola marvinii oi sychrophilic Weinstein et al., 2000)
. Apiosordaria L i X X (Stchigel et al., 2003;
Jugul, tarct Soil, bird col Bird ted
ugulospora antarctica antarctica oil, bird colonies Bird associate Nikitin, 2023)
Laetinaevia colobanthi - Plant tissues Plant associated (Onofri, 1999)
) . Invertebrate ani- (Bridge et al., 2005; Song
Paecilomyces antarcticus - ) . Entomogenous
mals (springtail) etal., 2017)
(Hawksworth, 1973;
Pevchronectria hvperant- Thyronectria Pawlowska et al., 2017;
4 . vp antarctica var. Mossess Bryophilous Hoshino et al., 2019; Rosa
arctica .
hyperantarctica et al., 2020b; Rosa et al.,
2021)
Rachiclad i Colei tal, 2017;
ac lcc.l osporium i Rocks Endolithic ( ?elnee ar
antarcticum Laichmanova, 2020)
Rachicl, i Rocks, -
achicladosporium - ocks, sand Endolithic (Selbmann et al., 2021)
mcmurdoi stones
Glomus antarcti- (Cabello et al., 1994;
Rhizoph tarcti Plant t End hizal
izophagus antarcticus cum ants roots ndomycorrhiza Barbosa et al, 2017)

Sclerotium ant-

Soil, Deschamp-

(Onofri, 1999; Bridge et

Sclerotinia antarctica R ) R Plant associated al., 2008; Hoshino et al.,
arcticum sia antarctica
2019)
X i Lichen associ- (Stchigel et al., 2003;
. ) ) X . Lichens, birds . . A .
Trichocladium antarcti-  Thielavia ant- . ated, bird associ- Ogaki et al., 2020a; Niki-
) spots, lake sedi- } .
cum arctica ated, psychrotol- tin, 2023; van den Brink et

ments

erant

al,, 2015)

A separate group represents fungi associated with typical and endemic Antarctic plants.
De Carvalho et al. (2020), studying the cultivable fungi in mosses, demonstrated that
mosses provide a favorable habitat for survival, colonization and establishment of sym-

bionts and decomposer fungi in various extreme Antarctic conditions. However, no en-

demic fungi were found in this study, except for the species Antarctomyces psychrotrophi-
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cus, but according to our data, the endemism of this species is disputable, which will be
discussed below. The authors also note that the mycobiota of Antarctic mosses is poorly
understood, and further research is likely to lead to the discovery of new fungal species
(de Carvalho et al., 2020). Osono et al. (2019) investigated the mycobiota of mosses and
dead tissues of introduced Salix spp. in Antarctica and compared it with the mycobiota of
the same substrates in the Arctic. They identified several similarities and differences, but
no endemic fungi were found in their study. There are studies of fungi causing diseases
in Antarctic moss “fairy ring”, among which the species Psychronectria hyperantarctica is
noted, known only for Antarctica to date (de Menezes et al., 2019; Pawtowska et al., 2017;
Rosa et al., 2020b). The parasitic species Sclerotinia antarctica and Laetinaevia colobanthi
were isolated from the two known and endemic Antarctic vascular plants Deschampsia
antarctica and Colobanthus quietensis, respectively, and has not been reported elsewhere
in the literature. However, Hoshino et al. (2019), noting S. antarctica morphological
similarity to the Arctic species S. borealis, suggest that a comparative study of these two
species is necessary.

The parasitic fungus Paecilomyces antarcticus was isolated from the Antarctic springtail
Cryptopygus antarcticus and described by Bridge et al. (2005). We could not find mentions
of this species elsewhere, but it is possible that this fungus associated with the Antarctic
springtail inhabits only its habitats - Antarctica, subantarctic islands, and Australia. The
genome study of C. antarcticus by Song et al. (2017) shows that C. antarcticus contains an
endogenous fungal gene acquired through horizontal transfer from a fungal parasite to
its host. The authors also demonstrated the potential for horizontal transfer of cellulase
genes from fungal parasites to hosts at an early stage of evolution in distantly related
species of Arctic (Onychiurus arcticus) and Antarctic (C. antarcticus) springtails. We were
unable to find other studies of parasitic fungi in Arctic springtails to determine the spe-
cies of these fungi. However, the studies by Song et al. (2017) indicate long-term coevo-
lutionary relationships between fungi and springtails, suggesting that fungi associated
with endemic springtail species (and other animals) may also be endemic. Overall, a very
limited number of studies on fungi associated with Antarctic animals have been noted
(Simoes et al., 2019), although potentially new and endemic fungal species could exist in
this niche.

The study of the physiology of cryptoendolithic fungi, isolated from rocks, has become a
topic of significant interest among researchers. Cryptoendolithic microorganisms form a
small community that has adapted to live inside rocks in the smallest pores of rocks up
to 10 mm deep, where conditions are milder than outside. Cryptoendolithic fungi have
a melanized, thick-walled mycelium that protects against desiccation and intense UV
radiation and have a highly reduced morphology with scarce differentiation. Exopolysac-
charides secreted by hyphae may also protect them from desiccation and frost. As the
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living conditions of Antarctic cryptoendolithic fungi are believed to be similar to those
on Mars, their physiological and genetic characteristics are actively studied. Selbmann
et al. (2005) described four cryptoendolithic species (Cryomyces antarcticus, C. minteri,
Friedmanniomyces endolithicus, F. simplex), among which F. endolithicus, noted as the
most common and well adapted species to the harshest conditions of the Antarctic cryp-
toendolithic community (Selbmann et al., 2005), is studied the most intensively. F. endo-
lithicus has been shown to be resistant to acute doses of gamma radiation, accompanied
by an increase in metabolic activity (Pacelli et al., 2018). Coleine et al. (2020) sequenced
the genome of F. endolithicus to study gene content and genomic patterns that can be
associated with its specialization and found that some stress-resistance features, such as
meristematic growth and cold tolerance, are enriched in F. endolithicus, which could be
attributed to the adverse conditions of Antarctica. They also identified genomic features
in response to salt, X-ray radiation, cold, and DNA damage, confirming the exceptional
polyextremotolerance and ability to survive various stresses of this species.

The cryptoendolithic species Cryomyces antarcticus has been extensively studied for over
a decade (Onofri et al., 2020). The genome project of C. antarcticus has been published
(Sterflinger et al., 2014), and analysis of the genome did not reveal significant deviations
from mesophilic fungi, but it suggests that the fungus possesses a unique set of previ-
ously unknown proteins that exhibit high stress resistance. The authors emphasize the
need for a deep analysis of the C. antarcticus genome (Sterflinger et al., 2014). Selbmann
et al. (2011) found that the DNA of C. antarcticus and C. minteri species exhibited high
resistance to prolonged (up to 240 minutes) UV-B radiation compared to Saccharomyces
pastorianus. Studies have been published on the radiation-protective pigments melanin
of C. antarcticus, demonstrating its enhanced radioresistance (Pacelli et al., 2020). This
fungus also maintained survival, DNA integrity, ultrastructure stability, and rapid recovery
of metabolic activity after 18 months of exposure to space and Martian conditions in low-
Earth orbit (Onofri et al., 2020). The authors of these studies note that their findings have
astrobiological value and warrant reconsideration of the possibility of extraterrestrial life.
Rachicladosporium antarcticum, R. mcmurdoi and Extremus antarcticus appears to be the
least endolithic species studied for now (Table 4).

Based on these findings, it can be summarized that the Antarctic region harbors scien-
tifically intriguing fungal species, including those with potential biotechnological ap-
plications. However, further research is needed to explore the overall diversity of fungi in
Antarctica, as well as in similar habitats, to ascertain the endemism of Antarctic species.
Additionally, the physiology and genome of the fungi already described in Antarctica
require further investigation.
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Characteristic Arctic Fungi

The identification of information about endemic fungi in the Arctic has proven to be more
challenging than the search for Antarctic endemics. This may be due to the fact that the
investigated Arctic regions are less isolated, except for islands, many of which have been spo-
radically or not studied at all for their mycota. Additionally, the Arctic region is inhabited by
numerous mycorrhizal fungal species, the distribution of which is often studied by collecting
fruiting bodies or direct microscopy, which was not included in this review. As a result of our
study, only a few unique fungal species specific to the Arctic region were identified (Table 5),
and there is practically no information about these species. The parasitic fungus Comoclathris
arctica, which parasitizes herbaceous plants, is known from the high Arctic of Canada (Shoe-
maker and Babcock, 1992). The name of this species in Index Fungorum is marked as obsolete
(http://www.indexfungorum.org/Names/NamesRecord.asp?RecordID=360252), and no DNA
sequences or other studies of this fungus could be found. The species Monodictys arctica was
found in the roots of Saxifraga oppositifolia in the high Arctic of Canada in 2006 and described
by Day et al. (2006). It was later found in Alaska (Timling et al., 2014) and Svalbard (Zhang et al.,
2015a,b; Zhang and Yao, 2015), but we could not find any mentions of its distribution in other
regions. Three species of the genus Penicillium (P. arcticum, P. groenlandense, P. svalbardence)
were discovered and identified as potentially new to science by Gunde-Cimerman et al. (2003)
in the ice and seawater of Svalbard. We could not find any further mentions of P. arcticum,
including its name in Indexfungorum or DNA sequences in the GenBank. P. svalbardence was
described as a new species a few years later and noted as psychrotolerant (Sonjak et al., 2007),
but we could not find more information about its distribution and physiology. The dimorphic
fungus Psychromyces glacialis was recently discovered in the ice and cryoconites of Svalbard
and Greenland, and described and noted as psychrophilic by Perini et al. (2021). Arai et al.
(2022) isolated and characterized proteins from P. glacialis that bind ice, which are necessary
for the fungus to survive freezing temperatures.
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Table 5. Endemic fungal species of Arctic; * - these names are not on the Indexfungorum or are
outdated.

Species of fungi (modern names from Substrate of detection Ecology References

the Index Fungorum)

Comoclathris arctica* Plants: Festuca brachy- Plant parasitic (Shoemaker and Babcock,
phylla, Puccinellia 1992; Crous et al,, 2021a)
angustata

Monodictys arctica Roots of Saxifraga Endophytic, li-  (Day et al., 2006; Timling
oppositifolia, lichens,  chen associated, etal., 2014; Zhang et al.,
plant tissues, soil, lake water 2015a,b; Zhang and Yao,
water 2015)

Penicillium arcticum* Ice, water Saprotrophic (Gunde-Cimerman et al.,

2003)

Penicillium svalbardence Ice, water Saprotrophic, (Gunde-Cimerman et al.,

psychrotolerant  2003)

Penicillium groenlandense* Ice, water Saprotrophic (Gunde-Cimerman et al,,

2003)

Psychromyces glacialis Ice, cryoconite Psychrophilic (Perini et al., 2021)

Bipolar endemic fungi

Fungi that we refer to as putative bipolar endemics were identified by researchers ex-
clusively in two polar regions. We were able to identify six such species of fungi (Table
6), while Cox et al. (2016), through the analysis of Antarctic fungal eDNA (ITS region) and
comparison with similar data from other regions, discovered approximately 20 bipolar
fungi identified to the genus or higher taxonomic category. In our study, all bipolar spe-
cies were initially found in Antarctica, and then, usually after a significant time lapse, they
were also observed in the Arctic (Table 6). In attempting to ascertain the complete iden-
tity of putative bipolar endemic species, we encountered a number of challenges: 1) for
Acrodontium antarcticum and Antarctomyces pellizariae, only sequences from Antarctic
cultures are known, and Arctic studies (Conery, 2021; Nikitin and Semenov, 2022) only
mention the names of these species, with the DNA sequences themselves not deposited
in GenBank; 2) the well-known endemic Antarctic species, Antarctomyces psychrotrophi-
cus, was recorded in Arctic soil studies by Timling et al. (2014), but BLAST results show
similarity of ITS regions of the Arctic fungus with the type strain at 96.21%, which is insuf-
ficient for species identification; 3) Cladosporium antarcticum was recorded in Arctic peat
(Grum-Grzhimaylo et al., 2016, 2018) and on feathers of Arctic birds (Robicheau et al.,
2019), but in the first case, sequences were not deposited in GenBank, and in the second
case, the BLAST results showed 100% identity of the ITS region of the Arctic fungus not
only with C. antarcticum, but also with several other species of the genus Cladosporium;
4) for Arctic specimens of Mortierella antarctica, the similarity of the ITS region ranges
from 98.5 to 99.92%, and no other evidence was found to suggest that they are the same
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species. As a result, only one species, Cadophora antarctica, initially found in Antarctica
(Crous et al., 2017), was soon discovered in the Arctic (Svalbard) and described as a bi-
polar species based on the sequencing results of ITS and LSU rDNA sequences (99.21%
and 100% similarity to the type material, respectively) and cultural-morphological char-
acteristics (lliushin, 2020). However, this species has been recently described and there
is no guarantee that it will not be found later in other regions, especially given that both
occurrences of this fungus are associated with anthropogenic substrates.

Thus, despite the available information on common fungal species in Antarctica and the
Arctic, and attempts to hypothesize the influence of ecological selection and geographic
distribution on fungal communities in geographically distant polar regions (Bridge and
Spooner, 2012; Cox et al., 2016), there is currently very little evidence for fungi that are
polar or bipolar endemics.
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Conclusions

The Arctic and Antarctic regions are extreme environments to life in general, and fungi in
particular, whether as saprotrophs or symbionts and parasites. Of the many studies that
reported on fungi in the polar regions, only those that used cultivation and/or molecular
characterisation of eDNA provide useful information for answering the main questions of
whether there are fungi unique and endemic to the Artic, Antarctica or both.

Based on available literature in which cultivation and isolation methods of eDNA were
applied, 1324 species of fungi have been iden- tified in polar regions, with the fungal
biodiversity being higher in the Arctic compared to Antarctica. The difference in fungal
species diversity between the two polar regions can largely be explained by variations
in substrates specific to the Arctic and Antarctica. The methods employed for detecting
fungi limit the detected biodiversity, thus a comprehensive approach is preferred. Most
fungal species discovered are cosmopolitan, while the presence of endemic species in
polar regions is mostly poorly supported, therefore caution should be exercised when
claiming certain fungi as endemic to the polar regions or both poles. We believe that the
statement made for microorganisms "Everything is everywhere, but the environment se-
lects" (Baas Becking, 1934) may remain relevant for almost a century. However, for fungi,
we would slightly rephrase this statement as: "Fungi are everywhere but the environment
selects those that can become established"
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