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Abstract

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. However, 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 composition 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.
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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
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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
Kaulfu3 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 connection 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 trans-
form into boggy fresh lakes. If the depth is less than 1 m, the
lakes form marshes (Pantiulin and Krasnonva 2011).

The lakes that are separating from the White Sea com-
bine 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
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Fig. 1 The studied meromictic lakes in the Arctic region are marked by the circles; WSBS the White Sea biological station

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 com-
prising 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 (Sid-
neva 2008). Consequently, these transitional ecosystems rep-
resent extreme habitats and good systems for studying the
general regularities in the formation of anaerobic conditions.
These water bodies also represent unique objects for inves-
tigations of the biogeochemical processes that take place in
water and sediments, and the interaction of freshwater and
marine 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
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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; Lepere 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 func-
tions (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 biodiver-
sity in the Kislo-Sladkoe Lake, which is detaching from
Kandalaksha Bay of the White Sea. This lake is a well-
investigated 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 because of
its shallow waters (4.5 m maximum depth). Over recent
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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 zygomycet-
ous fungi, which 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 microfungi in the lake
(Grum-Grzhimaylo et al. 2016). We characterized the com-
position, abundance and spatial distribution of fungal spe-
cies 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 geomorphological character-
istics 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 cov-
ered with grass and appears to be inundated only during
seasonal snow melting when the lake is overfilled. The sec-
ond 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 indic-
ative for the coastal rising (Sidneva 2008; Grum-Grzhimaylo
2013; Yatzenko et al. 2017).

Sampling

The samples of soil, peat and bottom sediments were col-
lected from several locations along the overgrown coast, lit-
toral 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 different 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 extrac-
tion. 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 differ-
ent years). The collected samples were transported in a cold
container to the laboratory and stored at 5 °C for 1-2 days
until plating.

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, sphag-
num 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 pre-
viously (Grum-Grzhimaylo et al. 2016). The identifica-
tion 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
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Fig.2 Scheme of the Kislo-Sladkoe Lake, the sampling points are: / sphagnum peat, 2 boreal podzol, 3 muck land, 4 seashore grassed soil, 5—7

ooze, 8 coarse sand, 9—15 bottom sediments

and Houbraken 2011; Seifert et al. 2011). The morphol-
ogycal analysis was carried out with light microscopes
(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 spor-
ulating 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 anal-
ysis was conducted for dominant fungal species in order
to verify identification by morphological 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.
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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 pre-
viously (Grum-Grzhimaylo et al. 2016). Sequences were
compared with the data from GenBank using BLAST simi-
larity 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).
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Table 2 Characteristics of the

. No. of sampling place 9 10 11 12 13 14 15
samples of the different parts of (see Fig. 2)
the Kislo-Sladkoe Lake bottom i i
sediments Date of sampling July 2010
Depth, m 0.5 1.0 1.5 2.0 2.5 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
Results (Figs. 2, points 9—15, 3). The sterile mycelium morphotypes

In total, 313 fungal isolates were obtained from the 42 sam-
ples of different types of soils around the lake and its bot-
tom 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 num-
ber 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), including the majority of the sterile
mycelia (86 of 114 isolates), together with 13 species which
were impossible to identify by morphology and a few fre-
quent species (10 taxa).

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

The following genera were widely represented in all
parts of the lake: Acremonium, Cladosporium, Cadophora,
Trichoderma, Lecanicillium, Mucor, Umbelopsis, Aspergil-
lus, Tolypocladium, Cordyceps (was presented by anamor-
phic stages from the genera Beauveria n Parengyodontium),
Talaromyces and Penicillium.

In the sphagnum peat (Figs. 2 point 1, 4), the following
species dominated: Acremonium spp., Cadophora luteo-oli-
vacea, Hypocreales sp., Penicillium montanense, Metapo-
chonia bulbillosa, Tolypocladium cylindrosporum, Clad-
osporium antarcticum, C. allicinum, C. cladosporioides, and
C. herbarum. Cadophora luteo-olivacea, Talaromyces funic-
ulosus and Tolypocladium inflatum were frequently found in
grassed soil (Figs. 2, points 3, 4, 4); Penicillium glabrum,
P. montanense, Trichoderma polysporum and Umbelopsis
ramanniana in the forest soil (Figs. 2, point 2, 4). Acremo-
nium spp., Antrodia sp., Paradendryphiella salina, Sisto-
trema brinkmannii, Penicillium aurantiogriseum, P. funicu-
losum, P. glabrum, P. thomii, Penicillium sp., Tolypocladium
cylindrosporum, T. inflatum, Trichoderma harzianum and T.
viride predominated in the littoral soils (Figs. 2, points 5-8,
3), and Cladosporium cladosporioides in the benthic ooze
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were often isolated from all components of the lake, except
for the forest and silted soils (Fig. 2, points 2, 3, 6, 7).

The greatest level of similarity in the fungal species com-
position 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).

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 distin-
guished. The largest number of fungal taxa was found in
samples of the living part of the sphagnum moss and sphag-
num peat (Fig. 2, point 1) and grass-overgrown soil (Fig. 2,
point 4). Penicillium montanense was identified in all lay-
ers 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 funiculo-
sus 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., Parengyo-
dontium album), Tolypocladium, 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 repre-
sented in the forest soil (Fig. 2, point 2), andAcremonium,
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 char-
acterized by different soil properties and plant communi-
ties, which vary depending on the distance to the sea or
freshwater basins. Eleven soil samples from the littoral zone
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Table 3 (continued)

Bottom sediments

Soil from the littoral zone

Soil from the coast

11

10

5.0-6.0 65 6.5-85 50 8.0-85 7.0-8.0 85 80 55-6.0 50-6.0 55-6.0

pH of the samples

14,15

11-13

9,10

No. of sampling places (see Fig. 2)

CA

15
40

875
25

Umbelopsis isabellina (Oudem.) W. Gams

CA, WA
CA

Umbelopsis ramanniana (Moller) W. Gams

10
65

Umbelopsis vinacea (Dixon-Stew.) Arx

SWA

Umbelopsis sp.

AA, SEA

10

Xylobolus sp.

AA, CA, MA, SEA, SWA, WA

No of sterile isolates (28 morphotypes)

Species identified by morphological and molecular approach are in bold

MA malt extract agar, CA citric agar, AA alkaline agar, WA water agar, SEA sphagnum extract agar, SWA semi-saltwater agar

4GenBank Accession Numbers of these species are in our previous work (Grum-Grzhimaylo et al. 2016)

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

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 con-
tained 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 occurrence showed that
the predominant fungi in the soil of the Kislo-Sladkoe Lake
littoral were Acremonium spp., Talaromyces funiculosus,
Sistotrema brinkmannii, Tolypocladium cylindrosporum, T.
inflatum, Paradendryphiella salina, Penicillium glabrum, P.
thomii, and Trichoderma viride (Fig. 4).

In total, 33 fungal taxa were identified in the samples col-
lected 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., Talaromyces spp., Penicillium spp., Tol-
ypocladium 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 environ-
ments. 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, characteris-
tic 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 penin-
sula are characterized by a similar taxonomy. As the distance
from the sea increases, the composition of the dominant spe-
cies 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
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Fig. 3 The spatial frequency of the most abundant fungal species in the Kislo-Sladkoe Lake
Ta.ble4 Similarity of fungal communities of the different parts of the Acremonium sp. 2 | 78
Kislo-Sladkoe Lake (Sgrensen index) .
Acremonium sp. 3 | m
Grassland ~ Forest soil Littoral zone Lake bottom Acremonium sp. 6 =
soil Paradendryphiella salina =
Penicillium glabrum |=
Sphagnum  0.20 0.18 0.21 0.09 Penicillium thomii = 33
peat Sistotrema brinkmannii |=
Grassland - 0.21 0.20 0.15 Talaromyces funiculosus |=
soil Tolypocladium cylindrosporum |=
Forest soil  — - 0.11 0.12 Tolypocladium inflatum |= 22
Littoral zone — _ _ 0.23 Trirchoderma viride |=
1 1 1 1 1 1 1 J

0 10 20 30 40 50 60 70 80
Frequency %

et al. 2016). From the lake, despite the unfavorable con-
ditions of the sphagnum peat (recalcitrant cell walls of  Fig.4 The spatial frequency of fungal species (with the spatial fre-
sphagnum moss, abundant phenolic compounds, anoxia),  quency >22%) in the littoral of the Kislo-Sladkoe Lake
we isolated a large diversity of fungi, including Acremo-
nium spp., Alternaria spp., Aspergillus versicolor, Beauve-
ria spp., Botryotinia sp., Botrytis cinerea, Cadophora spp.,  spp., Trichoderma spp., Umbelopsis spp., sterile mycelia,
Cladosporium spp., Oidiodendron spp., Lecanicillium spp., ~ some of which (Cadophora sp. 1, Cadophora luteo-oliva-
Penicillium spp., Talaromyces funiculosus, Tolypocladium  cea, Cladosporium sp. 2, Cladosporium sphaerospermum,
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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-
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 Toly-
pocladium (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).

The benthic ooze (Fig. 2, points 9-15) is a more dynamic
system due to differences in the organic matter inflow, expo-
sure to external physical, chemical and hydrological con-
ditions, 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 myce-
lia, 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 reflects the process of their separation from the sea.

To make a direct comparison with the marine habitats,
we compared the fungal composition 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 obligate marine species in the
sediments (Acremonium fuci, Paradendryphiella arenaria
and P. salina), all the rest were classified as land-origin spe-
cies. The fungal composition was represented mainly by
the cosmopolitan species (Penicillium spp.) and typical soil
species for this region (Pseudogymnoascus pannorum, Peni-
cillium spp., Tolypocladium spp., and Trichoderma spp.).
The distinctive feature of the fungal composition in the bot-
tom sediments 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 distin-
guished 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 typi-
cally found in marine habitats (Paradendryphiella salina,

Acremonium cf. fuci, and Cadophora spp.). Conversely, the
peat samples from the shore, which are desalinated and cov-
ered with vegetation (Fig. 2, points 1, 2, 4), contained fungal
species commonly associated with peat bogs (Oidiodendron
Spp., Penicillium thomii, P. montanense). Penicillium mon-
tanense was recovered from all the samples of the coastal
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 species. 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 alka-
line reaction.

Selective media makes it possible to recover slowly grow-
ing 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 species 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 alkali-
tolerant and neutrophilic species (Acremonium spp., Plec-
tosphaerella 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 ascomycetous
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 Bis-
sothecium 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 studies of
the fungi in the Kindo peninsula pealtland lakes, the major
part of the Helotiales were found in the lake (Table 5). Pre-
sumably, 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 basid-
iomycete in the lake was Sistotrema brinkmannii, 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.

Our investigations revealed that the fungal communities
in the Kindo peninsula peat and lakes depend on their ori-
gin. 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
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Table 5 Helotiales taxa

. . Lake Num-
distribution in the Kislo- ber of
Sladkoe Lake, and the taxa
Yershovskoye, Krugloye and
Verkhneye lakes Kislo-Sladkoe 15

Ershovskoye
Krugloye
Verkchneye 9

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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