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Misconception of Schizophyllum
commune strain 20R-7-F01 origin
from subseafloor sediments over
20 million years old

Sergiy M. Boiko

Hole C0020A during Ocean Drilling Expedition 337 is the deepest hole in scientific ocean drilling
(depth of 2466 m below the seafloor). The presence of microbial and fungal communities serves as
firm evidence for life within sediments. The isolated from the core and cultivable in the laboratory
strain S. commune 20R-7-F01, which has existed in a deep subseafloor environment for over 20 million
years, is being considered a high-quality genome model for studying its evolution and environmental
adaptation mechanism. We questioned the origin of the strain from the sediments using high
mutagenic simple sequence repeats of DNA. The full genome analysis of mono-, di-, tri-, and tetra-
motifs of DNA revealed no regularities in the quantitative distribution of motifs in different S. commune
genomes. At of common trinucleotide motifs loci, strain 20R-7-F01 has the highest percentage of
similarity (48.8%) among East Asian strains, which indicates an intensive genetic exchange. According
to a multidimensional scaling of 1938 common simple sequence repeats of DNA loci, no signs were
found that would indicate the spatial and temporal isolation of the 20R-7-F01 strain. The extreme
insufficient of water, and oxygen, high temperature and pressure at the level of 2 km below the ocean
floor, and the tetrapolar mating system make it impossible growth of mycelium with different nuclear
status and formation of basidiocarps. The general obtained data confirm the terrestrial origin of S.
commune strain 20R-7-F01 and the territory of the Far East of the Russian Federation (approximately
Khabarovsk, Primorsky Krai) is the probable place of origin.

Keywords Samples from sedimentary cores, Schizophyllum commune 20R-7-F01, Simple sequence repeats of
DNA, Terrestrial origin.

Integrated Ocean Drilling Program Expedition 337 was the first expedition dedicated to subseafloor microbiology
that used riser drilling technology. The site examined during the expedition is located off the Shimokita
Peninsula, Japan, at a water depth of 1180 m. Seismic profiles suggested the presence of deep, coal-bearing
horizons at ~2 km below the seafloor. One of the scientific objectives during Expedition 337 was to explore the
distribution of subseafloor life at the greatest depths that have ever been sampled by scientific ocean drilling.
Hole C0020A is the deepest hole in the history of scientific ocean drilling, and in September 2012 drilling
was terminated at a total drilling depth of 2466 m below seafloor (mbsf)""2. Microbial communities in deepsea
sediment found 1.5-2.5 km below the Pacific Ocean’s seafloor at temperatures of 40-60 °C, show that life exists
in these extreme conditions’. Isotopic compositions of methane, carbon dioxide, and gas compositions testified
to microbial methanogenesis. Peak concentrations of indigenous microbial cells occurred in lignite layers and
ranged from <10 to ~ 10* cells cm™3. According to the authors, this indicates that terrigenous sediments retain
indigenous community members millions of years after burial. In addition, Liu et al., explored the distribution,
diversity, and origins of fungal populations in subseafloor sediments which were collected during Expedition
3374 Fungi were isolated from 34 of 47 deep sediment samples collected from 1289 to 2457 mbsf. A total of 69
fungal cultures representing Ascomycota (14 genera, 23 species) and Basidiomycota (4 genera, 4 species) were
obtained. Penicillium and Aspergillus were dominant genera within the Ascomycetes, and genera Schizophyllum,
Irpex, Bjerkandera, and Termitomyces were identified for Basidiomycota. The cultivable fungal populations were
not abundant as compared to their terrestrial habitats, however exhibited growth in the laboratory, ~ 20 million
years after their likely burial. The 27 fungal species showed no or very little correlation to the depth and age.
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Authors pointed out that isolated fungi are indigenous, originating from past terrigenous environments,
which have persisted, possibly as spores. They proposed uses as a model the high-quality genome of strain S.
commune 20R-7-F01 subsisting deep subseafloor environment over 20 Mya for the study of its evolution, and
environmental adaptation mechanism by comparison with terrestrial strains>®. In the presented papers, the
authors make some controversial statements that prompted us to conduct a deeper analysis of the geographical
origin of the unique strain 20R-7-F01 and new strains of S. commune for the National Center for Biotechnology
Information (NCBI) database.

We used simple sequence repeats of DNA (SSR) or microsatellites for full-genome analysis of strains S.
commune. SSRs are preferred markers for genetic studies due to their high polymorphism, co-dominant
inheritance, high reproducibility, and full genome coverage. The length of the repeated motif in microsatellites is
between one and six nucleotides and microsatellite lengths range from a few to thousands of repeats’. SSRs have
an order of magnitude higher mutation rate, ranging from 1076 to 10~2 events per locus per generation, than
point mutations®®. The highly polymorphic SSRs are suitable for detecting the hybridization between closely
related species, studying the gene flow, and recent population structure. They are under selection pressure in
genomes, present in intergenic and non-coding regions, and a small proportion of SSRs occur within exons.
SSRs within the open reading frame (ORF) are less polymorphic, indicating different rates and evolutionary
trajectories of their development in different locations in the genome!®. Most repetitive types (mono-, di-, and
tetramers) of motifs are usually more common in introns and intergenic regions compared to exons, while
trimers and hexamers are more abundant in exons. Microsatellites outside of transcribed regions are used to
identify different genotypes, within ORFs or in promoter regions to study differences between populations or
closely related species.

The distribution of SSRs in the genomes of the fungus S. commune has a certain dependence on the origin of the
culture. The results of previous studies show that the GCT motif promotes the divergence of the population from
the Russian Federation, while the CTC, GAG and GGA motifs of the population from the United States!!. East
Asian strains from China and South Korea occupy a separate position, mainly due to the CGA motif. Differences
in the quantitative features of the motifs between populations showed the evolutionary transformation of the
fungal genomes under the influence of environmental conditions. This fact made it possible to identify specific
SSR DNA loci and develop unique primers'?, for them, which allow us to determine the geographical origin of
the sample. Using this tactic, three new strains S. commune, Loenen D, Tattone D, and 20R-7-F01in the NCBI
database, were used to establish their probable geographic origin. The only information available on the parental
strains indicates that S. commune strains Tattone and Loenen were collected in Tattone (Corsica, France) and
Loenen aan de Vecht (The Netherlands), respectively'®. The S. commune 20R-7-F01 strain is unique because it
was isolated from deep-sea sediment cores over 20 million years old and located 2 km below the ocean floor*.

Based on the information above, the study aimed to identify the likely geographic origins of new S. commune
strains, including the unique 20R-7-FO01 strain found in coal beds over 20 million years old, and determine its
differences from terrestrial strains.

Results

In silico PCR analysis at 34 SSR DNA loci was performed to identify the origins of the S. commune strains
20R-7-F01, Loenen D, and Tattone D!2. The analysis of the available PCR products of the experimental strains by
the principal component method allowed us to identify the probable populations of their origin (Fig. 1).

It has been clearly established that the strains Loenen_D and Tattone_D belong to the population originating
from the territory of the Russian Federation. It is still difficult to establish which part of Europe or Asia they
come from, as there is a lack of geographical coordinates for all strains of the Ru population. However, as the data
set grows, this issue will be resolved quickly enough.

The most interesting strain is S. commune 20R-7-F01, because according to the description, it is more than
20 million years old* and is expected to occupy a separate position. Contrary to expectations, in the global
principal component space, it was in the group of strains of the East Asian population (Fig. 1). On the one
hand, this is natural, because the strain was isolated from sedimentary soils of the Pacific Ocean floor near
Japan, but on the other hand, the depth of the layers ~2000 m below the bottom and another 1180 m of water
oceanic column? should be an insurmountable barrier to the exchange of genetic material. The findings raised
a new question: how did a strain isolated for 20 million years come to be close to modern terrestrial specimens
of East Asian origin? Perhaps the 34 SSR DNA loci used are not sufficient to detect the difference? To find the
answer, a complete SSR analysis of different S. commune genomes was applied. In addition to the S. commune
strain 20R-7-F01, three strains were selected from the Russian Federation population (Ru) - X-9_S78, X-21_S81,
X-69_885; three from the United States population (USA) - H4-8, 14-25_S64, 14-90_S72; and three from the
East Asia population (EA) - Japan JCM22674, Chine MG53, South Korea Incheon ITUM1114-SS01. Strain USA
H4-8 was specifically included as the one used to establish age differences’.

At the first stage, we applied redundant microsatellite selection conditions, which provide an idea of their
number in different genomes. Short nucleotide repeats of DNA are the most dynamic in rearrangements and the
“youngest” in origin'“. The results show a certain trend for each of the population groups. Thus, representatives
of the USA population have the smallest number (350 311-364 262) of microsatellites in their genomes.
In representatives of the Ru population, this figure is somewhat higher (366 121-377 654) and it increases
significantly in strains of East Asian origin (364 916-482 203) (Fig. 2). Of note is the strain Japan_JCM22674
from the island territory, which is between the USA and Ru populations by this indicator. The strain of interest,
20R-7-F01, has high values of the number of simple DNA repeats (401 055) and is in the general trend of strains
of the EA population. This is an evidence of intensive genome rearrangements of S. commune strain 20R-7-F01,
which are possible under conditions of its physiological activity.
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Fig. 1. The global position of new Schizophyllum commune strains (Loenen_D, Tattone_D, and 20R-7-F01) in
the principal component space by 34 SSR DNA loci.

In the second stage, the number of the most common mono-, di-, tri-, and tetra-motifs in fungal genomes
was calculated separately to determine the difference in their number. Hypothetically, a significant age difference
and strains belonging to different populations can significantly affect this indicator. The principal component
analysis of the data revealed no regularities in the quantitative distribution of motifs in different genomes
(Supplementary Fig. 1). The separation of the Chine MG53 strain from the others is associated with a slight
quantitative advantage for some types of motifs, as we saw in the previous case. All other strains were randomly
distributed in the component space.

The analysis of the loci distribution by different motifs allowed us to establish a certain peculiarity. The more
complex the motif is, the smaller its number is observed in the genome. An increase in the number of motif
repeats leads to a significant decrease in their concentration in genomes (Supplementary Fig. 2). However, for
loci consisting of trinucleotide motifs with a minimum repeat rate of 6-7, the level of decrease becomes slower
than for loci consisting of dinucleotide motifs. This trend continues in the future.

Under the third stage, we selected SSR DNA loci in the S. commune genomes that were well established both
within and outside the population. As expected, simpler loci with single nucleotide motifs dominated in number
(Supplementary Fig. 3). The general pattern of their number was similar to the previous results, but this time the
USA_H4-8 strain had the lowest number (4059). The highest number of microsatellites was found in the strain
Chine_MG53 (6174), and the strain 20R-7-F01 from deep-bottom sediments showed average values (4490).
These figures do not indicate the possible isolation of S. commune strain 20R-7-FO01 for 20 million years.

The general indicators obtained do not allow us to draw comprehensive conclusions, but help to form a vector
for further research. We developed primer pairs for SSR DNA loci of all types of motifs for all experimental
strains of the EA population. For the USA population, the USA_H4-8 strain was used, and for the Ru population,
the Russia X-9 S78 strain. This is due to the expediency of an in-depth analysis of the East Asian group together
with strain 20R-7-FO1. In silico PCR was performed for each S. commune genome to determine their relationship
(Table 1).

According to the results, the specific SSR loci of strain 20R-7-F01 are mostly common to the East Asian
population (Table 2). The maximum number of them forming amplicons (>20%) falls on loci with complex
motifs (tri-, tetra-), and the most related are the strains Chine MG53 and South Korea Incheon IUM1114-SSO01.
The percentage of common loci from mono- and dimotifs is lower (16.1-18.5%), and the Japan JCM22674
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Fig. 2. The number of single nucleotide motifs with fourfold minimum repetition in different genomes of
Schizophyllum commune.

20R-7-FO1 ? GCA_024373065.1 | 40 791 524
Loenen D ? GCA_023508725.1 | 35882427
Tattone D ? GCA_023508785.1 | 36458 910
JCM 22,674 EA (Japan) GCA_001599475.1 | 39 005 850
MG53 EA (China) GCA_003313685.1 | 51 157739
TUM1114-SS01 | EA (South Korea) | GCA_014900015.1 | 40 957 804
H4-8 USA GCA_000143185.2 | 38 670 379
14-25_564 USA GCA_019143365.1 | 37 964 127
14-90_S72 USA GCA_019143045.1 | 37 225418
X-9_878 Russia GCA_019142955.1 | 38 585916
X-21_S81 Russia GCA_019143075.1 | 39038 653
X-69_5S85 Russia GCA_019142975.1 | 38217 150

Table 1. List of S. commune strains genomes their location and genome sizes in the NCBI database.

strain, which is geographically closest, showed the lowest level of similarity (11-12%). The strains of the Ru
population showed a higher percentage of SSR loci similarity than the strains of the USA population. The highest
percentage was observed for loci consisting of trimotifs (16—17.4%) and dimotifs (13.9-14.4%). The loci with
pentanucleotide motifs, due to their complexity and small number in different genomes, turned out to be of
little information, both for strain 20R-7-F01 and for all others. For the strains of the USA population, the largest
number of loci shared with strain 20R-7-F01 ranges from 5.3 to 7.8%.

It is expected that the strains of the East Asian population (Japan JM22674, South Korea Incheon [TUM1114-
§S01, Chine MG53) have the highest percentage of common SSR DNA loci among them (Tables 3, 4 and 5). It
should be noted that the high percentage of common SSR loci of all types of Japan JCM22674 strain with Chine
MG53 and South Korea Incheon IUM1114-SS01 strains (Table 3), as well as South Korea Incheon ITUM1114-
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Motifs

Schizophyllum commune strains mono- (2646%) | di- (195%) | tri- (512*) | tetra- (102*) | penta- (36*)
20R-7-F01 100% 100% 100% 100% 100%
Japan_JCM22674 11,45 11,79 21,29 20,59 5,56
Chine_MG53 16,14 16,92 25,00 22,55 2,78
South_Korea_Incheon_IUM1114-SS01 | 16,74 18,46 23,24 20,59 2,78
USA_H4-8 1,51 1,54 5,47 6,86 0,00
USA_14-25_S64 1,59 1,54 5,27 7,84 0,00
USA_14-90_S72 1,78 2,05 6,05 5,88 0,00
Russia_X-9_S78 8,35 13,85 16,02 8,82 0,00
Russia_X-21_S81 7,41 13,85 17,38 10,78 0,00
Russia_X-69_S85 7,90 14,36 16,41 9,80 2,78

Table 2. Percentage of amplicons generated by Schizophyllum commune samples to specific SSR DNA loci of
genome 20R-7-F01. *Number of primer pairs developed for SSR DNA loci.

Motifs

Schizophyllum commune strains mono- (3079%) | di- (171*) | tri- (507*) | tetra- (93*) | penta- (40%)
Japan_JCM22674 100% 100% 100% 100% 100%
20R-7-F01 13,90 9,36 18,15 15,05 5,00
Chine_MG53 19,75 25,73 23,87 21,51 15,00
South_Korea_Incheon_IUM1114-SS01 | 18,87 23,98 22,49 23,66 10,00
USA_H4-8 2,60 2,34 4,34 4,30 2,50
USA_14-25_S64 2,50 2,92 4,54 5,38 0,00
USA_14-90_S72 2,50 3,51 5,13 4,30 0,00
Russia_X-9_S78 8,54 10,53 12,23 10,75 2,50
Russia_X-21_S81 8,31 12,28 14,00 11,83 2,50
Russia_X-69_S85 8,25 8,77 14,79 11,83 2,50

Table 3. Percentage of amplicons generated by Schizophyllum commune samples to specific SSR DNA loci of
genome Japan JCM22674. *Number of primer pairs developed for SSR DNA loci.

Motifs

Schizophyllum commune strains | mono- (3351*) | di- (191*) | tri- (555%) | tetra- (119%) | penta- (36*)
Isg‘iflll—llf;’fsego—imheo“— 100% 100% 100% 100% 100%
20R-7-F01 15,61 16,23 20,72 16,81 0,00
Chine_MG53 21,19 22,51 22,34 20,17 22,22
Japan_JCM22674 17,91 24,08 21,08 21,85 8,33
USA_H4-8 2,12 1,05 3,42 5,04 0,00
USA_14-25_S64 2,12 2,62 3,78 5,88 0,00
USA_14-90_S72 2,36 2,09 3,78 4,20 0,00
Russia_X-9_S78 9,55 7,85 12,97 13,45 2,78
Russia_X-21_S81 9,49 10,99 16,58 15,13 2,78
Russia_X-69_S85 9,22 11,52 14,23 13,45 11,11

Table 4. Percentage of amplicons generated by Schizophyllum commune samples to specific SSR DNA loci of
genome South Korea Incheon IUM1114-SS01. *Number of primer pairs developed for SSR DNA loci.

SS01 strain with Chine MG53 and Japan JCM22674 strains (Table 4). The strain 20R-7-F01 had slightly lower
similarity indices, but significantly higher than those of the Ru and USA populations.

The strains of the Ru population showed the highest percentage of common SSR DNA loci among all
populations, which indicates the geographical proximity of the research samples (Supplementary Table 2).
The strains of the EA population had more common loci than the strains of the USA population. The strains
of the USA population showed the lowest percentage of common DNA loci compared to other populations
(Supplementary Table 3). Even in the middle of the population, this indicator had moderate values. This, in
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Motifs

Schizophyllum commune strains | mono- (4377*) | di- (253*) | tri- (658*) | tetra- (137%) | penta- (54*)
Chine_MG53 100% 100% 100% 100% 100%
20R-7-F01 10,67 8,70 21,43 12,41 3,70
Isg‘ﬁﬁ—llfffggo—indle"“— 15,08 17,00 20,52 16,06 9,26
Japan_JCM22674 13,73 15,81 19,76 12,41 11,11
USA_H4-8 1,74 0,79 3,65 4,38 0,00
USA_14-25_S64 1,62 0,79 3,34 3,65 0,00
USA_14-90_S72 1,53 1,58 3,95 4,38 0,00
Russia_X-9_S78 7,33 6,72 12,46 7,30 0,00
Russia_X-21_S81 7,29 5,93 13,53 10,95 0,00
Russia_X-69_S85 7,84 6,72 14,29 10,22 0,00

Table 5. Percentage of amplicons generated by Schizophyllum commune samples to specific SSR DNA loci of
genome Chine MG53. *Number of primer pairs developed for SSR DNA loci.

our opinion, is a sign of the considerable remoteness of the sample collection locations from each other. The
percentage of common loci with strains from the Ru and EA populations was very low and almost identical. This
indicates a significant barrier to gene flow posed by the Pacific Ocean. It should be noted that strain 20R-7-F01
had similar performance to modern terrestrial S. commune samples.

For each test strain, we calculated the percentage of common loci observed in at least one other strain of any
population (Fig. 3). The strain 20R-7-F01 shows very high rates among East Asian strains. At loci consisting of
trinucleotide motifs, it has the highest percentage of similarity (48.8%), and at loci consisting of tetranucleotide
motifs, it is ahead of Chine MG53 and South Korea Incheon ITUM1114-SS01. This indicates an intensive genetic
exchange of S. commune strain 20R-7-F01, which contradicts the information about its isolation for 20 million
years™>. The strains of the USA and Ru populations show diametrically opposite indicators, which are fully
synchronized with the previous data (Supplementary Tables 2, 3).

Next, we determined how the common loci are distributed by population affiliation of the strains. The sum of
the common loci for each strain was determined to be 100%. Loci consisting of di- and trinucleotide motifs were
analyzed (Fig. 4). The overall picture of the two types of loci is similar, but the percentage differs significantly. For
the East Asian population, the percentage of original loci with dinucleotide motifs decreases and the American
loci increase from west to east, except for S. commune strain 20R-7-F01 (Fig. 4a). It has the lowest percentage
of shared East Asian loci (76.3%) and the highest percentage of Ru population loci (60.5%). The loci shared
with the American population amount to 7.9%, which is higher than that of Chine MG53 and lower than that
of South Korea Incheon ITUM1114-SS01 and Japan JCM22674. The USA H4-8 and Russia X-9_S78 strains are
characterized by the dominance of original loci (93.9% and 87.9%, respectively) and a low proportion of loci
from other continents.

Loci consisting of trinucleotide motifs show a similar general pattern with a slightly higher percentage of
loci from other continents (Fig. 4b). For the strains of the East Asian group, the percentage of original loci
approximately remains at the same level as the “dinucleotide” loci. The proportion of East Asian and American
loci increases from west to east, except for strain 20R-7-F01. For this strain, there is a higher percentage of Ru
population loci, which, by the way, has increased for all strains. In general, we can see that strain S. commune
20R-7-FO01 falls out of the general picture of the distribution of common loci of both types by the coordinates of
the origin.

The analysis of the distribution of common loci of S. commune strain 20R-7-F01 by the principal components
method among other strains allowed us to identify the two closest cultures. For loci consisting of dinucleotide
motifs, the most closely related strain was Incheon TUM1114-SS01 from South Korea (Supplementary Fig. 4a).
For more complex loci consisting of trinucleotide motifs, the highest affinity was observed with the Chine MG53
strain (Supplementary Fig. 4b). The final data reflect this result (Supplementary Fig. 4c).

In total, 1938 common SSR DNA loci consisting of di- and trinucleotide motifs were identified for the
experimental strains of S. commune. Their analysis by AMOVA revealed that genetic variation within populations
accounted for 57%, and between populations for 43% (Supplementary Fig. 5). This demonstrates the effectiveness
of the use of DNA microsatellites of the fungus S. commune, both within and at the inter-population level.

A set of 1938 common SSR DNA loci of S. commune strains was used for multidimensional scaling. A system
was constructed using the non-metric MDS to show the relatedness of the studied S. commune strains (Fig. 5).
Stress values and R? correlations confirm the quality of the proposed model. According to the data obtained,
all experimental strains clearly fit into the proposed USA, Ru, and EA populations. The strain of S. commune
20R-7-FO01, which is of the greatest interest, clearly outlined its affiliation with the East Asian population with a
vector of approximation to the Ru population. No signs were found that would indicate the spatial and temporal
isolation of this strain. The distance between Japan JCM22674 and 20R-7-F01 is almost the same as between
Japan JCM22674 and Chine MG53, indicating a terrestrial origin of strain 20R-7-FO1.

The construction of minimum spanning tree of non-metric MDS by the Dice and Kulczynski index
(Supplementary Fig. 6) of S. commune strains allowed us to establish relationships between strains. Stress and
correlation indicators allow us to accept the quality of the models. According to the Dice index, the combination
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Fig. 3. Percentage of SSR DNA loci of each strain that are shared with other S. commune strains.

of USA, Ru, and EA populations is due to the USA H4-8, Russia X-21_S81, and 20R-7-F01 strains (Supplementary
Fig. 6a). According to the Kulczynski index, the combination of USA, EA, and Ru populations is due to the USA
14-90 S72 strain, followed by almost all strains of the EA population (except Chine MG53) and the Russia
X-21 S81 strain (Supplementary Fig. 6b). The Dice index emphasizes the similarity of the test strains, while
the Kulczynski index gives more weight to the difference between the strains and emphasizes it. In both cases,
strain 20R-7-FO1 is clearly embedded in the linkage system and is a significant link in the system linking EA
and Ru populations. This again proves its modern origin and indicates a commensurate rate of evolutionary
rearrangements of the genome at the level of other terrestrial S. commune samples.

We conducted a phylogenetic analysis on thirty-five experimental strains (Supplementary Table 4) using
nucleotide polymorphisms from two DNA amplicons to enhance data certainty. The analysis focused on the
polymorphic loci MK1692_USA14-25564 and MK90_Ru_X21_S81. After aligning amplicons and applying the
maximum likelihood method, we constructed the phylogenetic tree (Fig. 6). The structure and branching of the
trees confirm our earlier findings, namely the strains grouping occurs according to their origin, and the genome
of strain 20R-7-F01 has ongoing, and sync with terrestrial samples changes.
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Fig. 4. Percentage of common SSR DNA loci consisting of dinucleotide (a) and trinucleotide (b) motifs
in S. commune strains of different populations. The figure was prepared using ©mapz.com — Map Data:
OpenStreetMap ODbL (https://www.mapz.com).

Discussion

Microsatellites, as dynamic elements of the genome, are fully functional markers that allow us to record the
distribution of specimens at the local and population levels!>!>16, solve complex issues of the evolution of
genetic mechanisms'’, predict the distribution of a species, search for rare genotypes, and develop a strategy
for the conservation of endangered species' '3, A comprehensive study of microsatellites in the S. commune
genomes showed that strain 20R-7-F01 is in the general trend of East Asian population, and high quantitative
indicators of simple DNA repeats indicate its active genetic rearrangements, which are possible under conditions
of physiological activity haplo-dikaryotic stages. The high values of relatedness (>20%) at complex loci (tri-
tetranucleotide motifs) for S. commune 20R-7-F01 with strains of the East Asian population, in our opinion,
indicate a common distant past. After all, general genetic observations for different organisms show that the
rate of microsatellite mutations tends to decrease with increasing motif length. That is, it takes more time for
them to appear and become fixed in the genome. Loci consisting of short motifs (mono-, di-) are capable of
more dynamic changes and may indicate recent genetic rearrangements. Dinucleotide repeats are believed to
be recombination hotspots?, that rapidly adapt to evolutionary demands by restoring genetic variation lost to
genetic drift?!.

The results show that for the strains Japan JCM22674 (Table 3) and South Korea Incheon TUM1114-SS01
(Table 4) a high, approximately equal, percentage of common loci is observed, regardless of the complexity of the
motif. For the strains Chine MG53 (Table 5) and 20R-7-F01 (Table 2) a high percentage of common complex loci
(tri- and tetranucleotide motifs) was recorded. The high percentage of SSR loci consisting of trinucleotide motifs
can be explained by their wide distribution in the genome. After all, the newly created mutations do not cause
a shift in the reading frame during DNA transcription and are less likely to lead to lethal consequences. They
accumulate in both coding and non-coding regions of DNA, unlike other types of SSR loci, which are mainly
formed in non-coding regions!®?2,

In general, if we consider the indicators of relatedness at mono-pentanucleotide loci [Tables 2, 3, 4 and 5] of
the strains of the East Asian population, the average percentage is (in descending order): South Korea Incheon
TUM1114-SS01-18.1%; Japan JCM22674-17.8%; 20R-7-F01-15.7% and Chine MG53-13.8%. If we take into
account the relatedness among the common loci (Fig. 3), the values are almost equalized (with the exception
of Chine MG53): South Korea Incheon ITUMI1114-SS01-42%; Japan JCM22674-42.2%; 20R-7-F01-42% and
Chine MG53-34.4%. Thus, according to these data, the S. commune strain 20R-7-F01 from sediments does not
demonstrate possible spatial and temporal isolation.

Analyzing the distribution of common SSR DNA loci in the S. commune genomes with a combination of
the probable geographic origin of the samples (Fig. 4) two main conclusions emerge. First, less complex loci
consisting of dinucleotide motifs are more dynamic in rearrangements and reflect recent changes in the fungal
genomes. Loci consisting of trinucleotide motifs require more time to form a certain pool, are more difficult
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Fig. 5. Non-metric multidimensional scaling (Dice similarity index) of S. commune strains based on in silico
PCR of 1938 SSR DNA loci.

to change, and indicate a change in the genetic profile over a longer period of time. This is confirmed by the
example of strains of the East Asian population (Fig. 4a, b). According to the indicators of simple common loci,
we can see the location Chine, which acts “today” as the center of distribution of the original loci (Fig. 4a). If we
take into account more complex loci, we observe a high percentage of original loci in geographic locations that
may have been previous centers (Japan), especially when there is a certain geographic isolation (Fig. 4b). The
percentage of original loci will decrease with intense gene flow.

Second, given the distribution of the percentage of common loci of different origins, we can substantiate the
genesis of S. commune strain 20R-7-F01. The spread of loci of American origin is primarily ensured by the waters
of the Pacific Ocean, so it is quite logical that the largest percentage of them in the East Asian population will
be observed in geographically close locations, such as Japan, then the coastline of the Asian continent (Fig. 4a).
Going deeper into the mainland will lead to a decrease in the proportion of common loci of American origin.
As for the S. commune strain 20R-7-F01, it occupies an intermediate position (7.9%) between the South Korean
strain Incheon TUM1114-SS01 (9.5%) and Chine MG53 (7.5%). The percentage of shared loci with samples of
the Ru population is the highest (60.5%) among East Asian strains, and at the same time, we observe the lowest
percentage of original loci (76.3%). These values are in favor of the terrestrial origin of strain 20R-7-F01. Taking
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into account the data presented in this work, we can state that S. commune strain 20R-7-F01 shows high genetic
integration with strains of the East Asian population, is modern and, given the proportion of common DNA loci,
has a probable geographical origin from the Far East of the Russian Federation (approximately Khabarovsky,
Primorsky Krai).

During the drilling of well C0020A, four blocks were identified based on the depth and composition of
sedimentary rocks. According to Expedition 337, Block III, from which S. commune strain 20R-7-F01 was
isolated, consists of sandstone, silt, shale, coal, siltstone, and mud, with a porosity value of 55%"%°. Interstitial
water was detected from 15 cores of Block II (1256.5-1826.5 mbsf), 7 cores of Block III (1826.5-2046.5 mbsf),
and 2 cores of Block IV (2046.5-2466 mbsf). The maximum interstitial water content observed at these depths
was 33 ml/dm® and only for sandstone. All other rocks did not contain interstitial water. The availability of
water is one of the main factors for the normal course of physiological processes in fungi. The water content in
the mycelium and/or fruiting body reaches 90% and higher. For successful cultivation of S. commune on solid
media, their relative humidity should be 50-85%%%%. In the case of the sedimentary soil sample (sandstone),
the interstitial water content is approximately 3%. This is extremely insufficient for the physiological needs of
the fungus, and it should be borne in mind that the high osmotic potential of this solution, due to dissolved
compounds, makes this water almost inaccessible.

Temperature is another important factor for the fungus’s vital activity. The optimum temperature for the
growth of the mesophilic fungus S. commune is 20-32°C?%, but the fungus is able to tolerate higher temperatures.
They have a critical negative effect on the structure of proteins, the functionality of membranes and the genetic
apparatus of the cell, so the thermostability of the fungus is limited in time. Numerous studies have shown that
at a temperature of 45°C the growth processes of the fungus S. commune are almost completely inhibited, and the
temperature of 50°C is lethal?”%. It should be noted that such results are observed at short cultivation periods
and optimal values of humidity, pH, nutrient and oxygen concentrations. When several factors are critical, the
lethal temperature will decrease. If we consider the in situ temperature conditions of the S. commune strain
20R-7-F01, then with a temperature gradient of 24°C/km, the temperature at the level of ~2 km below the ocean
floor will be at the average 48°C'. Such a temperature at least leads to inhibition of physiological processes of the
fungus S. commune, and under conditions of constant acute water and oxygen deficiency, it is fatal. According
to the authors* representatives of Ascomycota and Basidiomycota could be preserved in a state of quiescent or
as spores. But then the question arises: how, according to our data, did the exchange of genetic material occur
between the S. commune 20R-7-F01 strain and other representatives of the East Asian population? How did high
temperature and dehydration not lead to the destruction of DNA, biological membranes, and deactivation of
enzymes over 20 million years? In our opinion, the discrepancies presented and the data we have presented are
in favor of the terrestrial origin of strain 20R-7-F01.

Sexual reproduction in fungi provides recombination of genetic material from two sexual partners.
Basidiomycetes are characterized by a haploid-dikaryotic life cycle. Basidioma can form exclusively on
dikaryotic mycelium. As a result of meiosis, four haploid basidiospores are exogenously formed at the ends
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of the basidia, which are an effective form of fungal spread in nature. To form a fertile dikaryotic mycelium,
two compatible haploid mycelia must fuse. The fungus S. commune has a tetrapolar mating system, i.e., the
formation of a dikaryon requires the fusion of haploid specimens that differ in two sexual compatibility factors
with multiple alleles (AxBx, AyBy)*-*!. The tetrapolar mating system reduces the level of inbreeding to 25%
among the offspring. The alternation of nuclear status forms a complex life cycle of S. commune and requires
free spread of basidiospores. The conditions at a depth of ~2 km below the ocean floor (high pressure, density of
sedimentary soil, temperature + 48°C, lack of water, oxygen, high concentrations of mineral compounds) make it
impossible for intensive spread of basidiospores, growth of mycelium with different nuclear status and formation
of basidiocarps. And according to our data, these processes should have occurred at the same rate as in terrestrial
strains, which is impossible.

Liu et al. conducted a phylogenomic analysis of strain 20R-7-FO1 in comparison with the most studied
terrestrial strain of S. commune, H4-8°. Based on genomic and mitochondrial phylogenetic analyses, the authors
found that the divergence time of 20R-7-F01 and H4-8 was 28-73 million years ago and 4.8-22 million years
ago, respectively, which is consistent with the geological age of the sediment. Although the authors indicate
that they cannot determine the origin of the fungi, they argue that the underwater fungi are indigenous and
have been preserved in the submarine sediments for millions of years based on data from structural geology,
sedimentology, biogeochemistry, and microbiology>*. The H4-8 strain of S. commune, like many others, has
no geographic origin data in the NCBI database. Our previous studies have shown that it belongs to the US
population'. According to the presented results strains of the US population have the lowest affinity to strain
20R-7-F01, indicating the longest time of their divergence among all studied strains. In addition, Liu et al. point
out that the entry of the fungal pool into submarine sediments through subsurface circulation is impossible,
since active fluid circulation is physically impossible in the submarine sedimentary system at a depth of 2 km.
We fully agree with this and have our own assumption about the ingress of fungi into the core samples. Block
III (1826.5-2046.5 mbsf) is represented by several coal horizons consisting of different types of detrital coal with
xylitic coal beds. Carbonaceous detritus is characterized by the dominance of finely ground material with a grain
size of less than 0.1 cm, which originates from the wood of Angiosperms, as well as mosses and grasses. Charcoal
xylitol is the residue of coniferous wood with fragments longer than 1 cm®2. Lignite has a complex and branched
pore structure®, which is why it has good adsorption properties®. These features are used in the removal of
heavy metals®*>*¢ and organic pollutants and dyes from wastewater*”-*. During drilling, a drilling fluid is used,
which is fed into the drill hole under pressure, the value of which correlates with the depth. Given the significant
pore surface of the lignite, it is expected that it will absorb part of the “external” biological material in the form
of spores and fragments of fungal hyphae. This is confirmed by the Expedition 337 report, which states that
the concentration of microbial cells in the drilling mud was consistently> 108 cells/cm?. This is an order of
magnitude higher than in pelagic seawater used during other expeditions®®, and two to five orders of magnitude
higher than expected local cell concentrations in sediments more than 1000 m below the seafloor*’. In addition,
during core extraction, pressure changes occur, which provoke phase changes in dissolved gases and lead to
core expansion, especially in the plane of fractures, which also leads to contamination with drilling fluid. In our
opinion, these factors are the reason for the contamination of cores with samples of fungi and microorganisms.

Conclusion

These data fully confirm the terrestrial origin of S. commune strain 20R-7-F01 and refute its genetic isolation
by its inclusion in underwater sediments that are more than 20 million years old. The distribution of common
SSR DNA loci of different origins in the genome of S. commune 20R-7-F01 strain indicates its genesis.
According to the results of the analysis, the territory of the Far East of the Russian Federation (approximately
Khabarovsk, Primorsky Krai) is the probable place of origin of strain 20R-7-F01. A large group of fungi?, which
was simultaneously isolated from coal layers (1289-2457 mbsf), raises concerns about their aboriginality. The
widespread mesophilic representatives of the genera Irpex, Bjerkandera, Termitomyces (Basidiomycota) are
similar to S. commune in their lifestyle and, in our opinion, have similar ways of entering the core structure. The
results of our study raise the urgent question of the correspondence between the age of origin of mycological
and microbiological findings and the age of sedimentary cores on a global scale. Taking into account numerous
scientific studies and findings using the drilling method, data containing incorrect information about the origin
of samples can be accumulated. This, in turn, can lead to an erroneous judgment of the direction of evolutionary
changes in a species, a mismatch in the dynamics of genetic rearrangements, a disruption in the synchronization
of genome evolution with environmental factors, and so on. For this reason, it is necessary to be very careful
about the age correspondence of samples and sediments, especially for objects in status vitae.

Methods

Genome assembly of fungus S. commune

Assembly of the full genome of the S. commune basidiomycete fungus was downloaded from the National Center
for Biotechnology Information (https://www.ncbi.nlm.nih.gov/assembly/?term=Schizophyllum+commune).
The samples used in the study are listed in Table 1. Three conditional populations were defined according to the
origin of culture: USA, Ru, and EA.

In silico SSRs identification, primers design, and PCR

The available genomes of S. commune were used, for search SSRs, markers design, and in silico PCR using the
software package Genome-wide Microsatellite Analyzing Tool Package (GMATA v2.3)*L. The identified motifs
were one to five nucleotides in size, and the minimum repeat unit depended on the stages.
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o The first stage. The mode search was set at a minimum number of repeats of four mononucleotides. This al-
lowed us to cover as large a significant part of the nucleotide repeats of each genome as possible.

o The second stage. The mode search was set at the following parameters: mono-, di-, tri-, and tetra- motifs from
four to ten repeats. The number of each motif type was counted for each strain.

o The third stage. The mode search was set at a minimum number of repeats of seven mononucleotides, six
dinucleotides, five trinucleotides, four tetranucleotides, and four pentanucleotides.

At the stage of assessing the belonging of S. commune strains to a specific population, the set of genetic markers
was 34 DNA loci (Supplementary Table 1), and the total number of strains with a complete DNA assembly was
35 (Supplementary Table 4)1242,

Statistical analysis
Genetic data of S. commune strains from three populations were analyzed by using GenAlEx v6.5, PAST v4.13
software®*!. AMOVA, was performed to determine the partitioning of genetic variance among and within the
populations. The principal components analysis (PCA) to find hypothetical variables accounting for as much as
possible of the variance in the multivariate data and visualize the genetic diversity generated by the SSR markers
was used*®. For help to discover patterns, similarities, and differences among the data points, and interpret them
in terms of meaningful dimensions we used multidimensional scaling (MDS). Non-metric MDS uses an iterative
procedure to find the best configuration of points that maximizes the correlation between the original and the
reduced distances. Nonmetric MDS can handle ordinal data, and it can produce a stress value and a coefficient
of determination that measures the quality of the fit*°.

The analysis of the in silico sequencing data and nucleotide alignment of amplicons was performed using
BioEdit v. 7.7.1%. Phylogenetic analyses by amplicons were performed using DNA Maximum Likelihood
method®.

Data availability
All data supporting the findings of this study are available within the paper and its Supplementary Information.
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