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Microfungi of deep-sea sediments, and especially those several meters below the water—sediment interface,
are poorly studied. In this work, for the first time, microfungal communities isolated by cultivation from deep-
sea sediments of the eastern part of the Equatorial Atlantic (the Romanche and Chain Fracture Zones) were
investigated. Fungi were isolated from sediments sampled at each of 12 stations from horizons 1.0—4.7 m
below the sediment—water interface. To study microscopic fungi, one sediment horizon was isolated from
each core. The fungal abundances were within the range of 0.0—3300.0 CFU g! sediment dry weight. A total
of 19 fungal taxa from the phyla Ascomycota (18) and Basidiomycota (1) were identified, and Mycelia sterilia
1 strain was also isolated. Seven fungal species were encountered only once. In this case, the maximum similarity
of species composition, in terms of the Bray — Curtis coefficient, was 57.14% (horizons 1.0 and 3.6 m, four
common species). A comparison of the taxonomic structures of fungal communities from the study areca was
made with those from sediments of the Indian and Pacific Oceans and other areas of the Atlantic. The fungal
communities from sediments in the study area were compared with those from the Indian and Pacific Oceans
and other areas of the Atlantic. From the literature data and present study results, a list of fungal species with
180 names was compiled. The fungi belonged to 97 genera, 57 families, 32 orders and 13 classes of the phyla
Ascomycota, Basidiomycota, and Mucoromycota. The diversity of fungal communities was assessed using indicators
of taxonomic richness (number of taxa from different ranks), proportions (genera/families, species/families,
species/genera), Average Taxonomic Distinctness index (AVID, A*) and Variation in Taxonomic Distinctness
index (VarTD, A"). Four and twelve fungal classes were identified in sediments in the Eastern Equatorial Atlantic
and the Indian Ocean, respectively. The species/genera proportions in the communities varied from 1.33 (Indian
Ocean) to 3.8 (other areas of the Atlantic Ocean). For the fungal communities of the Eastern Equatorial Atlantic,
the AVTD index value was minimal (A" = 50.19), the VarTD index was maximal (A" = 945.38), and they were
beyond the 95% confidence interval. This was due to the small number of the fungal classes and vertical and
horizontal unevenness of species distribution along taxonomic branches, which was manifested in the dominance
of species of the family Aspergillaceae (78.9% of the species in the class Saccharomycetes and Eurotiomycetes), only
two species belonging to the classes Sordariomycetes and one species belonging to the class Microbotryomycetes
(phylum Basidiomycota). Consequently, statistically significant differences were found between the taxonomic
structures of the fungal communities of the Eastern Equatorial Atlantic and the other regions of the World
Ocean, which are due to the insufficient amount of data obtained on the species composition of fungi in the
sediments of this area. The study did not reveal any pattern in the change in the number of fungal species and
their abundance in relation to the water characteristics (temperature, pH, and salinity), horizon depth in the
sediment core, sediment type, or sampling station location in the Romanche and Chain Fracture Zones.

Keywords: abiotic factors, Aspergillaceae, Average Taxonomic Distinctness index, Distinctness index, subsurface
sediment horizons, marine fungi
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INTRODUCTION

The largest ecosystem on Earth is the deep waters of
the World Ocean and its floor, but these biotopes have
not been sufficiently studied in terms of organic matter
content, chemical composition, and biotic components.
Living or viable-in-culture microorganisms (bacteria,
archaea and fungi) have been detected in ocean sedi-
ment layers that lie several hundred meters below the
water—sediment interface. However, there is very little
information about the general diversity and growth of
microorganisms in this biotope (Rédou et al., 2015; Ro-
jas-Jimenez et al., 2020; Florio Furno et al., 2022). The
results of studying sediments to a depth of 1922 m using
molecular and cultural methods simulating iz situ condi-
tions made it possible to revise the previously established
maximum depths from 159 to 1740 m for the habitat of
eukaryotic microorganisms and from 518 to 1922 m for
that of prokaryotes (Ciobanu et al., 2014).

Cultivation allows isolating only a small number of
species; however, the merit of the method is the pos-
sibility of further dealing with pure cultures of micro-
organisms to estimate their physiological effects and to
extract and study biologically active compounds from
them. Bacteria and fungi isolated from deep-sea sed-
iments are known to produce extracellular hydrolas-
es and antibacterial metabolites that are active against
human clinical pathogens (Padmanaban et al., 2019;
Zhou et al., 2021). Such species as: Acremonium fusi-
dioides (Nicot) W. Gams, Penicillium allii-sativi Frisvad,
Houbraken et Samson, P. chrysogenum Thom, P. pali-
tans Westling, P. solitum Westling, and Pseudogymnoas-
cus verrucosus A.V. Rice et Currah, were isolated from
sediments in the Antarctic region. Some isolates of these
species exhibited antifungal, trypanocidal, leishmani-
cidal, antimalarial, nematocidal or herbicidal activities
(Ogaki et al., 2020).

In deep-sea ecosystems, fungi are involved in bi-
ochemical cycles and food chains and enter into di-
verse interactions (biotrophy, parasitism or symbiotro-
phy) with other organisms (Marchese et al., 2021). It
is known that endolithic fungi (i.e. those living inside
rocks) destroy the calcareous structures of hydrobionts:
mollusk shells, barnacles, foraminifera, corals, and the
burrow linings of marine wood borers (Kopytina, Bo-
charova, 2022).

Studies have been carried out on marine fungi from
deep-sea sediments of the Mariana (Nagano et al., 2010)
and Atacama Trenches (Edgcomb et al., 2011; Wang et
al., 2019), Mid-Indian Basin (Singh et al., 2012), South
China Sea (Zhang et al., 2013), Tropical Eastern Pacific
(Rojas-Jimenez et al., 2020), Atlantic Ocean (Marchese
et al., 2021; Zhou et al., 2021), and Black Sea (Zaitsev,
Polikarpov, 2008; Sergeeva, Kopytina, 2014). Mainly
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cosmopolitan fungi have been identified at different hori-
zons in sediments. This raises the question on the origin
of the fungi and their ability to adapt to the deep-sea con-
ditions (Damare et al., 2006; Rédou et al., 2015; Wang
et al., 2019, Zvereva, Borzykh, 2022). Molecular studies
discover operational taxonomic units (OTU) of unculti-
vated fungi for which there are no data in the GenBank
database (Xu et al., 2014; Marchese et al., 2021).

Studies on the fungal species diversity in the deep
pelagic and benthic zones of the World Ocean are im-
portant for understanding the number of fungal species
on the planet and their ecophysiological role in extreme
environmental conditions (Marchese et al., 2021).

The purposes of the present study are: 1) to assess the
taxonomic diversity of fungi and the structural features
of their communities in sediments up to the horizons
4.7 m below the water-sediment interface in the East-
ern Equatorial Atlantic; and 2) to assess the influence of
abiotic factors — characteristics of water above the sed-
iments (temperature, salinity, and pH), horizon level in
the sediment core, and sediment type — on the structure
of fungal communities.

MATERIALS AND METHODS

Sediments and water sampling. RV “Akademik Iof-
fe” cruise 63 (Shirshov Institute of Oceanology of the
Russian Academy of Sciences, RAS) took place from
29.09.2022 to 08.12.2022 in the eastern part of the Equa-
torial Atlantic in the area of the Romanche and Chain
Fracture Zones (Fig. 1). Teams of geologists and lithol-
ogists from the Shirshov Institute of Oceanology of RAS
collected sediment cores at 12 stations using a marine

Ocean Data View
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Fig. 1. Map of stations at which sediment cores were
sampled with water characteristics in the 63th cruise RV
“Akademik loffe”.
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geological coring tube with a diameter of 110 mm. To
study microscopic fungi, one sediment horizon was iso-
lated from each core.

Water temperature, salinity and pH in the near-sedi-
ment layer (at a distance of about 7 m from the ocean floor)
were measured using a CTD-probe Sea-Bird 19plus and a
pH-meter HANNA instruments HI98128 PHep5 with a pre-
cision of 0.01°C and 0.01 PSU for the thermohaline char-
acteristics and 0.01 for pH values.

Fungal isolation. Fungi were isolated on Czapek medium
(LLC Research and Development Center “Biokompas-S”,
Uglich, Russia) and Sabouraud agar (Obolensk, Serpuk-
hov, Moscow Region, Russia). 1 mL of sediment suspen-
sion (dilution 1 : 10) was added into a sterile Petri dish and
the dish was filled with molten medium cooled to approxi-
mately 45°C. Three replicates were prepared for each medi-
um (72 dishes in total). A 3% chloramphenicol (antibiotic)
solution in ethanol was added to the media in a proportion
of 1 mL per 1 L of media to suppress bacterial growth. The
media were prepared using sterile artificial seawater, which
was obtained by dissolving 34 g of sea salt (“Marbelle”, Ta-
ganrog, Russia) in 1 liter of distilled water. The Petri dishes
with the material were incubated in a thermostat at 18°C for
one month.

Two sediment samples of equal weights were taken. One
of them was used to prepare a suspension, and the other one
was dried in an oven to constant weight at a temperature of
105°C. The number N of colony-forming units (CFU) of
micromycetes was calculated per 1 g of dry sediment using
the formula: N=a-bm-g”', [1], where a is the average num-
ber of colonies in Petri dishes, b is the sediment dilution fac-
tor, m is the wet sediment weight, and g is the dry sediment
weight (Bilay, 1982).

To examine fungal communities, we used an ADF
U300 light microscope equipped with a camera ADF Pro
08 (China). Microfungi were identified by morphological
and cultural characteristics using the works (Bilay, Koval,
1988; De Hoog et al., 2000; Klich, 2002; Refai et al., 2014;
Visagie et al., 2014) and others. Valid names and taxonomic
affiliation of fungi were taken from the international elec-
tronic database Index Fungorum (2024).

Permanent preparations of isolated fungi are in the per-
sonal collection of N.I. Kopytina at the Papanin Institute of
Biology of Inland Waters of RAS.

Data processing. Data processing was carried out using
MS Excel and the statistical software package PRIMER®
5.2.8. The input of the PRIMER® software is a sample X
X taxon matrix supplemented with the corresponding
grouping factors. The similarity of the structure of fungal
communities across stations/horizons were assessed using
the Bray — Curtis similarity coefficient (the Similarity analy-
sis) in two variations: species composition similarity was
assessed by the presence/absence of species, and similarity
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of the quantitative structure of communities was evaluated
from the number and abundance of species.

The systematic features of a fungal community are de-
scribed using two taxonomic indices: Average Taxonomic
Distinctness index (AvI'D, A*) and Variation in Taxonomic
Distinctness index (VarTD, A"). These indices are calcu-
lated based on the presence/absence of species. To calcu-
late index values, two matrices are used: Sample data (main
matrix) and Aggregation data with the systematic position of
each species according to the hierarchy of C. Linnaeus (spe-
cies, genus, family, etc.). The TAXDTEST function plots
index graphs and the arrangement of symbols demonstrates
the proximity of the taxonomic structure of the complexes
under consideration.

Average Taxonomic Distinctness index (A™) shows the
vertical breadth of the distribution of taxa at the previous
and next levels of the taxonomic tree. The A" index is the
mean length of links between species in the taxonomic tree.
When two species belong to the same genus, one link leads
to the common node representing the genus. If species
belong to different genera of the same family, two differ-
ent link levels are involved (species — genus and genus —
family), and the index is calculated using the formula:
AT = [ZZ w;)/[8(S — 1)/2] [2], where S is the number of
species in the sample and w; is a measure of taxonomic dif-
ference given by the length of the path that connects species
i and in the hierarchical classification.

Variation in Taxonomic Distinctness index (VarTD, A™)
shows the degree of horizontal evenness in the distribution
of the number of lower taxa in the branches of high levels.
It is calculated using the formula: A* = [2X,; (w;— A")?]/
[S(S — 1)/2] [3], with the same notations as in Eq. [2].
The more representatives from polyspecific branches in the
community, the lower the indicators of hierarchical even-
ness of the taxonomic structure and the lower the values of
the indices A" and A™ (Clarke et al., 2014).

Systematic features of the fungal communities of the
Eastern Equatorial Atlantic are considered in comparison
with similar communities from other areas of the World
Ocean. A list of fungal species in sediments of the Indian
Ocean (cores at 0.3, 0.4 and 4.7 m) (Raghukumar, Raghu-
kumar, 1998; Raghukumar et al., 2010; Damare et al., 2006;
Zhang et al., 2014; Xu et al., 2018), the Pacific (0.0—3.58,
4, 12, 21, 25, 34, 37, 137, 403, 765, 1478 and 1884 m) (Xu
et al., 2014; Rédou et al., 2015; Keeler et al., 2021), and
the Atlantic (surficial horizons in the areas of Porcupine
Bank, the Whittard Canyon, and the South Atlantic Ocean)
(Marchese et al., 2021; Zhou et al., 2021) is compiled. This
list includes fungal species that were isolated by culture or
identified by genetic analysis with an accuracy of at least
98%. If only the fungal genus was reported, then the genus
name is supplemented with the designations: sp. 1, sp. 2.
The list consists of 180 fungal names and includes also the
Ne 6
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Table 1. Characteristics of sampling stations, sediment samples and water above sediments

Station N Coordinates Oceandepth, m | T,°C | S, PSU pH hSeQ1ment Sediment type
orizon, m

4379 00°01.218" S; 17°11.983' W 5493 1.96 34.86 7.00 3.00 sandy clay
4380 00°21.151" N; 16°34.747' W 5602 1.91 34.85 7.02 1.00 sandy silt
4382 00°34.846" N; 15°31.27 W 4814 2.20 34.84 6.94 3.60 silty sand
4383 00°21.293" N; 15°12.424' W 4165 1.19 34.77 6.89 2.68 clayey sand
4385 00°33.135" N; 14°36.729° W 4838 1.35 34.79 6.83 4.50 clayey sand
4393 00°59.275° S; 13°45.671' W 4688 1.28 34.78 6.78 2.95 clayey sand
4394 01°22.236" S; 15°08' W 5535 1.23 34.76 6.78 2.60 sandy silt
4397 02°05.9' S; 18°25.4' W 5189 0.82 34.72 6.69 3.75 clay
4405 00°51.47" S; 21°34.5' W 5964 1.16 34.77 7.02 3.00 clayey sand
4407 01°05.66" S; 22°54.587" W 4824 1.28 34.76 6.31 3.10 sandy silt
4408 01°06.794" S; 23°26.982" W 4860 1.24 34.76 6.82 2.19 sandy silt
4410 01°10.356" S; 24°25.5 W 5415 1.13 34.76 6.74 4.70 silty sand

taxa found in this study. Using the list of species, the taxo-
nomic richness (number of taxa of different ranks) and pro-
portions (genera/families, species/families, species/genera)
in the communities of the compared areas are determined
and the graphs of the A* and A" indices are plotted. This
analysis is shown in Discussion.

The outcome of the BIOENYV analysis (Biota and/or En-
vironment matching) is the highest possible values of Spear-
man’s rank correlation coefficients (p,,,,). The values of the
coeflicients show the combination of environmental param-
eters that most closely match variations in the distribution of
numbers and species composition of organisms by compar-
ing biotic (i.e. related to number of species and number of
organisms) and abiotic (i.e. related to physicochemical pa-
rameters of the environment) similarity matrices. The soft-
ware uses Z-standardization of environmental parameters
with different measurement units. The Shannon diversity
index H’used in the study indicates the complexity of the
fungal community structure and is calculated based on the
abundance (or biomass) and number of species as follows:
H =3R_ p,log, p,, [4], where p; is the proportion of the
i-th species in the total count (or total biomass) and R is the
number of species. In this study, the Shannon index based
on abundance was calculated using the function DIVERSE
(Clarke et al., 2014).

The similarity in the quantitative structure of the fungal
communities was analyzed using MDS ordination (ordi-
nation of samples by Multi-Dimensional Scaling), whose
outcome representation contains the intervals among sta-
tions in multidimensional space and is projected to 3D plots
(MDS function).

Ecological analysis of fungal community includes:
species composition, number of species, number of colo-
ny-forming units (CFU g~! dry sediment), and frequency of
MUWKOJIOTMS U ®UTOIATOJIOTUA
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species occurrence. The frequency of occurrence was calcu-
lated using the number of stations (12) taken as 100%.

RESULTS

Characteristics of sediment samples and water

Station coordinates and characteristics of the sediment
samples and water layer above sediments are presented in
Table 1. The sampled sediments were sandy, clayey or silty
odorless sediments, light gray or dark gray in color at nat-
ural moisture content. The physicochemical characteristics
of water at the sampling stations were close.

Fungal communities

In the deep-sea sediments from the Romanche and
Chain Fracture Zones, 2543 colonies of fungi belonging to
18 species of the phylum Ascomycota and one species of the
phylum Basidiomycota were identified, and one unidentified
taxon Mycelia sterilia 1 was detected. The species compo-
sition of the fungal complexes was dominated by represent-
atives of the class Eurotiomycetes, family Aspergillaceae: six
species from the genus Aspergillus, seven ones from the ge-
nus Penicillium, one species from the genus Emericella, and
one from the genus Talaromyces (Fig. 2, Table 2). The max-
imum frequency of occurrence (50%) among stations was
noted for the yeast Metschnikowia sp. 1.

Representatives of obligate marine fungi were not
found in the sediments, and all species belonged to
terrigenous cosmopolitan fungi. Low abundance (in
CFU g ') was noted in all samples, and growth of mi-
cromycetes was recorded in 33 Petri dishes (45.8%).
From the sediments sampled at Station N 4393 (sam-
pling horizon 2.95 m), no fungi were isolated.
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Fig. 2. Main fungal species isolated: (a) Penicillium citrinum; (b) Microascus brevicaulis; (c) Aspergillus fumigatus.

Table 2. Taxonomic composition, abundance (CFU g~! dry sediment) and at different horizons (stations) in deep-sea sediments
from the eastern part of the Equatorial Atlantic

Sediment horizon, m 3.0 1.0 36 | 268 | 45 26 | 375 | 3.0 31 | 219 | 47
Station # 4379 | 4380 | 4382 | 4383 | 4385 | 4394 | 4397 | 4405 | 4407 | 4408 | 4410
CFU g ! dry sediment
Ascomycota
FEurotiomycetes

*Aspergillus aculeatus lizuka 0 0 0 0 0 60 0 0 0 0 0
*A. carneus Blochwitz 0 0 0 70 0 0 0 0 0 0 0
A. conicus Blochwitz 0 | 200 0 0 0 0 0 0 0 0 0
*A. fumigatus Fresen. 0 | 100 0 70 0 60 30 0 0 0 0
*A. terreus Thom 0 0 0 0 0 0 30 0 0 50 0
*Eﬁnjgﬁiléa usta (Bainier) Pitt et A.D. 0 0 0 0 0 60 0 0 0 0 0
*Aé;ﬁci?ﬁii (Bainier et Sartory) Thom & 0 0 0 0 100 0 0 0 0 50 0
Penicillium aurantiogriseum Dierckx 0 0 0 | 150 0 0 0 0 |1600 0 40
*P. brevicompactum Dierckx 0 0 0 70 0 0 0 0 30 0 0
*P. chrysogenumThom 100 | 100 | 150 0 | 100 0 0 0 0 0 | 500
*P. citrinum Thom 100 0 0 0 0 0 0 0 0 0 0
P. expansum Link 0 0 0 0 | 100 0 0 0 0 0 0
P. paradoxum (Fennell et Raper)

Samson, Houbraken, Visagie et 0 100 0 0 0 0 40 0 0 50 0

Frisvad
P. purpurogenum Stoll 0 0 0 0 0 0 0 0 0 0 | 500
Talar u Thom) Samson

N Vimar, Trisvad e Seiferc |01 0] 30170050 |0 00 0] 0 0

Sordariomycetes
Sarocladium kiliense (Griitz) Summerb. 0 0 30 0 0 0 0 90 70 0 0
*Microascus brevicaulis S.P. Abbott 0 100 30 150 0 0 0 0 0 50 0
Saccharomycetes
Metschnikowia sp. 1 635 | 200 | 185 | o0 [1300 | o] o 01600 | 504 | 0
Basidiomycota
Microbotryomycetes
Rhodotorula sp. 1 0500 30 of of ol of ol o] of o
MUKOJOTUA U PUTOITATOJIOT A TOM 58 Ne 6 2024
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End of Table 2

Sediment horizon, m 3.0 1.0 36 | 2.68 | 4.5 26 | 375 | 3.0 31 | 219 | 4.7
Station # 4379 | 4380 | 4382 | 4383 | 4385 | 4394 | 4397 | 4405 | 4407 | 4408 | 4410

Unidentified taxon
Mycelia sterilia | 20 o) 30| of of o o 30| o of 40
Total abundance and indicators of fungal species diversity

Total abundance, CFU g~! dry sediment | 1055 | 1300 | 755 | 580 | 1750 | 180 | 100 | 120 | 3300 | 704 | 1080
Number of taxa 4 7 7 6 5 3 3 2 4 5 4

Shannon Index, H'(log,) 1.079 | 1.733 | 1.545

1.720 10.922 | 1.099 |1.089 |0.562 |0.826 | 0.991 | 0.957

Note. *Terrestrial fungal species with proven ability to live in the marine environment, according to molecular data (Jones et al., 2015).

Table 3. The highest values of Spearman’s rank correlation
coefficients (o,,,,) for combinations of different numbers of
variables influencing the structure of the fungal communities

Max. Spearman’s Combination of factors
coefficient (p,,,y) (water characteristics)
0.103 Temperature, salinity
0.090 Temperature
0.090 Temperature, salinity, pH
0.088 Ocean depth, temperature, salinity
0.082 Ocean depth, temperature
0.081 pH
0.079 Temperature, pH
0.077 Ocean depth, temperature, pH
0.074 Salinity
0.063 Ocean depth, temperature, salinity, pH

Seven fungal species were encountered only once. In
this case, the maximum similarity of species composition,
in terms of the Bray-Curtis coefficient, was 57.14% (Stations
NN 4380 and 4382, horizons 1.0 and 3.6 m, four common

(a)

A sandy clay
W sandy silt
B silty sand
@ clayey sand

© clay

species), and the maximum similarity of the quantitative
structure was 59.59% at these stations (with the abundanc-
es of 1300 and 755 CFU g~! dry sediment). The biodiversity
across horizons (stations) was also very low as seen in the
Shannon Index values.

As a result of comparing matrices of the biotic and abi-
otic factors (ocean depth, sediment horizon, water temper-
ature, pH and salinity) using BIOENYV analysis, maximum
Spearman correlation coefficients were obtained, which
ranged from 0.063 to 0.103. The values of the coefficients
were not statistically significant; therefore, the environmen-
tal parameters under consideration did not significantly af-
fect the structure of the fungal communities (Table 3). We
did not reveal any pattern of changes in the number of spe-
cies or fungal abundance with the sediment horizon (at the
ocean depth differences up to 1799 m and at the sediment
horizon differences up to 3.7 m).

No differences were detected among fungal commu-
nities from sediments of different types and from the
Romanche and Chain Fracture Zones, as shown in the
graphs of ordination of samples by Multi-Dimensional
Scaling [MDS (3D)] (Fig. 3).

(b)

A the Romanche
M the Chain

Fig. 3. MDS (3D) similarity of fungal communities: a — in sediments of different types; b — in sediments of the Romanche and Chain
Fracture Zones (according to the Bray-Curtis similarity coefficient).
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DISCUSSION

Molecular and cultural mycological studies of sub-
surface horizons in deep-sea sediments of the World
Ocean show that species of the phylum Ascomycota rep-
resent 43.0—80.0%, Basidiomycota 3—20%, Mucoromy-
cota 0.55—1.5%, Chytridiomycota 0.8%, and those with
unidentified sequences account for 2.4—64.0% of the
species composition (Xu et al., 2018; Rojas-Jimenez et
al., 2020; Florio Furno et al., 2022).

Species of the phylum Ascomycota dominated the
sediments in the Indian, Pacific, and Atlantic Oceans,
representing from 76.4% (Indian Ocean) to 89.5% (At-
lantic Ocean) of the species composition. In the present
study, fungal taxa from the phylum Ascomycota account-
ed for 92.5% of the species composition and abundance.
Using the species lists, indicators of taxonomic richness
and diversity of fungal communities were calculated,
and graphs of the taxonomic indices Delta™ and Lamb-
da* were plotted for each region in question (Table 4,
Fig. 3, a, b).

The highest similarity of species composition was in
the fungal communities of PO and 10, 20.6 (the com-
mon species were: Acremonium obclavatum W. Gams,
Aspergillus terreus, Aureobasidium pullulans (de Bary et
Lowenthal) G. Arnaud, Candida parapsilosis (Ashford)

KOPYTINA et al.

Langeron et Talice, Cladosporium sphaerospermum
Penz., Cutaneotrichosporon curvatum (Diddens et Lod-
der) Yurkov, Xin Zhan Liu, F.Y. Bai, M. Groenew. et
Boekhout, C. mucoides (E. Guého et M.T. Sm.) Xin
Zhan Liu, FY. Bai, M. Groenew. et Boekhout, Emer-
icella sydowii, Fusarium oxysporum Schltdl., F solani
(Mart.) Sacc., Meyerozyma guilliermondii (Wick.) Kurtz-
man et M. Suzuki, Penicillium chrysogenum, Rhodoto-
rula mucilaginosa (A. Jorg.) F.C. Harrison, Sarocladium
kiliense, and Starmerella etchellsii (Lodder et Kreger-van
Rij) C.A. Rosa et Lachance, and the common genus was
Exophiala). The similarity of the fungal communities in
the EEA sediments was 10.5 with those in sediments
of the other AO areas (Aspergillus conicus, Penicillium
brevicompactum, P. chrysogenum); 11.4 with those in the
10 sediments (Aspergillus terreus, Emericella sydowii,
E. usta, Penicillium chrysogenum, Sarocladium kiliense);
and 16.3 with those in the PO sediments (Aspergillus fu-
migatus, A. terreus, Emericella sydowii, Penicillium brevi-
compactum, P. chrysogenum, Sarocladium kiliense, yeasts
of the genera Metschnikowia and Rhodotorula). In the
EEA sediments, nine fungal species are noted that were
encountered in other regions. Common to the compared
communities were Penicillium chrysogenum and yeasts of
the genus Rhodotorula.

Table 4. Indicators of taxonomic richness and diversity of fungal communities in deep-sea sediments of the Eastern Equatorial

Atlantic, other Atlantic areas, Indian and Pacific oceans

Ocean Number of taxa Proportions
species ‘ genera ‘ families ‘ orders ‘ classes G/F ‘ S/F ‘ S/G
Ascomycota
Eastern Equatorial Atlantic (EEA) 18 6 4 4 3 1.50 4.50 3.00
Atlantic (AO) 34 15 12 11 5 1.25 2.83 2.27
Indian (I0) 68 37 23 12 6 1.61 2.96 1.84
Pacific (PO) 63 39 24 15 6 1.63 2.63 1.62
Basidiomycota
Eastern Equatorial Atlantic (EEA) 1 1 1 1.00 1.00 1.00
Atlantic (AO) 4 4 3 3 3 1.33 1.33 1.00
Indian (I10) 18 15 10 8 6 1.50 1.80 1.20
Pacific (PO) 16 12 7 7 3 1.71 2.29 1.33
Mucoromycota
Eastern Equatorial Atlantic (EEA) 0 0 0 0 0 0 0 0
Atlantic (AO) 0 0 0 0 0 0 0 0
Indian (I10) 0 0 0 0 0 0 0 0
Pacific (PO) 1 1 1 1 1 1.00 1.00 1.00
Note. G/F — genera/families; S/F — species/families; S/G — species/genera.
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Fig. 4. Average Taxonomic Distinctness index (Delta*) (a) and Variation in Taxonomic Distinctness index (Lambda®) (b) based on a
list of fungal species in subsurface horizons of deep-sea sediments: 1 — Eastern equatorial Atlantic; 2 — Atlantic Ocean, other areas;
3 — Indian Ocean; 4 — Pacific Ocean. Solid lines demarcate the 95% probability funnels. The dotted line runs through the center of

the 95% probability funnel — average calculated index value.

The smallest value of the Average Taxonomic Distinct-
ness index A* = 50.19 was recorded for the EEA communi-
ties. It was beyond the confidence interval (= 73—88), and
its symbol on the chart (Fig. 4, a) is below the probability
funnel. This indicates the uneven distribution of the species
across higher taxonomic ranks and statistically significant
difference from the taxonomic structure of the other fungal
communities under consideration. The species in this area
belong to four classes (out of 13). The class Eurotiomycetes
is dominated by representatives of the family Aspergillaceae,
78.9% of the species composition; this proportion is 18.6%
in the Indian Ocean, 20.3% in the Pacific, and 23.7% in the
other areas of the Atlantic. The symbol of the communities
from the other areas of AO (eight classes) is on the lower
border of the confidence funnel (A" = 77.55). The indices of
the communities from the Indian and Pacific Oceans (10—
12 classes) are the closest to the calculated mean value (A" =
83.22—82.66). Representatives of the classes Dothideomycet-
es, Eurotiomycetes, Sordariomycetes, Agaricomycetes, Leotio-
mycetes, Saccharomycetes, Microbotryomycetes were noted in
sediments of AQO, 10 and PO. In the eastern equatorial At-
lantic, fungi from the classes Dothideomycetes, Eurotiomycet-
es, Sordariomycetes, and Microbotryomycetes were recorded.

The highest value of in the index A* = 945.38 is
found for the communities from the EEA sediment
samples, and it is also beyond the confidence interval
(= 220—670). Its symbol is above the confidence funnel
on the graph (Fig. 4, b), confirming a high degree of
horizontal unevenness in the species distribution along
MUWKOJIOTMS U ®UTOIATOJIOTUA
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taxonomic branches and a small number of higher taxo-
nomic ranks. Species of the family Aspergillaceae were
dominant, and there were one-two species from the
classes Sordariomycetes and Saccharomycetes and one
species from the phylum Basidiomycota (class Micro-
botryomycetes). The index values for the other regions
(A" =364.18—495.22) are within the confidence funnel.

The taxonomic richness and diversity of fungal com-
munities in the oceans (Table 4) and the values of the
genera/families, species/families and species/genera
proportions reflect the average distribution of genera at
two relatively low taxonomic levels, but do not reveal
the distribution of species in them and, even more so,
in the higher taxonomic ranks in specific regions. At the
same time, the kingdom Fungi includes a great num-
ber of classes and, accordingly, taxa of lower levels. The
graphs of the A* and A™ indices clearly show the simi-
larities/differences in the structure of the communities
under consideration, with the distribution of species in
the high ranks taken into account. Thus, these graphs
are useful when analyzing large numbers of species and
regions, and data on taxonomic richness and diversity
are helpful in justifying the values of the indices.

In the EEA sediments, fungi of the classes Eurotiomyce-
tes, Sordariomycetes, Saccharomycetes, and Microbotryomy-
cetes were detected, which fact is consistent with results ob-
tained for the other regions of the World Ocean (Raghuku-
mar, Raghukumar, 1998; Raghukumar et al., 2010; Damare
etal., 2006; Zhang et al., 2014; Xu et al., 2014, 2018; Rédou
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et al., 2015; Wang et al., 2019; Rojas-Jimenez et al., 2020;
Keeler et al., 2021). In our study, common fungal species
of the genera Alternaria, Cladosporium, Phoma and Fusa-
rium were not found, which make up from 11.4% (Pacific
Ocean) to 31.6% (other areas of the Atlantic) of the species
composition. Apparently, this is due to the small amount of
data and insufficient research on fungi in sediments of the
Eastern Equatorial Atlantic.

It is known that the structure of fungal communi-
ties in sediments is not dependent on such factors as
hydrostatic pressure, water salinity, presence of oxygen,
and geographical location of site (Rojas-Jimenez et al.,
2020; Marchese et al., 2021). This is confirmed also by
the results of the present research. Further studies on
fungi in sediment layers are needed to make more com-
prehensive and substantiated conclusions about the in-
fluence of environmental conditions on these organisms.

CONCLUSION

For the first time, fungal communities from sediment
samples collected in the Eastern Equatorial Atlantic from
ocean depths of 4165—5964 m at horizons 1.0—4.7 m below
the water—sediment interface have been characterized. In
similar studies, names of fungal taxa no lower than at the
genus level are typically indicated, and frequently, they are
for higher taxonomic ranks up to phyla. Therefore, it is diffi-
cult to compare the obtained results with the literature data.
Based on the literature data, a list of species in sediments
from the Indian, Pacific and Atlantic oceans, including the
Equatorial Atlantic, has been compiled. This has allowed us
to identify common features of the structure of the fungal
communities: 1) species from the phylum Ascomycota ac-
count for 92.5% of the species composition and abundance;
2) there is a high incidence of yeasts (50.0% for Saccharo-
mycetes); 3) a yeast of the genus Rhodotorula (Basidiomyco-
ta) has been isolated. The features of the fungal communi-
ties from the Eastern Equatorial Atlantic are: 1) identified
species are predominantly from the family Aspergillaceae
(78.9%); 2) small number of fungal classes (four only) have
been identified; 3) the widespread genera Alfernaria, Clad-
osporium, Phoma, and Fusarium are lacking. The values for
the Average Taxonomic Distinctness index (Delta+) and
Variation in Taxonomic Distinctness index (Lambda-+)
calculated for the fungal communities from EEA samples
were beyond the 95% confidence interval. Consequently,
the taxonomic structure of these communities is signifi-
cantly different from those of the other areas of the World
Ocean in question, which is clearly displayed in the index
graphs and is confirmed by the data on taxonomic richness
and diversity. It has been found in the present study that
the structure of the fungal communities from the Eastern
Equatorial Atlantic was not influenced by the ocean depth
at the sampling stations or physicochemical characteristics
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(temperature, salinity and pH) of water above the sedi-
ments. Also, no differences in the fungal communities from
different types of sediments and between the Romanche
and Chain Fracture Zones have been detected.
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Muko6roTa y0OKOBOIHBIX OTJIOXKEHUI, 0COOEHHO TeX, KOTOPhIE HAXOASATCS Ha NTyOWHE HECKOJIBKUX METPOB
HUKe TPaHULBI pas3nena “Boja — 0callok”, u3ydeHa cinabo. B aToill paboTe BriepBbie ObLIN UCCIEIOBAHbI KOM-
TUTEKCHI MUKPOCKOTTMYECKUX TPUOOB, BBIICICHHBIX METOIOM KyJIBTUBUPOBAHUS 13 TTyOOKOBOIHBIX OTIOKCHUIM
BOCTOYHOI YaCTU 9KBAaTOpHAITbHOM ATIaHTUKHU (30HBI pa3ioMoB PoManir n YeitH). [pubObI BeIaeneHbI U3 ocajl-
KOB, OTOOpaHHBIX Ha KaxX10ii 13 12 cTaHLMii ¢ TOpU30HTOB Ha rmyouHe 1.0—4.7 M HUKe TpaHUIIbI pa3aena J0H-
Hble “OTN0oXeHUsT — BoAa”. [ udydeHust MUKPOCKOTTMYECKUX TPUOOB U3 KaXKI0Tro KepHa ObL BbIAEAEH OOUH
TOPU3OHT JOHHBIX OTI0XeHUi. YnucneHHoCTh rprboB usMmeHsuiack B ripenenax 0.0—3300.0 KOE Ha I r cyxoro
Beca ocanka. B o6uieii ciioxHOCTH Ob110 MAEHTUGMUIUPOBAHO 19 TAKCOHOB TPpUOOB U3 OTAENOB Ascomycota (18)
u Basidiomycota (1) n BeIIeneH Heolmo3HaHHBIN Bua Mycelia sterilia 1. CeMb BUIOB rprO0OB OBUTH OOHAPYKEHBI
110 OMHOMY pa3y. MakcuMaIbHOE CXOICTBO BUIOBOTO cocTaBa 1o KoadduimeHnty bpas — Keptuca cocraBuio
57.14% (ropu3zoHTtsl 1.0 1 3.6 M, yeThbIpe 0OLIMX BUaa). BblIo IpoBeieHO CpaBHEHUE TAKCOHOMUYECKUX CTPYK-
TYp KOMILJIEKCOB T'pMOOB 13 paiioHa UcCaeI0BaHusI C KOMITIEKcaMu U3 ocankoB MHauiickoro u Tuxoro okeaHoB
W APYTUX pailoHOB ATiaHTUKU. Ha 0OCHOBE JIUTepaTypHBIX JAHHBIX U PE3YJBTATOB HACTOSIILETO UCCISIOBAHUS
ObLT COCTaBJIEH CITUCOK BUIOB rpuOoB n3 180 HaumeHoBaHuil. [pubdsl npuHamiexamm K 97 ponam, 57 ceMeii-
ctBaMm, 32 oTpsimam m 13 Kimaccam oTaenoB Ascomycota, Basidiomycota m Mucoromycota. Pa3HooOpasue TprOHBIX
COOOIIECTB OIICHUBAJIOCH C MCITOJIb30BAaHUEM TT0Ka3aTesIeii TAKCOHOMUYECKOTo O0raTcTBa (KOJIMIECTBO TAKCOHOB
Pa3HBIX PAHIOB), MpOMoOpLuii (pon/ceMeiicTBO, BUA,/ceMeiiCcTBO, BUI/POM), CPENHET0 NHAEKCAa TAKCOHOMUYE-
ckoit ommnuutenbHocT (AVID, A+) 1 Bapuanuu nHaekca TakcoHoMuueckoit ormnyutenbHocTu (VarTD, A+).
B NOHHBIX OTJI0XEHUSIX BOCTOYHOM YaCTU 9KBAaTOPUAIbHOU ATIaHTUKU U MHAMIACKOTO OKeaHa ObUTU OOHapy-
JKEHBI YeThIpE W ABEHAMIATh KJIACCOB IPHOOB cOOTBETCTBEHHO. COOTHOIIIEHNE BUIOB M POIOB B COOOIIIECTBAX
BapbupoBaio ot 1.33 (Muanuiickuii okean) mo 3.8 (mpyrue paitoHbI ATIIAHTUIECKOTO OKeaHa). JIJIst KOMITJICKCOB
IrpuOOB BOCTOYHOM 3KBAaTOPUAIBHOM ATJIaHTUKY 3HaueHne nHaekca AVID Obliio MUHUMabHbIM (A* = 50.19),
nHgekca VarTD — MakcumanbHbiM (AT = 945.38), 1 oHM HaXomUIUCh 3a NIpenetaMu 95% N0BEPUTENLHOTO
MHTEepBaja. DTO CBA3aHO C MAJIOUUCIEHHOCTBIO KJIACCOB T'PUOOB, a TAKXKE C BEPTUKAIbHON U TOPU3OHTATIbHOMN
HEpPaBHOMEPHOCTHIO pacipeneeHus] BUAOB IO TAKCOHOMUYECKUM BETBSIM, UTO MIPOSIBIISITIOCH B TOMUHUPOBA-
HUU BUIOB ceMelicTBa Aspergillaceae (78.9% BunoB, xnacc Eurotiomycetes), 2 Buaa, IPUHAMIEKAIN K KJIACCy
Sordariomycetes, 1 IO OMHOMY BUIy K KJ1accaM Saccharomycetes u Microbotryomycetes u3 otnena Basidiomycota.
CrenoBaTteIbHO, OBUIM OOHAPYKEHBI CTATUCTUYECKH 3HAUMMBIE Pa3IYUs MEXIy TAKCOHOMUYECKUMU CTPYK-
TypaMy KOMILIEKCOB rpO0OB BOCTOYHOI 9KBAaTOPUATbHON ATIAHTUKU U APYTUX PErMOHOB MUpPOBOro okea-
Ha, KOTOpble 00YCIOBIEHbl HEAOCTATOUHBIM KOJMYECTBOM MOJYYEHHBIX JAaHHBIX O BUIOBOM COCTaBe rpuOOB
B JJOHHBIX OTJIOKEHUSIX 3TOTO p-Ha. MccaenoBaHue He BBISIBWIO KaKOKH-IMO0 3aKOHOMEPHOCTH B UBMEHEHUU
KOJINYECTBA BUAOB IPUOOB M X OOMJIUS B 3aBUCHUMOCTH OT TTapaMeTpOB BoAkI (TeMIteparypa, pH, coneHocTs),
TTyOMHBI TOPU30HTA B KEPHE OTIIOXKESHUI, TUTIA OTIOXKEHUI TN PaCTIONIOXKEHMS CTAaHIIMM 0TOOpa IMpod B 30HAX
paznomoB Pomanin u YeiiH.

Knrouesoie crosa: abnotTnueckue (hakTopbl, MHICKC TAKCOHOMUYECKON OTIIMUUTETLHOCTHA, UHIECKC Bapua-
OEeIbHOCTU TAKCOHOMUYECKOW OTIUYUTETbHOCTH, MOPCKUE TPUOBI, TTONCTUIAOIINE TOPU3OHTHI OCaaKa,
Aspergillaceae
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