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Abstract: Background: Investigations that are focused on arbuscular mycorrhizal fungus (AMF) bio-
diversity is still limited. The analysis of the AMF taxa in the North Caucasus, a temperate biodiversity
hotspot, used to be limited to the genus level. This study aimed to define the AMF biodiversity at the
species level in the North Caucasus biotopes. Methods: The molecular genetic identification of fungi
was carried out with ITS1 and ITS2 regions as barcodes via sequencing using Illumina MiSeq, the
analysis of phylogenetic trees for individual genera, and searches for operational taxonomic units
(OTUs) with identification at the species level. Sequences from MaarjAM and NCBI GenBank were
used as references. Results: We analyzed >10 million reads in soil samples for three biotopes to
estimate fungal biodiversity. Briefly, 50 AMF species belonging to 20 genera were registered. The
total number of the AM fungus OTUs for the “Subalpine Meadow” biotope was 171/131, that for
“Forest” was 117/60, and that for “River Valley” was 296/221 based on ITS1/ITS2 data. The total
number of the AM fungus species (except for virtual taxa) for the “Subalpine Meadow” biotope was
24/19, that for “Forest” was 22/13, and that for “River Valley” was 28/24 based on ITS1/ITS2 data.
Greater AMF diversity, as well as number of OTUs and species, in comparison with that of forest
biotopes, characterized valley biotopes (disturbed ecosystems; grasslands). The correlation coefficient
between “Percentage of annual plants” and “Glomeromycota total reads” r = 0.76 and 0.81 for ITS1
and ITS2, respectively, and the correlation coefficient between “Percentage of annual plants” and
“OTUs number (for total species)” was r = 0.67 and 0.77 for ITS1 and ITS2, respectively. Conclusion:
High AMF biodiversity for the river valley can be associated with a higher percentage of annual
plants in these biotopes and the active development of restorative successional processes.
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1. Introduction

One of the critical factors of species diversity conservation is the existence of biodiver-
sity hotspots—regions with extremely high levels of species richness and endemism, with a
high number of threatened species [1,2]. Researchers initially attributed hotspots to tropical
forests [3], but with the intensive investigation of global biota, our world revealed many
other hotspots. According to the last revision, there are 36 biodiversity hotspots [4]. The
hotspot concept has been subjected to considerable criticism (summarized in [2]), mainly be-
cause the majority of studies in the field of hotspot biodiversity have only focused on plant
and vertebrate species. In contrast, the diversity of invertebrates and fungi has not been
studied enough [5]. The modern approach to biodiversity conservation should be more
complex and include different aspects, like interactions between various organisms [2].
Arbuscular mycorrhizal fungi (AMF) can be important in addressing biodiversity conserva-
tion. AMF are microscopic soil fungi that form the most common type of plant–microbial
symbiosis. Obligate symbiotic relationships with AMF characterize 71% of terrestrial plants,
and only 7% of plants form inconsistent “nonmycorrhizal—mycorrhizal” associations [6].
Plants receive a number of benefits from this interaction: fungi improve the uptake of
phosphorus, other nutrients, and water, increase resistance to pathogens, and protect plants
from toxic heavy metals [7–9].

AMF diversity research in several tropical biodiversity hotspots has revealed signifi-
cant species richness in these areas. For instance, 49 AMF species were identified in the
Cerrado hotspot, Brazil [10]; 58 AMF species were found in the rhizosphere of plants from
the Atlantic Forest [11]; and 72 species were discovered on a tropical mountain in Brazil [12].
While some AMF research has been conducted in tropical regions, only a few studies have
investigated the AMF diversity in temperate hotspots.

One of the richest temperate regions in our world is the Caucasus [13]. Since 2000, it
has been considered a biodiversity hotspot [1]. The Caucasus is a region on the isthmus
between the Black and the Caspian Seas, on the border between Europe and Asia. The Cau-
casus ecoregion is shared by Russia (Karachay-Cherkess Republic, Republic of Dagestan,
Republic of Ingushetia, Kabardino-Balkarian Republic, Republic of North Ossetia–Alania,
and Chechen Republic), Georgia, Armenia, Azerbaijan, Turkey, and Iran. The Karachay-
Cherkess Republic located on the northern macro slope of the Caucasus Mountains [14] is
a promising region for studying biodiversity. It is characterized by a complex landscape,
natural obstacles, frequent ecotope changes, mosaic vegetation cover, and phytocenoses
diversity in the mountainous southern part of the region. The main waterway is the Kuban
River, which only has left tributaries descending from the Caucasus Mountains (such as the
Teberda River). Investigations into AMF diversity in biotopes of river valleys, forests, and
alpine and subalpine meadows of Karachay-Cherkessia are very limited. While previous
studies of the fungal biodiversity in the Caucasus have been carried out at the family [15]
or at the genus level [16] via molecular genetic methods, no studies have addressed the
AMF biodiversity in the Caucasus at the species level. Twelve AMF species were found
in soil–root samples from southern Georgia [17]. However, this study only employed
morphology-based identification, whereas molecular-based methods allow the identifica-
tion of more taxa from the same soil and root samples than the morphological approach
allows [18,19].

To assess the molecular diversity of AMF, researchers use the DNA-metabarcoding
approach, including the high-throughput sequencing of a DNA barcode from the soil
and root samples, followed by bioinformatics analysis. The critical point for fungal
metabarcoding is the length of the obtained sequences. Therefore, high-throughput
sequencing platforms can produce longer reads. Before 2020, mainly pyrosequencing
(454-Roche) was employed [18,20–22]; now, Illumina MiSeq prevails in fungal metabarcod-
ing studies [19,23–25]. Another promising platform is PacBio, which can obtain a sequence
of 2.5 kb of rDNA in one read [26].

There are no consensus metabarcoding markers for AMF, but almost all today’s
barcodes are parts of the rDNA cistron. In the last decade, the rDNA’s internal transcribed
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spacers (ITSs) have become the most common universal fungal metabarcoding marker [27].
Fragments of SSU (small sub-unit, or 18S) rRNA genes [18,22,24], ITS [21,28], and fragments
of the LSU (large subunit, or 28S) rRNA gene [20,29] often serve as barcodes for AMF. For
amplification of the SSU rRNA gene fragments, AMF-specific primer pairs are now in
development (for example, [30]). In this case, this study’s goal is to observe not only AMF,
but also the diversity of various fungi classes, ITS and D1/D2 regions were used [20,21]. For
identification based on ITSs, universal eucaryotic primers or a combination of fungi-specific
primers with universal primers are used [21].

DNA markers other than rDNA are rarely utilized as barcodes. The pilot experi-
ment showed that glomalin, a heat shock protein homolog, is a good marker for AMF
identification [31]. However, the major drawback of introducing new barcodes is the need
for reference data. A reference database should contain a representative number of cor-
rectly identified taxa to identify species successfully. Almost 350 species of AMF have
been correctly described according to the Botanical Nomenclature Code [32]. GenBank
NCBI [33], the biggest public database, contains the glomalin data for only 24 species. In
addition to glomalin, researchers and scientists used the following genes and regions as
barcodes: (1) the mitochondrial cytochrome c oxidase 1, COX1 or COI [34,35]; (2) LSU of mi-
tochondrial rRNA [36]; (3) I and II subunits of RNA polymerase II [37]; (4) H+-ATPase [38];
(5) β-tubulin [39]; (6) actin; (7) elongation factor 1-α, EF 1-α; (8) phosphate transporters;
(9) RNA polymerase II subunits (RPB1 and less RPB2) [40,41]. Most of these markers
have not been widely used due to the low nucleotide polymorphism between closely
related AMF species. Perhaps the rpb1 gene can become the second barcode in quality
after the 18S-ITS1-5.8S-ITS2-28S region, as rpb1 was successfully used to identify the AMF
species [41,42].

The systematics of AMF is quite complex and controversial. There are many syn-
onyms; many genera were taxonomically revised, but not all AMF species names were
effectively published after the revisions according to the Botanical Nomenclature Code.
Many taxa found in soil samples are described only by the DNA barcode and have no
proper scientific names. AMF form the Glomeromycota phylum and are classified into
one class, Glomeromycetes, and four orders [32]. However, according to Castillo et al. [43],
AMF form the Glomeromycota phylum and are classified into three classes and five orders.
According to the database curated by SYMPLANTA (Symbiosis and Plant-Microbe Associ-
ation Research Laboratory), there are four orders, 12 families, 44 genera, and 443 species
of AMF fungi [32]. The GenBank NCBI represents various genera unevenly. The database
contains most species from the Claroideoglomus, Dominikia, Septoglomus, Corymbiglomus,
and Diversispora genera. Poorly represented genera include Glomus sensu lato, Scutellospora,
Paraglomus, and Pacispora. Thus, the GenBank database is not complete and lacks many
species. Due to the problem of precisely identifying AMF species, dozens of virtual taxa
were obtained [19,22,23,44]. Alternatives for the GenBank NCBI database include special
reference databases. One of the central curated databases is MaarjAM; it primarily includes
the SSU rRNA gene-based barcodes and the checked metadata for each entry [45]. This
database is regularly updated and contains data for different barcodes [46]. The most
accurate assessment of the biodiversity of AMF (Glomeromycetes) and other fungal classes
is their identification using rDNA ITSs as universal barcodes.

One of the most important directions of modern studies is to identify the key factors
causing AMF biodiversity. Temperature conditions, agrochemical properties of soils (in-
cluding the pH level), usage of meadows as grassland, and changes in plant communities
in the succession process are examples of them [47–50]. According to Horn et al. [51],
biotic factors have a more significant impact on the composition of AMF communities than
abiotic factors. The development of succession from a meadow to a forest, accompanied
by an increase in the proportion of perennial plants in the ecosystem, maybe the reason
for a decrease in the abundance of AMF [52,53]. According to Torrecillas et al., annual
plants had a higher AMF diversity [54]. Nevertheless, there is currently no convincing
and clear evidence that identifies a key factor responsible for the high species diversity of
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AMF. Another important factor is altitude. Studies show that a subalpine meadow in the
Head Mountain, Inner Mongolia Autonomous Region, located at an altitude of over 2500 m
above sea level, exhibited the most diverse AMF population [50]. On the other hand, in the
Southern-Central zone of Chile, the “natural grassland” ecosystem exhibited the greatest
diversity of AMF species at a significantly lower altitude (<500 m above sea level) [43].
Perhaps there are no direct correlations between altitude and AMF biodiversity [51,55–58].
Further elucidation of the factors contributing to the increase in AMF species diversity is
required. Thus, it is essential to test the supposition that the biodiversity of AM fungi may
be primarily related to such factors as soil pH, phosphorus content, altitude above sea level,
and plant species richness. This study aims to detect the AMF hotspots and define the AMF
biodiversity in rhizospheric soils of different biotopes in the North Caucasus (such as a
subalpine meadow, a forest and a river valley). The research objectives are: (1) to sequence
fungal DNA samples from the rhizospheric soil using Illumina MiSeq and ITS1 and ITS2
regions as barcodes; (2) to assess the species diversity of AM fungi; and (3) to assess the
key relationships between parameters of the biodiversity of AM fungi and plant species
richness, altitude for trial plots, and agrochemical soil parameters.

2. Materials and Methods
2.1. The Characteristics of the Stationary Trial Plots

The characteristics of Stationary Trial Plots (STPs, study areas, sample plots), as
well as the soils in which the species diversity of AMF was determined are presented in
Tables 1 and S1. We analyzed the following STPs in different altitudes: (1) in subalpine
meadow biotopes—STP 1 (subalpine meadow-4, Malaya Hatipara ridge, 2437 m above sea
level), STP 3 (subalpine meadow-3, Malaya Hatipara ridge, 2401 m above sea level), and
STP 4 (subalpine meadow-2, Malaya Hatipara ridge, 2186 m above sea level); (2) in forest
biotopes—STP 7 (fir forest-3, Malaya Hatipara mountain, 1900 m above sea level), STP 8
(pine forest-3, Malaya Hatipara mountain, 1890 m above sea level), and STP 9 (mixed forest
near the Bolshaya Hatipara river, Bolshaya Hatipara mountain, 1507 m above sea level);
(3) in river valley biotopes—STP 11 (grassland in the valley of the Teberda river, Teberda
town, 1342 m above sea level), STP 12 (grassland in the valley of the Teberda River, the
border of the New Teberda Village, 1026 m above sea level), and STP 13 (grassland in the
valley of the Kuban River, Ordzhonikidzevsky village, 795 m above sea level). The trial area
was 10 m × 10 m. A botanical survey of test sites, STPs located in undisturbed ecosystems
of the North Caucasus, the Teberdinsky National Park, and adjacent territories, was carried
out using Zernov’s determinants ([14,59]; see Table S2). In each STP, the soil samples were
collected for molecular genetic analysis of fungal diversity from the upper 0–5 cm horizon
of the soil without litter according to [16], and the samples of the upper horizon of the soil
without litter were collected for agrochemical analysis according to [60]. The total phospho-
rus content (Ptotal, %) via Ginzburg and Shcheglova’s method, the content of phosphorus
available for plant nutrition (Pi, mg/kg) via the Truog method, the total nitrogen content
(Ntotal, %) via the Kjeldahl method; and pHKCl, the sum of fractions < 0.01 mm, and soil
type via common methods were determined ([61]; see Table S1).

2.2. Molecular Genetic Identification of Fungi
2.2.1. Sampling and Molecular Analysis

For the molecular genetic identification of AMF, the authors used their optimized
sampling technique for Illumina MiSeq sequencing. In total, we derived 10 samples from
each STP. The samples were frozen and transported in 50 mL tubes in liquid nitrogen. We
took samples of rhizospheric soil containing mycelium and AMF spores for identification
(microscopic verification). To isolate DNA, 0.2 g of frozen soil and 0.5 g of garnet sand
were put into a 2 mL test Eppendorf tube for mechanical grinding (degradation) of the
material. After that, 700 µL of CTAB buffer was added to the heated test tube with soil
(2% CTAB; 1.4 M NaCl; 20 mM EDTA; 100 mM Tris-HCl pH = 8.0). Initially, the material
was homogenized in a buffer with garnet sand for 15 min on a vortex. After that, the
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test tubes were shaken every 15 min for 1 h at +65 ◦C using a laboratory vortex shaker
(Biosan, Riga, Latvija). After thermal, chemical, and mechanical treatment, the samples
were centrifuged for 5 min, and the supernatant was transferred to new test tubes. The
DNA was additionally washed off the soil residues with 500 µL of water by shaking soil
with water in the vortex for 5 min. After additional centrifugation, the second supernatant
was combined with the first one. The obtained DNA was purified via double extraction
with an equal volume of chloroform. A DNA supernatant was selected each time after
centrifugation (10 min at 14,000 rpm, Eppendorf, Hamburg, Germany). Then, the DNA was
deposited with 2/3 V isopropanol with 0.4 M NaCl, and the precipitate was washed with
70% ethyl alcohol; the precipitate was dried (until the alcohol was completely removed) for
3 min and then dissolved in water [62,63]. After that, the DNA was purified with a Qiagen
Gel Extraction Kit (Germany, Düsseldorf). Purification on columns or with silicon oxide
after isolation of a DNA fragment on an agarose gel after electrophoresis does not eliminate
various PCR-inhibiting impurities. Therefore, an additional measure could be the dilution
of DNA samples before amplification by 100 times with water (accompanied by diligent
mixing) to reduce the effect on PCR of inhibitors from the soil, including humic acids.

Table 1. Locations and soils for analyzed Stationary Trial Plots.

STP
Number Stationary Trial Plot Coordinates Altitude, m Type of Soil Soil Profile

1 Subalpine Meadow-4,
Malaya Hatipara ridge

43◦25′50.0′ ′ N
41◦42′20.0′ ′ E 2437

ID 199 Mountain-meadow
sod-peaty

WRB, 2006. Umbric
Leptosols

FAO, 1988. Umbric
Leptosols

O1/A1v-A1Bp-BCp-Cp

3 Subalpine Meadow-3,
Malaya Hatipara ridge

43◦25′48.0′ ′ N
41◦42′31.0′ ′ E 2401

ID 200 Mountain-meadow
soddy

WRB, 2006. Umbric
Leptosols

FAO, 1988. Umbric
Leptosols

A1-A2-B

4 Subalpine Meadow-2,
Malaya Hatipara ridge

43◦25′51.0′ ′ N
41◦42′55.0′ ′ E 2186 –//– –//–

7 Fir Forest-3, Malaya
Hatipara mountain

43◦26′07.3′ ′ N
41◦43′14.1′ ′ E 1900

ID 68 Brownzems
raw-humic illuvial-humic

WRB, 2006. Haplic
Cambisols

FAO, 1988. Dystric
Cambisols

O(AO)-A1-A1A2-
Bm,f,h(Bh,m)-C

8 Pine Forest-3, Malaya
Hatipara mountain

43◦26′07.3′ ′ N
41◦43′14.1′ ′ E 1890 –//– –//–

9

Mixed forest near the
Bolshaya Hatipara river,

Bolshaya Hatipara
mountain

43◦24′56.0′ ′ N
41◦42′49.0′ ′ E 1507 –//– –//–

11
Grassland in the valley

of the Teberda river,
Teberda town

43◦25′12.0′ ′ N
41◦43′45.0′ ′ E 1342

ID 191 Alluvials compact
WRB, 2006. Gleyic

Vertisols
FAO, 1988. Eutric Vertisols

A1v-A1-Bve-BC-C

12

Grassland in the valley
of the Teberda river, the

border of the New
Teberda village

43◦39′37.0′ ′ N
41◦53′12.0′ ′ E 1026

ID 188 Alluvials saturated
WRB, 2006. Haplic

Fluvisols
FAO, 1988. Eutric

Fluvisols

A1-AB-B-BC-D

13

Grassland in the valley
of the Kuban river,

Ordzhonikidzevsky
village

43◦51′38.0′ ′ N
41◦54′22.0′ ′ E 795 –//– –//–

Note: “–//–”—the same as above.
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The purified DNA was used for nested PCR marker regions ITS1 and ITS2 with univer-
sal primers. The primers were synthesized in Evrogen, Russia, with the 5′-TCGTCGGCAGC
GTCAGATGTGTATAAGAGACAG-3′ adapter for direct primers and the 5′-GTCTCGTGG
GCTCGGAGATGTGTATAAGAGACAG-3′ adapter for reverse primers for Illumina MiSeq,
such as the ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) primer and the reverse primer
ITS-2RK (5′-CGTTCAAAGATTCGATGATTCAC-3′) modified by the authors for amplifica-
tion of the ITS1 region, as well as ITS3 (5′-GCATCGATGAAGAACGCAGC-3′) primers and
reverse ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) for amplification of the ITS2 region. PCR:
(1) PCR for the long fragment (ITS1 + ITS2 regions) with the ITS5 and ITS4 primers; the
thermal cycling conditions were 5 min of initial denaturation and polymerase activation
at 95 ◦C; 35 cycles of 20 s denaturation at 95 ◦C, 20 s of annealing at 58 ◦C and 40 s of
elongation at 72 ◦C; and final elongation at 72 ◦C for 10 min; (2) verification of PCR with
gel electrophoresis, DNA dilution by 1000 times; (3) 35 PCR cycles into short fragments
(separately for ITS1 and ITS2 regions); repetition of the program with primers for nested
PCR; and (4) quality control with gel electrophoresis, with the PCR products for ITS1 and
ITS2 combined for each sample and purified on magnetic particles using an AMPure XP
(Beckman Coulter, Brea, CA, USA).

The amplicon libraries were sequenced on an Illumina MiSeq device using a set of
reagents from a MiSeq® Reagent Kit v3 (600-cycle) with two-way reading (2 × 300 bp)
(“Illumina, Inc.”, San Diego, CA, USA). The identified sequences were processed using
Illumina software v2.6 (“Illumina, Inc.”, San Diego, CA, USA). Because of sequencing on
the Illumina MiSeq platform, FASTQ sequences were obtained from forward and reverse
primers. This format includes sequence records and reading quality indicators (quality
score) for each nucleotide position.

2.2.2. Bioinformatics

We uploaded the Illumina data (FASTQ sequences) to the NCBI database; they are
now available in the base as the PRJNA646244 bioproject [64]. Data processing was per-
formed with USEARCH [65]. The forward and reverse reads were merged using the
“fastq_mergepairs” command; sequences shorter than 120 bp were removed. The resulting
reads constituted a pool of a single FASTQ file. Further processing to OTUs with a 97%
radius was carried out in two steps. First, sequences from the MaarjAM database [45] were
used as OTU centroids to map the obtained sequences in FASTQ format. Secondly, the
sequences not mapped to the MaarjAM database (with a 97% threshold) were processed
to OTUs using the UPARSE algorithm [66], where the most abundant sequences are se-
lected as centroids. During this step, regions corresponding to primers were removed,
and sequences were quality-filtered with the “fastq_maxee” parameter value of 1. The
“cluster_otus” command removed the chimeric sequences during OTU construction; resid-
ual singletons were also removed. We used both types of centroids to construct the OTU
table. The high genetic polymorphism observed in the internal transcribed spacers (ITSs)
of AMF [67] makes it difficult to identify many AMF species accurately [33]. Consequently,
an increasing number of virtual taxa (VT) are being added to databases [19,22,44]. For effec-
tive assessment of AMF diversity, Operational Taxonomic Units (OTUs) is recommended
instead of Amplicon Sequence Variants (ASVs) or Zero-radius OTUs (ZOTUs) for the ITS1
and ITS2 AMF regions. For taxonomic annotation of the newly obtained OTUs, we used
the MaarjAM database, as well as the established local reference database consisting of
sequences of fungi of the Glomeromycetes class from the NCBI database. The annotation
was performed using the “usearch_global” command. The coding regions of rRNA were
trimmed, leaving the spacer sequences for further processing. Primary clustering was
performed by constructing an alignment-free tree using the neighbor-joining (NJ) method
in the paHMM program [68]. Based on this tree, sequence clusters that could be aligned
properly were selected. These alignments were supplemented with reference sequences an-
notated at the species level and were used to construct trees using the maximum likelihood
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(ML) method in the IQ-TREE [69]. Fungi annotation at the phylum level was based on the
UTAX reference dataset version 27.10.2022 [70].

The general algorithm for further identification is shown in Figure S1. The alignment
of ITS sequences by genera was most effective since the inter-genus variability in ITS for
arbuscular mycorrhiza (AM) fungi is too high and most often did not allow for reliable
alignment of sequences, and this is the most significant factor for the construction of reliable
phylogenetic trees. With the help of the Mega 7 software package [71], the sequences
combined by genera into separate files were aligned automatically, and then a manual
revision of the alignment was carried out. After manual refinement of the alignment and
the BLAST procedure in the NCBI GenBank, some sequences were rejected as not belonging
to this genus (rarely, to a taxon of a higher rank), due to the inability to align them within
the ITS regions under study. During manual alignment, species-specific mutations were
also identified, and their analysis provided additional information about the sequence
similarities. In some cases, this was the only way to separate sequences of two close species,
vital for the identification of species from the Rhizophagus genus. After that, phylogenetic
trees were reconstructed in the Mega 7 software package. The resulting trees were used to
refine the identification at the species level. Sequences clustered together to form a separate
clade were identified as sequences belonging to the same taxon. If the resulting clade was
found to include reference sequences from the GenBank belonging to the same species, such
sequences were assigned to a particular species. To clarify the species affiliation, we also
used information on the length of phylogenetic branches as well as p-distances calculated by
us using the NCBI database for reference sequences (Table S3), bootstrap indexes, and the
presence or absence of species-specific nucleotide substitutions (e.g., [72]). In complex cases,
individual sequences were also identified considering the closest sequences based on the
results of manual BLAST analysis in the NCBI GenBank, paying attention primarily to the
year of obtaining the sequence presented in the GenBank. If the obtained sequences were
grouped into a clade but not grouped with reference sequences, then they were assigned to
a VT of the species level. If a VT was not clustered on a tree with other sequences, forming
a well-separated clade and had low p-distance compared to others, then it was identified as
VT of the genus level or higher. If multiple sequences were present in such VT, they were
excluded from the analysis to avoid biases in estimating biodiversity, as it was difficult to
determine the number of species they represented.

2.2.3. Assessment of Biodiversity Indices

The Hill numbers were evaluated using the iNEXT package [73] for the R environment
to assess the taxonomic diversity [74]. After that, the species richness (diversity order q = 0),
Shannon diversity (q = 1), and Simpson diversity (q = 2) were calculated. To overcome the
limitations associated with different sample sizes, the Hill numbers were also extrapolated
to a sample tending to infinity (estimated asymptotic diversities). A 95% confidence interval
was calculated for each extrapolated index.

2.2.4. Statistics

The statistical analysis was processed in the R language environment 4.1.0 [74]. The
total-sum scaling method normalized the data and OTUs for fungal classes. The analysis
of variance (ANOVA) was used to assess the statistical significance (p < 0.05) of the differ-
ences. Principal component analysis (PCA) was applied using the pcaMethods package [75].
For unsupervised dimension reduction, multidimensional scaling (MDS) was applied.
Spearman’s distances (1-ρ) and MDS were used with stats [74]. An analysis of similarities
(ANOSIM) [76] was made with the vegan package [77], and Spearman’s distance (1-rho)
was used. Hierarchical clustering was carried out using the dendextend package [78]. Spear-
man’s distances and the Ward method for cluster agglomeration were used. The packages
of ggplot2 [79] and a Venn diagram [80] were used to plot the graphs.
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3. Results
3.1. Analysis of Fungal Sequences

A total of the fungi sequences in the ITS1 and ITS2 regions amounted to >10 million
(Table 2). The average read depth for STPs of meadows, forests, and river valleys (pastures)
exceeded 1.1 million; after filtering (merged reads after length trim), it became 376,000 reads
(Table 2). The number of AM fungi reads according to ITS1 varied widely, the average for
the nine STPs was 1774 AMF reads per STP. The Illumina MiSeq sequencing analysis results
show that across the sequences, >62% of the reads (or >90% of OTUs) belong to the fungal
sequences. Meanwhile, the number of reads for AMF varied more widely for STP in ITS2
than in ITS1. On average, there were 722 AMF reads per STP in the ITS2 region for the nine
STPs. Thus, on average, the number of AMF rows in the ITS2 region was 2.5 times lower
than in the ITS1 region. The highest number of AMF reads was also detected in samples
STP 11 and STP 13, related to the river valley, and the lowest in samples STP 7 and STP 8,
related to forest biotopes.

Table 2. The number of fungal reads and OTUs for ITS1 and ITS2 in the analyzed samples of 9 STPs.

Analyzed Subalpine Meadow Forest River Valley Total for
9 STPsParameters STP 1 STP 3 STP 4 STP 7 STP 8 STP 9 STP 11 STP 12 STP 13

Total reads 1,494,700 619,855 1,648,642 652,998 1,469,158 970,340 1,108,444 1,271,980 862,545 10,098,662

Merged reads after
length trim 401,850 255,057 626,988 102,472 586,935 539,334 363,547 160,449 347,435 3,384,067

Glomeromycota ITS1
total reads 1243 1011 1116 183 76 697 6670 335 4638 15,969

Glomeromycota ITS1
OTU number

100 59 86 29 26 80 197 66 109 414
171 117 296

Glomeromycota ITS2
total reads 546 493 580 7 24 583 1624 885 1758 6500

Glomeromycota ITS2
OTU number

72 49 74 3 10 58 128 93 76 305
131 60 221

Note: The values of the number of OTUs before filtering the sequences unidentified at the species level are
presented. The significance of dissimilarity in ITS compositions (the OTU number) analyzed for different biotopes,
assessed as Spearman’s distances (1-r), was confirmed via ANOSIM tests (p = 0.003 for ITS1 and p = 0.004 for
ITS2). After identifying AMF to the species level, the out statistics are provided in Tables S4–S7.

It is common practice to remove singletons in studies, as the analyzed objects often ac-
count for 50% of all reads. Nevertheless, the rows of AM fungi usually represent only 1–2%
of all reads, so the analysis of singletons can contain important details on their diversity.
On the one hand, singletons often contain chimeric sequences and can be eliminated at
the stage of manual alignment. On the other hand, the exclusion of singletons would lead
to a significant loss of true fungal species. The application of public database sequences
as OTU centroids has provided several advantages. First, using the same centroids for
OTU clustering in different experiments made it possible to compare the results better.
Secondly, the singletons in the data were successfully mapped with the known centroids
and were not lost at the data processing stages. Therefore, using the MaarjAM database to
build OTUs turned out to be reasonable; this approach made saving about 15% of reliable
singletons in the final data possible.

The results show that the number of AMF OTUs for the river valley biotopes was
2.5 times higher than for the mountain forest biotopes and 1.7 times higher than for
the subalpine meadow biotopes in the ITS1 region. The number of OTUs for meadow
biotopes was also higher than for forest biotopes (by 1.5 times), according to the ITS1
region. According to the ITS2 region, the number of OTUs for the river valley biotopes was
3.7 times higher than for the forest biotopes and 1.7 times higher than for the subalpine
meadow biotopes. The number of OTUs for meadow biotopes was also higher than for
forest biotopes (2.2 times), according to the ITS2 region. Summing up the results of the
analysis, we can assume that the biotopes of pastures in the river valley may have the
most remarkable diversity of taxa. In contrast, the least diversity characterizes the forest
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biotopes. Sample representation in low-dimensional space revealed from MDS (Figure S2)
and score plots from PCA of the out profiles (Figure S3) confirmed the differences between
the three studied biotopes.

3.2. Taxonomic Composition of Fungal Phyla and Classes in Soil Samples from the River Valley,
Subalpine Meadow, and Forest

The number and relative abundance (%) of fungal OTUs at the phylum level were
assessed to identify the objective relative abundance of AMF reads and the general structure
of fungal communities in the studied ecotopes (Figure S4). The most common fungal phyla
were Ascomycota, Basidiomycota, Glomeromycota, Rozellomycota, Mortierellomycota,
Chytridiomycota, Mucoromycota (Figure S4). Kickxellomycota, and Olpidiomycota, and
Zoopagomycota accounted for less than 1% (“Others” in Figure S4). AM fungi are included
in the phylum Glomeromycota, a monophyletic group with one class, Glomeromycetes.
Glomeromycota had a significantly higher relative abundance of OTUs in soil from dis-
turbed ecosystems of pastures in river valleys than in soil from forests and subalpine
meadows and had a significantly lower relative abundance of OTUs in soil from forest
(p < 0.05; Student’s t-test). The abundance of ectomycorrhizal fungi (Ascomycota, Basid-
iomycota) in the analyzed biotopes had no significant differences, except for a reduced level
(p < 0.05) of Basidiomycota for river valleys. Other fungal phyla did not simultaneously
have substantial differences in biotopes, like Glomeromycota.

The following classes of fungi (see Figure S5) were identified in soil samples by ITS1
and ITS2 regions according to the proportion of OTUs for the biotopes of the subalpine
meadow, forest biotopes, and pasture biotopes in the river valley. A total of nine fungal
classes accounting for at least 2% were found in soil samples from the subalpine meadow,
forest, and river valley (Figure S5). The results show that the same trend can be traced
as in the analysis of phyla. With regard to Ascomycetes, we found that Sordariomycetes,
Dothideomycetes, and Pezizomycetes were more common in the river valley, whereas
Leotiomycetes was more common in the forest biotope. AM fungi (Glomeromycetes) were
also well represented in soil samples from the river valley, but the difference between the
valley and other biotopes was astonishing.

Thus, the results show a significant proportion of AMF (the Glomeromycetes class)
in the total number of sequenced samples attributed to the Fungi kingdom, especially for
the river valley. In different STPs, 0.1–6.9% of all reads and 5–11% of OTUs were identified
as AMF via ITS1 sequencing. Meanwhile, 0.01–1.0% of all reads and 1–5% of OTUs were
identified as AMF via ITS2 sequencing. The number of OTUs from Glomeromycetes in
the river valley was significantly (p < 0.05) larger than in the subalpine meadow, and the
OTU number in the subalpine meadow was significantly (p < 0.05) more than in the forest
(Table 2). Thus, we can expect the greatest diversity of AMF species in the biotopes of the
river valley pastures (STP 11, STP 12, and STP 13).

3.3. Identification of AMF Species in the River Valley, Subalpine Meadow, and Forest Biotopes

Intraspecific polymorphism is challenging to assess due to the lack and heterogeneity
of data in the NCBI GenBank database. To resolve this issue, we focused on the intra-
genus p-distance (Table S3) calculated from the NCBI database using complex (remote from
the main species clusters) sequences in the samples. Following the developed algorithm
(Figure S1), phylogenetic trees were analyzed for more accurate identification of AMF
species, known species were identified, as well as virtual taxa of the species level; an exam-
ple of maximum likelihood (ML) phylogenetic trees for the Ambispora and Acaulospora
genera is shown in Figures S6–S9. The virtual taxa at the species level were defined. VTs
made up a significant part of the detected sequences. The construction of phylogenetic trees
for all AMF genera, based on the analysis of ITS1 and ITS2 individual regions, resulted in
the identification of several AMFs available in the analyzed soil samples. Figure 1 shows
heat maps with the frequency of occurrence of identified AMF species by the number of
reads for the ITS1 and ITS2 regions.
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gions in three biotopes: subalpine meadow, forest, and river valley (calculated by the number of 
reads). The dark blue color on the heat map indicates a higher number of reads, and the light blue 
color indicates a lower number of reads. 

The list of genera with the number of OTUs identified in the ITS1 region is presented 
in Table S5. The most common genera (54% OTUs) are highlighted in green; the group of 
minor genera is highlighted in blue (5% OTUs), which include Ambispora, Otospora, Scu-
tellospora, Palaeospora, and Halonatospora. 

Figure 1. Heat map: frequency of occurrence of identified species in the ITS1 (A) and ITS2 (B) regions
in three biotopes: subalpine meadow, forest, and river valley (calculated by the number of reads).
The dark blue color on the heat map indicates a higher number of reads, and the light blue color
indicates a lower number of reads.

The analysis of phylogenetic trees revealed that a significant number (>42%) of the
detected and identified AMF reads to the species level are virtual taxa. Almost the same
proportion (~38%) was made up of AMF reads identified to the level of genus, family,
and higher rank of taxa (it was not included in the performed analysis because it cannot
characterize species diversity). The assumption is that the AMF discovered in the North



J. Fungi 2024, 10, 11 11 of 29

Caucasus are not fully annotated by genetic methods. Only the construction of trees
separately by genera (or by groups of close genera) is supposed to identify the taxa at
the species level with a high variability of genetic markers. The following AMF taxa
defined up to the species level were reliably identified in STPs in three different biotopes
by constructing phylogenetic trees. The following known species were identified for ITS1
(see Table S4):

- Subalpine meadow (Acaulospora alpina, Ac. nivalis, Ac. nivalis, Ac. paulinae,
Ac. punctata, Ac. viridis, Ambispora gerdemannii, Am. leptoticha, Archaeospora
europaea, Ar. trappei, Claroideoglomus claroideum, Cl. walkeri, Diversispora in-
sculpta, Dominikia bernensis, Do. disticha, Glomus indicum, G. macrocarpum, G.
tetrastratosum, Otospora bareae, Paraglomus brasilianum, Paraglomus laccatum, Rhi-
zophagus intraradices, Rhizophagus irregularis, Septoglomus constrictum, S. nigrum),
or 24 species from 12 genera, as well as 19 virtual taxa at the species level;

- Forest (Acaulospora nivalis, Ac. paulinae, Ac. punctata, Ambispora fennica, Am.
gerdemannii, Am. leptoticha, Claroideoglomus claroideum, Diversispora insculpta,
Di. slowinskiensis, Di. sporocarpia, Di. spurca, Dominikia bernensis, Glomus in-
dicum, G. macrocarpum, G. tetrastratosum, Otospora bareae, Paraglomus laccatum,
Rhizoglomus invermaium, Rhizophagus intraradices, Rhizophagus irregularis, Sep-
toglomus constrictum, S. nigrum), or 22 species from 11 genera, as well as 12 virtual
taxa at the species level;

- River valley (Acaulospora delicata, Ac. paulinae, Ambispora fennica, Am. gerde-
mannii, Archaeospora europaea, Ar. trappei, Claroideoglomus claroideum, Cl. lamel-
losum, Cl. walkeri, Diversispora celata, Di. varaderana, Dominikia achra, Do.
bernensis, Do. disticha, Funneliformis mosseae, Glomus indicum, G. macrocarpum,
G. tetrastratosum, Halonatospora pansihalos, Otospora bareae, Palaeospora spainii,
Paraglomus laccatum, Rhizoglomus invermaium, Rhizophagus intraradices, Rhizoph-
agus irregularis, Septoglomus constrictum, S. nigrum, S. viscosum), or 28 species from
15 genera, as well as 24 virtual taxa at the species level.

The list of genera with the number of OTUs identified in the ITS1 region is presented
in Table S5. The most common genera (54% OTUs) are highlighted in green; the group
of minor genera is highlighted in blue (5% OTUs), which include Ambispora, Otospora,
Scutellospora, Palaeospora, and Halonatospora.

The following known species were identified for ITS2 (Table S6):

- Subalpine meadow (Acaulospora alpina, Ac. brasiliensis, Ac. paulinae, Ambispora
gerdemannii, Am. leptoticha, Archaeospora trappei, Claroideoglomus claroideum,
C. lamellosum, Diversispora varaderana, Dominikia bernensis, Entrophospora in-
frequens, Glomus bareae, G. indicum, G. macrocarpum, Paraglomus laccatum, Rhi-
zoglomus melanus, Rhizophagus intraradices, Rhizophagus invermaius, Rhizophagus
irregularis), or 19 species from 11 genera, as well as 15 virtual taxa at the species level;

- Forest (Acaulospora paulinae, Ambispora gerdemannii, Am. leptoticha, Claroideoglo-
mus claroideum, C. lamellosum, Diversispora slowinskensis, Entrophospora infre-
quens, Glomus hoi, G. indicum, Paraglomus laccatum, Rhizophagus intraradices,
Rhizophagus irregularis, Scutellospora alterata), or 13 species from 9 genera, as well
as 7 virtual taxa at the species level;

- River valley (Acaulospora paulinae, Ac. punctata, Ambispora fennica, Am. gerde-
mannii, Archaeospora spainiae, Ar. trappei, Cetraspora gilmorei, Claroideoglomus
claroideum, Cl. hanlinii, Cl. lamellosum, Dominikia bernensis, Do. difficilevidera,
Entrophospora infrequens, Funneliformis mosseae, Glomus hoi, G. indicum, G. macro-
carpum, Halonatospora pansihalos, Paraglomus laccatum, Rhizophagus aggregatus,
Rhizophagus intraradices, Rhizophagus invermaius, Rhizophagus irregularis, Scutel-
lospora pellucida), or 24 species from 13 genera, as well as 20 virtual taxa at the
species level.
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The list of genera with the number of OTUs detected for region ITS2 is presented in
Table S7. The most common genera (54% OTUs) are highlighted in green; the minor genera
group (5% OTUs) is highlighted in blue. As shown in Tables S5 and S7, ~50% of all AM
fungi OTUs are the OTUs belonging to only three genera: Rhizophagus, Dominikia, and
Glomus, both in regions ITS1 and ITS2. The fungi from these genera were present in OTUs
of meadows and river valleys but were absent in some cases in STPs belonging to forest
biotopes. Minor genera (5% OTUs) for region ITS2 included Scutellospora, Microkamienskia,
Rhizoglomus, Diversispora, Cetraspora, Halonatospora.

The construction of phylogenetic trees indicated that employment of ITS1 guaranteed
the identification of more taxa at the species level. The reason is the specificity of primer
annealing on the analyzed genetic markers. The sequence analysis revealed the presence
of 560 OTUs identified up to the species level by regions ITS1 and ITS2 for nine STPs
of three biotopes of the North Caucasus. However, 161 OTUs were excluded from the
OTUs identified up to the species level due to the lack of clustering in phylogenetic trees
constructed for individual AMF genera. While 285 OTUs were identified by up to 38 species
from 16 genera and 27 virtual taxa at the species level via ITS1, 273 OTUs were identified by
up to 32 species from 15 genera and 25 virtual taxa at the species level via ITS2. Therefore,
the average number of detected OTUs for AMF in the sequences analysis of the ITS1 and
ITS2 region was equal (slightly less for ITS2), while the total number of detected reads for
the fungi of the Glomeromycetes class was 2.5 times higher via ITS1 than via ITS2 (Table 2).

According to the data of all the analyzed STPs, the following species were the most
common in terms of calculation of reads for ITS1 + ITS2 regions: (1) Dominikia bernensis
(>2000 reads); (2) Glomus indicum, Rhizophagus intraradices, and Entrophospora infrequens
(>1000 reads for each species); (3) Ambispora gerdemannii, Rhizophagus irregularis, and
Paraglomus laccatum (>500 reads for each species). Meanwhile, the calculation of the
number of OTUs for the ITS1 + ITS2 regions indicates that the most common species
were as follows: (1) Rhizophagus intraradices (51 OTUs); (2) Paraglomus laccatum (37 OTUs);
(3) Rhizophagus irregularis (33 OTUs); (4) Dominikia bernensis (32 OTUs); (5) Claroideoglomus
claroideum (21 OTUs); (6) Funneliformis mosseae (17 OTUs), and (7) Acaulospora paulinae
(16 OTUs). The most common genera were (1) Rhizophagus and Dominikia (>3000 reads
for >100 OTUs for each genus); (2) Glomus (>2000 reads for >50 OTUs); and (3) Paraglomus
and Claroideoglomus (>500 reads for >30 OTUs). The list of endemic species is presented
in Table S8. The results show that among the known species, 7 specific (endemic) species
were found in the biotopes of the subalpine meadow, 4 in the forest, and 17 in the disturbed
ecosystems and pastures in the biotopes of the river valley.

The Shannon and Simpson indices were used for a more accurate comparison of
biodiversity in the studied biotopes (Table S9). The AMF species diversity indices calculated
from the data obtained using two various markers differ from each other. All Hill numbers
were higher for the data obtained for ITS1 than for ITS2. This was typical for both observed
and extrapolated indices. The lowest observed diversity indices were noted for the forest
ecosystem; the highest ones were for the river valley. The Hill indices (estimated by the
sample size extrapolation) also revealed the low diversity in the forest ecosystem. The
extrapolated value of species richness was maximal for the meadow. Still, the confidence
interval value was also very high for the meadow, so it was complicated to conclude which
of the two biotopes had a higher index. The extrapolated Shannon and Simpson indices
were significantly (p < 0.01) higher for the river valley and significantly (p < 0.01) lower
for the forest according to ITS2 data but close to each other in all three biotopes according
to ITS1 data. This study also includes the comparison with both markers of the observed
and extrapolated indices, which indicates that for the river valley the identification of more
than 96% of the species diversity.

The results indicate that the analyzed Caucasus biotopes had different biodiversity
and included a different number of specific species of AM fungi. Therefore, it is of interest
to analyze the correlations between biodiversity for individual STPs and agrochemical
parameters of sampled rhizospheric soils.
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3.4. Correlation Analysis of the Interlinks between AMF Species Richness with STP Height and
Agrochemical Parameters of Sampled Rhizosphere Soils

The assumption of this study was the existence of a correlation of species richness
with soil agrochemical indicators and STP height (altitude). The analysis was performed
with application of rho, Spearman correlation (Figures S10 and S11). The results indicate
the existence of a direct positive correlation of AMF biodiversity with the pH value only.
The highest greatest correlation was found for the OTUs in the ITS1 region (Figure S10).
We did not find any correlation between other soil parameters and the altitude above sea
level. Linear correlation coefficients (r) between the AMF biodiversity parameters, plant
biodiversity, and agrochemical indicators of STPs are presented in Table 3. Proven (p < 0.05)
positive correlations were found between the indicators of AMF diversity with “Percent-
age of annual plants”, with “pHKCl”, and in some cases with “Pi, mg/kg” (inorganic
phosphorus available for plant nutrition).
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Table 3. Linear correlation coefficients (r) between AMF biodiversity parameters, plant biodiversity parameters, and agrochemical indicators of STPs (“*”—significant
value, p < 0.05).

Analyzed Parameter Parameter
Number 1 2 3 4 5 6 7 8 9 10 11

The number of herbaceous
plant species 1 1

Percent of annual plants 2 −0.20 1

Total reads 3 0.08 −0.09 1
Merged reads after length trim 4 −0.10 −0.30 0.64 1

Altitude, m 5 0.17 −0.76 * 0.18 0.21 1
pHKCl 6 0.49 0.68 * 0.09 −0.17 −0.41 1
Pi, mg/kg 7 −0.31 0.61 −0.04 0.05 −0.40 0.38 1
Ntotal, % 8 0.21 −0.67 * 0.11 0.46 0.78 * −0.31 −0.13 1
Ptotal, % 9 0.23 −0.14 −0.19 0.37 0.29 0.18 0.36 0.72 * 1
Sum of fractions < 0.01 mm 10 0.53 −0.31 0.40 −0.04 0.53 0.00 −0.53 0.31 −0.13 1
Soil type by mechanical
composition 11 −0.09 0.56 0.14 0.07 −0.88 * 0.31 0.47 −0.61 −0.25 −0.43 1

Glomeromycota ITS1
total reads 12 −0.15 0.76 * −0.13 −0.01 −0.47 0.69 * 0.72 * −0.34 0.31 −0.57 0.31

Glomeromycota ITS1 total
OTU number 13 −0.01 0.64 0.10 0.10 −0.32 0.74 * 0.80 * −0.11 0.42 −0.44 0.29

OTUs number for ITS1 (for
total species) 14 −0.10 0.67 * 0.09 0.13 −0.33 0.71 * 0.81 * −0.12 0.42 −0.47 0.29

OTUs number for ITS1
(species level without VT) 15 −0.17 0.68 * 0.02 0.11 −0.36 0.65 0.87 * −0.11 0.45 −0.52 0.32

OTUs number for ITS1 (only
VT species level) 16 0.18 0.50 0.34 0.20 −0.17 0.80 * 0.47 −0.15 0.25 −0.21 0.16

Species number for ITS1 (total) 17 0.07 0.40 0.41 0.38 −0.06 0.67 * 0.64 0.10 0.45 −0.23 0.15
Species number for ITS1
(without VT) 18 −0.03 0.40 0.31 0.42 −0.12 0.60 0.68 * 0.15 0.54 −0.37 0.18

Species number for ITS1
(only VT) 19 0.18 0.38 0.50 0.32 0.01 0.69 * 0.57 0.04 0.33 −0.06 0.11
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Table 3. Cont.

Analyzed Parameter Parameter
Number 1 2 3 4 5 6 7 8 9 10 11

Glomeromycota ITS2
total reads 20 0.13 0.81 * −0.09 −0.07 −0.68 * 0.87 * 0.57 −0.44 0.22 −0.45 0.52

Glomeromycota ITS2 total
OTU number 21 0.34 0.62 0.23 0.03 −0.40 0.89 * 0.67 * −0.17 0.30 −0.15 0.46

OTUs number for ITS2 (for
total species) 22 0.20 0.77 * 0.04 −0.02 −0.60 0.92 * 0.53 −0.37 0.22 −0.34 0.47

OTUs number for ITS2
(species level without VT) 23 0.05 0.78 * −0.10 −0.00 −0.64 0.82 * 0.54 −0.39 0.26 −0.49 0.45

OTUs number for ITS2 (only
VT species level) 24 0.57 0.45 0.44 −0.06 −0.26 0.85 * 0.30 −0.19 0.02 0.24 0.35

Species number for ITS2 (total) 25 0.54 0.51 0.26 0.02 −0.36 0.91 * 0.40 −0.10 0.27 0.03 0.39
Species number for ITS2
(without VT) 26 0.41 0.56 0.08 0.04 −0.41 0.87 * 0.45 −0.02 0.44 −0.11 0.36

Species number for ITS2
(only VT) 27 0.62 0.37 0.46 −0.02 −0.24 0.82 * 0.26 −0.19 0.01 0.21 0.37

Analyzed Parameter Parameter
Number 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

The number of herbaceous
plant species 1

Percent of annual plants 2

Total reads 3
Merged reads after length trim 4

Altitude, m 5
pHKCl 6
Pi, mg/kg 7
Ntotal, % 8
Ptotal, % 9
Sum of fractions < 0.01 mm 10
Soil type by mechanical
composition 11
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Table 3. Cont.

Analyzed Parameter Parameter
Number 1 2 3 4 5 6 7 8 9 10 11

Glomeromycota ITS1
total reads 12 1

Glomeromycota ITS1 total
OTU number 13 0.90 * 1

OTUs number for ITS1 (for
total species) 14 0.93 * 0.99 * 1

OTUs number for ITS1
(species level without VT) 15 0.92 * 0.98 * 0.99 * 1

OTUs number for ITS1 (only
VT species level) 16 0.80 * 0.88 * 0.87 * 0.79 * 1

Species number for ITS1 (total) 17 0.75 * 0.92 * 0.91 * 0.87 * 0.93 * 1
Species number for ITS1
(without VT) 18 0.77 * 0.93 * 0.93 * 0.90 * 0.87 * 0.98 * 1

Species number for ITS1
(only VT) 19 0.68 * 0.86 * 0.84 * 0.78 * 0.93 * 0.97 * 0.89 * 1

Glomeromycota ITS2
total reads 20 0.88 * 0.82 * 0.82 * 0.80 * 0.77 * 0.65 0.67 * 0.59 1

Glomeromycota ITS2 total
OTU number 21 0.70 * 0.88 * 0.84 * 0.81 * 0.82 * 0.82 * 0.79 * 0.82 * 0.82 * 1

OTUs number for ITS2 (for
total species) 22 0.85 * 0.85 * 0.84 * 0.80 * 0.84 * 0.73 * 0.74 * 0.68 * 0.98 * 0.88 * 1

OTUs number for ITS2
(species level without VT) 23 0.90 * 0.82 * 0.83 * 0.81 * 0.78 * 0.67 * 0.71 * 0.58 0.99 * 0.76 * 0.97 * 1

OTUs number for ITS2 (only
VT species level) 24 0.36 0.60 0.53 0.47 0.69 * 0.63 0.53 0.71 * 0.59 0.88 * 0.70 * 0.51 1

Species number for ITS2 (total) 25 0.53 0.72 * 0.67 * 0.62 0.75 * 0.71 * 0.67 * 0.71 * 0.77 * 0.94 * 0.85 * 0.71 * 0.93 * 1
Species number for ITS2
(without VT) 26 0.61 0.76 * 0.72 * 0.69 * 0.70 * 0.69 * 0.71 * 0.62 0.83 * 0.89 * 0.89 * 0.81 * 0.78 * 0.95 * 1

Species number for ITS2
(only VT) 27 0.34 0.57 0.50 0.42 0.69 * 0.62 0.51 0.71 * 0.57 0.86 * 0.67 * 0.48 0.99 * 0.91 * 0.73 *
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4. Discussion
4.1. Applicability of Molecular Genetic Identification of AMF in the Study of Their Biodiversity

Our study focuses on defining the AMF biodiversity in the North Caucasus, a tem-
perate biodiversity hotspot for plants and animals, to detect new AMF hotspots. The
correct identification of individual AMF species is possible via the morphological method.
However, AMF do not grow on culture media, so the accuracy of estimating the AMF
species richness by this method is rather low. In this regard, we carried out the identi-
fication using molecular genetic methods with Illumina MiSeq. The results reveal that
the significant differences among the three analyzed biotopes for the Glomeromycetes
class include all known AMF species. A sustainability assessment and approach relevance
for molecular genetic identification of AMF, its advantages, and disadvantages will be
discussed further. We propose a new methodology to solve the issue of high AM fungi
polymorphism for ITS regions by constructing trees by genus, accompanied with manually
verified alignment (Figure S1). It is impossible to construct a phylogenetic tree for the whole
Glomeromycetes class for ITS regions, so the AM fungi studies mostly took into account the
conservative genes, for example, the LSU region [81]. The LSU region is also only partially
suitable for constructing a complete reference tree for Glomeromycetes. In the investigation
of Delavaux et al., this tree included only 174 sequences of AM fungi assigned to only
112 species [81], even though 345 species of AMF are known [32]. Thus, this reference tree is
insufficient to identify most species (more than
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assessment of AMF biodiversity and their identification only via LSU at the species level is
not yet possible, and most studies are currently associated with the definition of AMF taxa
to the genus level [16,19,24,81]. The SSU region is believed to be slowly evolving, and there-
fore not sufficiently variable to adequately identify AMF species [82–84]. As suggested in
this study, the algorithm (Figure S1) eliminates the disadvantage of using polymorphic ITS
regions to carry out correct clustering for AMF identification at the species level. Currently,
ITS1 and ITS2 are, as a rule, analyzed unequally [33]. Thus, in the NCBI GenBank database,
individual sequences of the ITS2 region are the most frequent, and sequences of the ITS1
region are represented as part of the entire SSU-ITS1-5.8-ITS2-LSU region. According to the
data of our study, the ITS1 analysis demonstrated a significant number of reads, and it can
be assumed as a second barcoding region along with the ITS2 region. It is highly probable
that the process of primer annealing for the ITS1 and ITS2 regions varies, as indicated by
the distinct compositions of the identified AMF species (Tables S4 and S6). It is assumed
that analyzing the ITS1 and ITS2 regions would complement each other as if they were
distinct genetic markers.

In the biotopes of the North Caucasus, for ITS1 and ITS2, the total number of AMF
species was 50 (the number of clades of the species level with accurate identification) from
20 genera. Currently, we know of 345 AMF species from 44 genera [32]. Thus, at least 15%
of the world’s AMF species diversity has been identified in the studied region of the North
Caucasus (from 45% of genera). AM has been extensively studied for several decades, in-
cluding in the North Caucasus and other regions of Russia. The Teberdinsky National Park
plant communities, including arbuscular mycorrhizae, have been studied for many years
by Onipchenko et al. [85–87]. Authors discovered that about 74–77% of the higher plants
of the National Park interact with AMF, forming a symbiosis, arbuscular mycorrhiza [87].
However, a detailed assessment of the diversity of AMF species in the North Caucasus has
not yet been performed. Evaluating biodiversity and comparing different floral complexes
(river valley, mountain forest, and subalpine meadow) was difficult without applying
molecular genetic methods. The main approaches were at the level of classical floristics,
geobotany, and mycology, known as methods of comparative morphological analysis based
on species identification only by the morphology of rhizospheric extraradical AMF spores,
but not by intraradical AM structures: vesicles, arbuscules, and mycelium [88]. Meanwhile,
the AMF peculiarities concern their obligate status in relation to the host plant and the
fundamental impossibility of growing AMF spores in soils without plants. Therefore, it is
very difficult to assess AMF biodiversity by the morphology of spores. On the other hand,
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the difficulties of molecular genetic identification of AMF by rDNA regions are linked to
the fact that the concepts of “organism” or “species” are not fully applicable to AMF [40]
because AMF contain nuclei of different origins in their hyphae and spores (heterokaryosis),
i.e., essentially one fungus contains a set of polymorphic genotypes, and since the diversity
of rDNA evaluates the analysis of genetic diversity, it more correct a definition that one AM
fungus have a set of different ribotypes. Considering the community of nuclei within
the arbuscular mycorrhiza in the studied STP, it is appropriate as a peculiar pan-genome,
rapidly changing due to horizontal gene transfer [89–91]. It is also known that AMF can
form anastomoses [92] and, accordingly, the exchange of genetic material. All this is the
reason that different OTUs belong to the same AMF species according to the sequencing
results obtained in this and earlier studies [63]. Thus, molecular genetic methods, including
NGS sequencing using Illumina MiSeq, have advantages in assessing AMF biodiversity
up to the species level in comparison with morphological methods of AMF identification
(Table S10; [33,93,94]). Nevertheless, only morphological methods provide reliable infor-
mation for accurate species identification. Some disadvantages of NGS sequencing should
also be mentioned (Table S10). The main problem is the high genetic polymorphism of
AM fungi.

The genetic mechanisms of heterogeneous nuclei interaction within a single pan-
genome have not been studied. Three different phenomena may cause the OTU genetic
diversity. Firstly, it is a consequence of the heterogeneity of nuclei in hyphae and AMF
spores. For example, one spore can contain up to 35,000 nuclei [95]. The reason is that AM
fungi (unlike other eukaryotes) lack the genetic bottleneck of a single-nucleus stage [96].

Secondly, the detected heterogeneity of the AMF genetic material may result from the
genome conflict, a “genomic shock” (see the studies on hybrids and plant allopolyploids).
At the rDNA level, it is expressed as “nucleolar dominance”, known as the silencing of the
rDNA of one of the parents, a high rate of accumulation of substitutions in the repressed
genome, and a gradual decrease in the proportion of rDNA of the repressed subgenome in
the polyploid genome [97–99]. Such a phenomenon of nucleoli dominance is also found in
AM fungi [100]. It is can be seen by the appearance of a high number of singletons—unique
and quasi-unique rDNA variants, represented among reads by a minimum number of
copies [97], similar to what was found in this study. The provided identification of a larger
number of OTUs for ITS1 is due to the greater ITS1 variability, and, secondly, since AMF
contain many nuclei that have different variants of both ITS1 and ITS2. Consequently,
the same mycelium of the same AMF species may contain more variants of ITS1 than
ITS2. The different variability of the regions (the rate of changes in ITS2 is less than in
ITS1) and the different specificity of primers indicate that the complex analysis of both
regions significantly complements each other. Singletons often contain chimeric sequences,
but their exclusion can lead to a significant loss of truly existing fungi species. This was
estimated in the analysis by Baldrian et al. since 2.5% of 10 million singletons had a more
than 97% similarity to fungi species [27].

The third mechanism that can lead to the increase in the diversity of OTUs in the
studied STPs (in addition to the real taxonomic diversity of the mycota of each site) is a
parasexual process that naturally directs to the exchange of genes between nuclei during
karyokinesis [101]. The common opinion was that mycorrhizal fungi are asexual. However,
the preservation in their genomes of 85% of gene complexes associated with crossing over
of sexual forms [102] fully admits the assumption that a hidden parasexual process is
possible [88,103].

4.2. Comparative Analysis of AMF Diversity in different biotopes

As a result of the OTUs and phylogenetic tree analysis, the AMF species were identified
(Tables S4 and S6). The OTUs and AMF species’ relative abundance in three biotopes
(subalpine meadow, forest, and river valley) is represented in Figures 2 and 3 for the
ITS1 and ITS2 regions, respectively. The most significant number of specific AMF species
was found in the river valley, with the minimum in forest biotopes for both ITS regions,
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including the calculation of particular species without VT (Table S8). The highest number
of species was identified in all biotopes for the ITS1 region compared to ITS2.
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Among the biotopes of meadows, forests, and river valleys, both endemic and common
AMF species for different biotopes were identified (Table S8). The dominant AMF species
in the North Caucasus ecosystems are (in descending order of the number of OTUs, species
with the number of identified OTUs > 350): R. intraradices, R. irregularis, Entrophospora
infrequens, Dominikia indica. Whereas the conclusions about the taxon distribution based on
the number of OTUs are risky, they may be correct for dominant and subdominant species.
For example, such AMF genera as Rhizophagus and Dominikia are recognized as most
common (by the number of OTUs and reads), so they should be considered cosmopolitan
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genera. According to data from the literature [104], R. irregularis and R. intraradices species
have been identified in many ecosystems of the world. The Entrophospora genus should
be mentioned separately. This is a monophyletic group that has recently been included in
AMF [105] and assigned to the new order of Entrophosporales (according to several sources,
along with Claroideoglomus; [41]). The study of the Paraglomus genus is of a particular
interest because its sequences in the NCBI database for ITS regions are not enough for
accurate species identification (there are only three species out of nine known by the
morphology of spores in the database). All AMF of these genera have a significant number
of reads in the data sets obtained for the STPs of the North Caucasus (Tables S4 and S6).
Furthermore, the list of the most represented genera in the ecosystems of the Andes [58]
differs from genera in the biotopes of the North Caucasus (Rhizophagus, Dominikia, and
Glomus; see Tables S5 and S7). The following genera can be found in the Andes: Acaulospora
(>50% reads; the genus is characteristic of high zones), Claroideoglomus, Cetraspora, and
Rhizophagus [58]. In the Southern Central zone of Chile, the main AMF genera were
Acaulospora and Glomus [43]. In Yucatan, Mexico, the main AMF genera associated with tree
roots were Glomus, Sclerocystis, Rhizophagus, Redeckera, and Diversispora [19]. In Mt. Taibai
of Qinling Mountain, China, the main AMF genera were Glomus, Septoglomus, Acaulospora,
Ambispora, and Rhizophagus [106]. We can assume that mountain biotopes differ significantly
in the composition of AMF genera.

A comparative analysis of biotopes revealed common features in the species composi-
tion for ecosystems of the same type (Table S4 and S6). In addition to the known species, we
identified 52 species-level VTs assigned to 12 genera (for the ITS1 and ITS2 regions). Virtual
taxa found in the ecosystems of the North Caucasus, a temperate biodiversity hotspot,
are also important because they may represent new, previously unknown, uncharacter-
ized AMF species. So, in the study carried out in Yucatan, Mexico, Lara-Pérez et al. [19]
identified 36 VTs, belonging to nine genera (for 18S region). In the Serengeti National
Park, Tanzania, Stevens et al. [23] identified 39 VTs (for the SSU region); in the High Arctic,
the Zackenberg Valley, Northeast Greenland, Rasmussen et al. [44] identified 29 VTs (for
the SSU region); in the Middle Caquetá River region and the municipality of Leticia, the
Colombian Amazon region, Peña-Venegas et al. [22] identified 126 VTs (for SSU region).
Still, the application of SSU as a barcode did not allow for the identification of AMF to the
species level. The composition of morphological and molecular genetic approaches can
significantly expand the possibilities of AMF identification. For example, Vieira et al. [29]
found as many as 62 AMF species from 18 genera (for the 25S region) in the Iron Triangle
region, Brazil.

According to experimental results, for any data calculation (reads, OTUs, the number
of precisely defined AMF species, the total number of species taking into account the
number of virtual AMF taxa at the species level, the values of biodiversity indices), forest
ecosystems have the least AMF biodiversity, and river valley ecosystems, on the contrary,
have the highest AMF biodiversity. However, according to the estimated species richness
(Table S9), the subalpine meadow had equally high diversity with that of river valley
meadows. Based on the analysis of over 2 million valid sequences with an average sequence
length of 216 bp for each sample, it was shown that the subalpine meadow (2635 m above
sea level) on the western slope of Helan Mountain in Alxa Left Banner, Inner Mongolia
Autonomous Region, had the highest diversity according to the Shannon index and the
ACE and Chao1 indices. However, it manifested the smallest Simpson index [50].

4.3. Reasons for Higher AMF Diversity in River Valley Biotopes

To elucidate the reasons for the taxonomic diversity of AMF, we analyzed several
factors that could be important. Such abiotic and biotic factors include climatic con-
ditions, agrochemical composition of soils, human activity, and composition of plant
communities [47–50]. The provided multivariate analysis of variance revealed that the num-
ber of OTUs in the space clusters the STPs of one biotope (subalpine meadow/forest/river
valley) obtained using multidimensional scaling (MDS-Spearman). Correlation analysis
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indicated a significant (p < 0.01 for ITS1) positive relationship between soil acidity (pHKCl)
and AMF species richness (Figures S10 and S11) and in some cases of AMF, biodiversity
indicators with the level of available p for plants (“Pi, mg/kg”; Table 3). The effect of other
agrochemical soil parameters and the altitude of the STPs was weaker or absent (Table 3).

The list of possible reasons for high AMF diversity in a river valley:

• Livestock grazing and other human activities are more prevalent in river valleys com-
pared to mountain forests and subalpine meadows [14]. Due to this, it is common to
see the transfer of spores of AM fungi through human shoes and livestock hooves (such
as cows and horses) [49,107]. However, some evidence indicates that ungulate grazing
may be associated with decreased AM fungal abundance in soil [23]. Additionally,
AMF spores can migrate with water flows from the mountains to the river valley dur-
ing erosions [107–109], and they actively enter into nonspecific symbiotic relationships
after sedimentation. Despite the fact that the organic reserves in these ecosystems are
much higher because of livestock grazing, the ecosystems themselves may have signs
of soil degradation and are considered disturbed. Nevertheless, AM fungi spores,
as a rule, are significantly larger (>40 microns) than the spores of many other fungi,
so their distribution distance is relatively short [110]. According to Guo et al. [111],
terrain slope can also affect AMF diversity. The biotopes of the river valley analyzed in
our study were characterized by a much gentler slope than the biotopes of subalpine
meadows and forests (Table S2). Therefore, it can be assumed that a flat slope will
positively correlate with AMF biodiversity.

• In conditions of intensive percolation water regime and good drainage, there is no
stagnation of water and oxygen deficiency in the soil, negatively affecting the develop-
ment of AM fungi [112,113]. The percolation water regime can reduce the content of
available phosphate (Pi) in the soil, which makes root mycorrhization an important
adaptation for P uptake. Such a water regime is typical for river valleys in the North
Caucasus. The correlation between the seven parameters of AMF biodiversity and
“Pi, mg/kg” (inorganic P available for plant nutrition) in many cases was significantly
(p < 0.05) positive (Table 3). Our data are consistent with the results of Guo et al.
who found that the diversity of AMF had a positive correlation with available P
content [111]. Nevertheless, large-scale studies have shown that AMF diversity and
abundance decrease with the phosphorus available in the soil [114]. This issue requires
further consideration.

• STP altitude may be a factor that influences AM development. A reduced number
of identified AMF at the species level (Figures 2 and 3) characterized the analyzed
biotopes of the forest and subalpine meadow located above the biotopes of the river
valley. However, linear reliable correlations for the North Caucasus STPs were not
found (Table 3). Our results are consistent with the available data [12,115–118]. AMF
biodiversity was largely unaffected by altitude [51,55–58], with some negative corre-
lations found [12,115–118]. However, this rule is not applicable for the Zackenberg
Valley in the High Arctic [44]—with an increase in altitude from 33 to 479 m (a small
altitude above sea level), an increase in AM fungi occurrence was observed. Perhaps
the reason for the lack of correlation between altitude and AMF biodiversity in the
North Caucasus is that there are no biotopes of alpine meadows in the analyzed STPs,
which are characterized by lower temperatures. However, temperature is considered
an important factor for the development of AM [113,119,120]. The optimal average
air temperature of the warmest month is +19 ◦C, but mycorrhizal colonization can be
intensively increased with the frosty period not less than 2 months [121].

• The biodiversity of AMF and the development of AM are affected by such factors
as pollution, salinity, drought, extreme temperatures, CO2, liming, acidity, etc. [122],
as well as soil composition, altitude, species composition of plant communities, and
climatic factors [47,48,50]. However, pH and temperature are the main factors deter-
mining AMF biodiversity [60]. pH can have an important direct effect on the growth
and productivity of the AM fungus [123,124]. The positive correlation between AMF
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diversity and pH is mentioned in [111,125]. This is consistent with our data on a
significant positive correlation of the pHKCl with a number of biodiversity indica-
tors (“Glomeromycota total reads”, “OTUs number for total species”, “total species
number”, both for ITS1 and ITS2; Table 3; Figures S10 and S11).

• The phenotypic diversity of OTU AMF is supposed to be under the effect of the
phenotypic diversity of plants, which decreases with altitude in the mountains [126].
The colonization of roots by AM fungi is not species–specific. Several AM fungi
species can colonize one plant’s root, and one AM fungus can colonize different
plant species [127]. However, despite the absence of direct correlations between the
diversity of AMF and the total number of herbaceous plants (Table 3), a decrease
in the spectrum of potential partners in the mutualistic symbiotic system might be
expected, which affects the AMF species diversity [128]. At the same time, annual
plant species have a higher diversity of AMF than perennial species, and a half of
the currently identified AMF species may be more specific to one plant species [54].
Moreover, S. Horn et al. [51] demonstrated that the influence of the biotic factors
(interaction of AMF with plants) is more significant in comparison with the effect of
abiotic factors on the AMF genera composition. It is known that in the process of
succession with an increase in the proportion of woody plants, the density of AM fungi
spores decreased [52,53]. Thus, higher abundance of annual plants (see “Percentage
of annual plants” in Table S2) in river valleys in comparison with the biotopes of the
subalpine meadow may be a key factor positively affecting AMF taxonomic diversity.
Meanwhile, our studies confirm the relationship between the proportion of annual
plant forms and the diversity of AMF. For instance, it was shown that the linear
correlation coefficients were reliable (p < 0.05; Table 3). The correlation coefficient
between “Percentage of annual plants” and “Glomeromycota total reads” r = 0.76
and 0.81 (for ITS1 and ITS2, respectively), and the correlation coefficient between
“Percentage of annual plants” and “OTUs number (for total species)” r = 0.67 and
0.77 (for ITS1 and ITS2, respectively). A weak correlation between the proportion
of annual plants and the AMF species diversity was also shown (r = 0.40 and 0.56
for ITS1 and ITS2, respectively; see Table 3). Similar results were obtained in [43];
the “natural grassland” ecosystem had the highest AMF species diversity among
20 ecosystems of interest. The opposite is also possible to occur. It is shown that in
the Teberdinsky National Park, experimental suppression of AM symbiosis is always
followed by a decrease in the species richness and number of plants [129]. The species
composition and numerical relative abundances of different OTUs may vary due
to seasonal changes, so observing OTU diversity in different seasons can provide
new information [130,131]. Changes in the mycorrhization of plants by AM fungi
throughout a year in the Teberdinsky National Park were already studied earlier [85],
but their biodiversity has not been assessed.

4.4. Practical Application of the Results of AMF Biodiversity Research

Rhizophagus irregularis, Funneliformis mosseae, and Gigaspora margarita are the species
most often used in biological preparations to enhance plant growth [45,132–136]. Mean-
while, the results of this study show that among 10 million sequences, the ones with
F. mosseae and Gi. margarita are extremely rare, requiring the special attention of researchers
because these fungi are often isolated from soils by morphological methods. By isolat-
ing AMF from the analyzed STPs, we collected a large number of R. irregularis spores, a
few F. mosseae spores, but failed to isolate Gi. margarita spores from the roots of plants
in the North Caucasus (unpublished data). Universal primers are, perhaps, less suit-
able for sequencing these two species. Other authors reported that these species may
be absent [24,25] or rarely occur in the sequencing results, even if they are identified by
morphological methods [11,19,23], or not all species of Gigaspora and Funneliformis genera
are found [18,22,29]. Thus, we can assume that the application of universal primers (for
ITS1 and ITS2 regions) makes assessing AMF biodiversity possible. When studying a
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single new species, it may be useful to analyze, for example, the LSU region [81] as another
barcoding region.

5. Conclusions

The investigation of the North Caucasus region, in the Teberdinsky National Park and
adjacent territories of Karachay-Cherkessia, revealed a significant number of AMF species
were identified for the first time: 50 species from 20 genera in three biotopes, subalpine
meadow, forest, and river valley. This represents at least 15% of the world species diversity
of AMF (from 45% of known genera). Thus, the biotopes of the North Caucasus should be
considered as a native temperate biodiversity hotspot not only for plants and animals but
also for AM fungi. Modification of the molecular genetic identification of AMF showed the
effectiveness of the proposed algorithm (Figure S1), including (1) using Illumina MiSeq
simultaneously for two barcodes (ITS1 and ITS2 regions); (2) the inclusion of analysis for
genera phylogenetic trees as a separate step as a part of species identification algorithm;
(3) the selection of sequences from the MaarjAM database as OTU centroids, which made
it possible to use about 15% of reliable singletons and thereby minimize losses of true
AMF species. The list of species identified in all biotopes includes Acaulospora paulinae,
Claroideoglomus claroideum, C. lamellosum, Dominikia indica, Glomus hoi, Paraglomus laccatum,
Rhizophagus irregularis, R. melanus, and R. intraradices. The dominant species, R. intraradices,
R. irregularis, and D. indica, and the specific (endemic) species were identified: 7 species for
biotopes of the subalpine meadow, 4 in the forest, and 17 for disturbed ecosystems, pastures
in the river valley biotopes (Table S8). In addition, 52 virtual taxa at the species level were
also found and assigned to 12 genera. These taxa may include some previously unknown
AMF species. A correlation analysis revealed that the main reasons for high biodiversity
in river valleys can be as follows: (1) a higher proportion of annual plant species in river
valleys in comparison with the biotopes of subalpine meadows and forests, since it is annual
plant species that have a higher diversity of AMF than perennial ones; (2) the disturbance
of river valley biotopes (active grazing on pastures) in contrast to undisturbed biotopes of
forests and subalpine meadows, which is a sign of the process of regenerative succession, in
which the role of AMF is high; (3) the positive correlation of AMF diversity with pH in the
soil. Our data prove the importance of future investigations in the North Caucasus region,
in the Teberdinsky National Park, and the adjacent territories of Karachay-Cherkessia. The
accumulated data will expand our knowledge about the role of AMF involvement in the
formation of natural biotopes.
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dissimilarity between OTUs profiles (A–ITS1, B–ITS2). Figure S3. Score plots from PCA of OTUs
profiles (A–ITS1, B–ITS2); Figure S4. The relative abundance (%) of OTUs of main fungal phyla in
regions ITS1 (A) and ITS2 (B) in three tested biotopes; Figure S5. The relative abundance (%) of
OTUs of various fungal classes in regions ITS1 (A) and ITS2 (B) in three tested biotopes; Figure S6:
Maximum Likelihood phylogenetic tree that represents OTUs of Ambispora genus identified in ITS1
region; Figure S7: ML phylogenetic tree that represents OTUs Ambispora genus identified in ITS2
region; Figure S8: ML phylogenetic tree that represents OTUs of Acaulospora genus identified in
ITS1 region; Figure S9: ML phylogenetic tree that represents OTUs of Acaulospora genus identified
in ITS2 region; Figure S10: Dependencies between agrochemical parameters of rhizosphere soil and
numbers of species and OTUs (for ITS1 region); Figure S11: Dependencies between agrochemical
parameters of rhizosphere soil and numbers of species and OTUs (for ITS2 region); Table S4: Identifi-
cation of arbuscular mycorrhizal fungi: species list according to OTUs founded with ITS1 analysis;
Table S5: Identification of arbuscular mycorrhizal fungi: genera list according to OTUs founded by
ITS1 analysis; Table S6: Identification of arbuscular mycorrhizal fungi: species list according to OTUs
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founded with ITS2 analysis; Table S7: Identification of arbuscular mycorrhizal fungi: genera list
according to OTUs founded by ITS2 analysis; Table S8: List of common and endemic species (except
VT) ranked in decreasing order of OTUs; Table S9: Observed and extrapolated values of species rich-
ness, Shannon diversity, and Simpson diversity by OTUs; Table S10. Advantages and disadvantages
of molecular genetic methods using Illumina MiSeq to identify AMF species in comparison with
morphological methods.
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in rDNA coding regions but not in intergenic spacers in Nicotiana tabacum allotetraploid. Plant Syst. Evol. 2017, 303, 1043–1060.
[CrossRef]

100. Robbins, C.; Corella, J.C.; Aletti, C.; Seiler, R.; Mateus, I.D.; Lee, S.J.; Masclaux, F.G.; Sanders, I.R. Generation of unequal nuclear
genotype proportions in Rhizophagus irregularis progeny causes allelic imbalance in gene transcription. New Phytol. 2021, 231,
1984. [CrossRef] [PubMed]

101. Chen, E.C.H.; Mathieu, S.; Hoffrichter, A.; Sedzielewska-Toro, K.; Peart, M.; Pelin, A.; Ndikumana, S.; Ropars, J.; Dreissig, S.;
Fuchs, J.; et al. Single nucleus sequencing reveals evidence of inter-nucleus recombination in arbuscular mycorrhizal fungi. eLife
2018, 7, e39813. [CrossRef] [PubMed]

102. Tisserant, E.; Kohler, A.; Dozolme-Seddas, P.; Balestrini, R.; Benabdellah, K.; Colard, A.; Croll, D.; Da Silva, C.; Gomez, S.K.; Koul,
R.; et al. The transcriptome of the arbuscular mycorrhizal fungus Glomus intraradices (DAOM 197198) reveals functional tradeoffs
in an obligate symbiont. New Phytol. 2012, 193, 755–769. [CrossRef] [PubMed]

103. Corradi, N.; Brachmann, A. Fungal mating in the most widespread plant symbionts? Trends Plant Sci. 2017, 22, 175–183. [CrossRef]
[PubMed]

104. Formey, D.; Molès, M.; Haouy, A.; Savelli, B.; Bouchez, O.; Bécard, G.; Roux, C. Comparative analysis of mitochondrial genomes
of Rhizophagus irregularis–syn. Glomus irregulare–reveals a polymorphism induced by variability generating elements. New Phytol.
2012, 196, 1217–1227. [CrossRef]

105. Sieverding, E.; Oehl, F. Revision of Entrophospora and description of Kuklospora and Intraspora, two new genera in the
arbuscular mycorrhizal Glomeromycetes. J. Appl. Bot. Food Qual. 2006, 80, 69–81.

106. Zhang, M.; Shi, Z.; Yang, M.; Lu, S.; Cao, L.; Wang, X. Molecular diversity and distribution of arbuscular mycorrhizal fungi at
different elevations in Mt. Taibai of Qinling mountain. Front. Microbiol. 2021, 12, 609386. [CrossRef]

107. Anderson, R.S.; Homola, R.L.; Davis, R.B.; Jacobson, G.L., Jr. Fossil remains of the mycorrhizal fungal Glomus fasciculatum complex
in postglacial lake sediments from Maine. Rev. Can. Bot. 1984, 62, 2325–2328. [CrossRef]

108. Miehe, G.; Miehe, S.; Kaiser, K.; Reudenbach, C.; Behrendes, L.; La, D.; Schlütz, F. How old is pastoralism in Tibet? An ecological
approach to the making of a Tibetan landscape. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2009, 276, 130–147. [CrossRef]

109. Ghosh, R.; Paruya, D.K.; Acharya, K.; Ghorai, N.; Bera, S. How reliable are non-pollen palynomorphs in tracing vegetation
changes and grazing activities? Study from the Darjeeling Himalaya, India. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2017, 475, 23–40.
[CrossRef]

110. Gou, H.; Wei, H.; Duan, R.; Tianyuan, C. Spatial distribution of modern pollen and fungal spores and their ecological indication
in Qinghai Lake on northeastern Tibetan Plateau, China. Ecol. Indic. 2022, 144, 109474. [CrossRef]

111. Guo, Y.N.; Zhang, H.D.; Bao, Y.Y.; Tan, H.Z.; Liu, X.H.; Rahman, Z.U. Distribution characteristics of soil AM fungi community in
soft sandstone area. J. Environ. Manag. 2022, 316, 115193. [CrossRef] [PubMed]

112. Selivanov, I.A. Mikosimbiotrofizm kak Forma Konsortivnykh Svyazei v Rastitel’nom Pokrove Sovetskogo Soyuza (Mycosymbiotrophism as a
Form of Consortive Relations in Vegetation Cover of Soviet Union); Nauka: Moscow, Russia, 1981.

113. Lavrenov, N.G.; Zernov, A.S.; Kipkeev, A.M.; Tekeev, D.K.; Semenova, R.B.; Akhmetzhanova, A.A.; Perevedentseva, L.G.;
Sudzilovskaya, N.A.; Korneecheva, M.Y.; Onipchenko, V.G. Plant mycorrhiza under extreme conditions of snow beds Alpine
communities in Armenia. Biol. Bull. Rev. 2018, 8, 401–405. [CrossRef]

114. Ma, X.; Xu, X.; Geng, Q.; Luo, Y.; Ju, C.; Li, Q.; Zhou, Y. Global arbuscular mycorrhizal fungal diversity and abundance decreases
with soil available phosphorus. Glob. Ecol. Biogeogr. 2023, 32, 1423–1434. [CrossRef]

115. Lugo, M.A.; Ferrero, M.; Menoyo, E.; Estévez, M.C.; Siñeriz, F.; Anton, A. Arbuscular mycorrhizal fungi and rhizospheric bacteria
diversity along an altitudinal gradient in South American Puna grassland. Microb. Ecol. 2008, 55, 705–713. [CrossRef]

116. Lugo, M.A.; Negritto, M.A.; Jofré, M.; Anton, A.; Galetto, L. Colonization of native Andean grasses by arbuscular mycorrhizal
fungi in puna: A matter of altitude, host photosynthetic pathway and host life cycles. FEMS Microbiol. Ecol. 2012, 81, 455–466.
[CrossRef]

117. Kernaghan, G.; Harper, K.A. Community structure of ectomycorrhizal fungi across an alpine/subalpine ecotone. Ecography 2001,
24, 181–188. [CrossRef]

https://doi.org/10.17816/ecogen16211-23
https://doi.org/10.1111/j.1469-8137.2009.02874.x
https://doi.org/10.1139/g98-038
https://doi.org/10.1186/1471-2148-11-51
https://doi.org/10.1134/S1022795420060095
https://doi.org/10.1111/tpj.14869
https://www.ncbi.nlm.nih.gov/pubmed/32506573
https://doi.org/10.1007/s00606-017-1442-7
https://doi.org/10.1111/nph.17530
https://www.ncbi.nlm.nih.gov/pubmed/34085297
https://doi.org/10.7554/eLife.39813
https://www.ncbi.nlm.nih.gov/pubmed/30516133
https://doi.org/10.1111/j.1469-8137.2011.03948.x
https://www.ncbi.nlm.nih.gov/pubmed/22092242
https://doi.org/10.1016/j.tplants.2016.10.010
https://www.ncbi.nlm.nih.gov/pubmed/27876487
https://doi.org/10.1111/j.1469-8137.2012.04283.x
https://doi.org/10.3389/fmicb.2021.609386
https://doi.org/10.1139/b84-316
https://doi.org/10.1016/j.palaeo.2009.03.005
https://doi.org/10.1016/j.palaeo.2017.03.006
https://doi.org/10.1016/j.ecolind.2022.109474
https://doi.org/10.1016/j.jenvman.2022.115193
https://www.ncbi.nlm.nih.gov/pubmed/35550954
https://doi.org/10.1134/S2079086418050031
https://doi.org/10.1111/geb.13704
https://doi.org/10.1007/s00248-007-9313-3
https://doi.org/10.1111/j.1574-6941.2012.01373.x
https://doi.org/10.1034/j.1600-0587.2001.240208.x


J. Fungi 2024, 10, 11 29 of 29

118. De Mesquita, C.P.B.; Sartwell, S.A.; Ordemann, E.V.; Porazinska, D.L.; Farrer, E.C.; King, A.J.; Spasojevic, M.J.; Smith, J.G.;
Suding, K.N.; Schmidt, S.K. Patterns of root colonization by arbuscular mycorrhizal fungi and dark septate endophytes across a
mostly-unvegetated, high-elevation landscape. Fungal Ecol. 2018, 36, 63–74. [CrossRef]

119. Nozadze, L.M. Mycosymbiotrophism of herbaceous plants in some plant communities of the Inguri River basin related to vertical
zonality. In Mikoriza i Drugie Formy Konsortativnykh Otnoshenii v Prirode (Mycorrhiza and Other Forms of Consortive Relations in
Nature); Perm State Pedagogical Institute: Perm, Russia, 1981; pp. 50–52.

120. Hempel, S.; Gotzenberger, L.; Kuhn, I.; Michalski, S.G.; Rillig, M.C.; Zobel, M.; Moora, M. Mycorrhizas in the Central European
flora: Relationships with plant life history traits and ecology. Ecology 2013, 94, 1389–1399. [CrossRef] [PubMed]

121. Soudzilovskaia, N.A.; Douma, J.C.; Akhmetzhanova, A.A.; van Bodegom, P.M.; Cornwell, W.C.; Moens, E.; Treseder, K.; Tibbett,
M.; Wang, Y.; Cornelissen, J. Global patterns of plant root colonization intensity by mycorrhizal fungi explained by climate and
soil chemistry. Glob. Ecol. Biogeogr. 2015, 24, 371–382. [CrossRef]

122. Lenoir, I.; Fontaine, J.; Sahraoui, A.L. Arbuscular mycorrhizal fungal responses to abiotic stresses: A review. Phytochemistry 2016,
1, 4–15. [CrossRef] [PubMed]

123. Wang, G.M.; Stribley, D.P.; Tinker, P.B.; Walker, C. Effects of pH on arbuscular mycorrhiza I. Field observations on the long-term
liming experiments at Rothamsted and Woburn. New Phytol. 1993, 124, 465–472. [CrossRef]

124. Coughlan, A.P.; Dalpé, Y.; Lapointe, L.; Piché, Y. Soil pH-induced changes in root colonization, diversity, and reproduction of
symbiotic arbuscular mycorrhizal fungi from healthy and declining maple forests. Can. J. For. Res. 2000, 30, 1543–1554. [CrossRef]

125. Dumbrell, A.J.; Nelson, M.; Helgason, T.; Dytham, C.; Fitter, A.H. Relative roles of niche and neutral processes in structuring a
soil microbial community. ISME J. 2010, 4, 337–345. [CrossRef] [PubMed]

126. López-Angulo, J.; Pescador, D.S.; Sánchez, A.M.; Luzuriaga, A.L.; Cavieres, L.A.; Escudero, A. Impacts of climate, soil and biotic
interactions on the interplay of the different facets of alpine plant diversity. Sci. Total Environ. 2020, 698, 133960. [CrossRef]

127. Makarov, M.I. The role of mycorrhiza in transformation of nitrogene compounds in soil and nitrogene nutrition of plant: A review.
Eurasian Soil Sci. 2019, 52, 193–205. [CrossRef]

128. Soteras, F.; Menoyo, E.; Grilli, G.; Becerra, A.G. Arbuscular mycorrhizal fungal communities of high mountain ecosystems of
South America: Relationship with microscale and macroscale factors. In Mycorrhizal Fungi in South America; Springer: Cham,
Switzerland, 2019; pp. 257–275.

129. Farish, N.R.; Lavrenov, N.G. Statistical analysis of the mycorrhizae impact on communities of alpine maedows. In Proceedings of
the International Conference “Mathematical Biology and Bioinformatics”, Pushchino, Russia, 14–19 October 2018; Lahno, V.D., Ed.; IMPB
RAN: Puschino, Russia, 2018; Volume 7, p. e102. [CrossRef]

130. Sigüenza, C.; Espejel, I.; Allen, E. Seasonality of mycorrhizae in coastal sand dunes of Baja California. Mycorrhiza 1996, 6, 151–157.
[CrossRef]

131. Liu, M.; Yue, Y.J.; Wang, Z.H.; Li, L.; Duan, G.Z.; Bai, S.L.; Li, T. Composition of the arbuscular mycorrhizal fungal community
and changes in diversity of the rhizosphere of Clematis fruticosa over three seasons across different elevations. Eur. J. Soil Sci. 2020,
71, 511–523. [CrossRef]

132. Berruti, A.; Lumini, E.; Balestrini, R.; Bianciotto, V. Arbuscular mycorrhizal fungi as natural biofertilizers: Let’s benefit from past
successes. Front. Microbiol. 2016, 6, 1559. [CrossRef] [PubMed]

133. Pellegrino, E.; Piazza, G.; Arduini, I.; Ercoli, L. Field inoculation of bread wheat with Rhizophagus irregularis under organic
farming: Variability in growth response and nutritional uptake of eleven old genotypes and a modern variety. Agronomy 2020, 10,
333. [CrossRef]

134. Wang, J.; Fu, W.; Sun, C.; Cai, S.; Tang, C. Funneliformis mosseae inoculation enhances Cucurbita pepo L. plant growth and fruit yield
by reshaping rhizosphere microbial community structure. Diversity 2022, 14, 932. [CrossRef]

135. Veresoglou, S.D.; Shaw, L.J.; Sen, R. Glomus intraradices and Gigaspora margarita arbuscular mycorrhizal associations differentially
affect nitrogen and potassium nutrition of Plantago lanceolata in a low fertility dune soil. Plant Soil 2011, 340, 481–490. [CrossRef]

136. Kaur, S.; Campbell, B.J.; Suseela, V. Root metabolome of plant-arbuscular mycorrhizal symbiosis mirrors the mutualistic or
parasitic mycorrhizal phenotype. New Phytol. 2022, 234, 672–687. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.funeco.2018.07.009
https://doi.org/10.1890/12-1700.1
https://www.ncbi.nlm.nih.gov/pubmed/23923502
https://doi.org/10.1111/geb.12272
https://doi.org/10.1016/j.phytochem.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/26803396
https://doi.org/10.1111/j.1469-8137.1993.tb03837.x
https://doi.org/10.1139/x00-090
https://doi.org/10.1038/ismej.2009.122
https://www.ncbi.nlm.nih.gov/pubmed/19924158
https://doi.org/10.1016/j.scitotenv.2019.133960
https://doi.org/10.1134/S1064229319020108
https://doi.org/10.17537/icmbb18.106
https://doi.org/10.1007/s005720050120
https://doi.org/10.1111/ejss.12884
https://doi.org/10.3389/fmicb.2015.01559
https://www.ncbi.nlm.nih.gov/pubmed/26834714
https://doi.org/10.3390/agronomy10030333
https://doi.org/10.3390/d14110932
https://doi.org/10.1007/s11104-010-0619-4
https://doi.org/10.1111/nph.17994

	Introduction 
	Materials and Methods 
	The Characteristics of the Stationary Trial Plots 
	Molecular Genetic Identification of Fungi 
	Sampling and Molecular Analysis 
	Bioinformatics 
	Assessment of Biodiversity Indices 
	Statistics 


	Results 
	Analysis of Fungal Sequences 
	Taxonomic Composition of Fungal Phyla and Classes in Soil Samples from the River Valley, Subalpine Meadow, and Forest 
	Identification of AMF Species in the River Valley, Subalpine Meadow, and Forest Biotopes 
	Correlation Analysis of the Interlinks between AMF Species Richness with STP Height and Agrochemical Parameters of Sampled Rhizosphere Soils 

	Discussion 
	Applicability of Molecular Genetic Identification of AMF in the Study of Their Biodiversity 
	Comparative Analysis of AMF Diversity in different biotopes 
	Reasons for Higher AMF Diversity in River Valley Biotopes 
	Practical Application of the Results of AMF Biodiversity Research 

	Conclusions 
	References

