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Abstract. The aim of the study was to investigate the species diversity of
AM fungi in different parts of the North Caucasus, biodiversity hotspot,
the center of the world's biological diversity. Samples were taken from 5
locations (stationary trial plots, STPs) in different ecosystems and at
various altitudes. Identification was performed using sequencing for ITS1
and ITS2 regions, amplified with universal primers, Illumina MiSeq was
employed. 19 genera of AM fungi were found on all STPs. The work did
not reveal a correlation between the altitude and the species composition of
AM fungi. At the same time, it should be assumed that a correlation could
be found between the biodiversity of AM fungi and the type of ecosystem,
which should be done in the future. The study shows it is necessary to use
an analysis for both ITS regions, since the data obtained for each ITS
region differ and complement each other. Analysis for the ITS2 region
revealed 1.3 times more virtual taxa than for the ITS1, while the number of
OTUs identified per species was similar for both regions. The highest
biodiversity of AM fungi was found in STP #3 (with meadow flora). Only
4 species (Rhizophagus irregularis, R. intraradices, Paraglomus laccatum,
and Claroideoglomus claroideum) were found on all five analyzed STPs.
We found unexpectedly that with such a high biodiversity among the
identified fungi, no different species were found in the Paraglomus genus,
all the sequences of Paraglomus belonged to Paraglomus laccatum,
whereas at least 9 species are distinguished in the genus by morphology.
Further research will allow us to identify new strains of AM fungi, the
efficiency of which may be higher than already studied ones. In the future
this will make it possible to create more effective microbial biofertilizers
for agriculture.
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1 Introduction

Arbuscular mycorrhiza (AM) is one of the oldest and most common types of symbiosis
between plants and fungi. AM leads to an increase in the supply of nutrients to the plant, a
decrease in the negative impact of drought and salinity, and an improvement in the water
balance. The study of AM, its symbiotic efficacy and activity is an urgent line of research
in modern biology. The comprehensive study of AM fungi can help us to understand their
role in the evolution and maintenance of plant species diversity, the plant growth and the
adaptation to environment. Isolated from soils strains of AM fungi could be used in
agriculture to increase the crops productivity and obtain ecologically clean products.
Therefore, the search for the new AM fungi strains and species receives priority in
agricultural microbiology.

The identification of AM fungi species is a great challenge, and there are
misidentifications in published works [1]. Closely related species are often
undistinguishable by morphological features [2]. A significant humber of cryptic taxa are
described among AM fungi [3]. There is a lack of consensus in taxonomy classification of
Glomeromycotina fungi [4]. Identification of AM fungi using molecular approaches faces
also problems, such as a high level of intraspecific polymorphism and lack of universal
DNA barcode, accepted for AM fungi [5-6]. Due to high level of intraspecific
polymorphism Sanger sequencing demands specific primers and extensive cloning [7].

With introduction of Next Generation Sequencing (NGS) techniques and employment
of universal primers the efficiency of identification AM fungi identification increased. NGS
approaches allow to study successfully soil microbiomes. A weakness of NGS is a length of
a DNA-barcode, which is shorter than in Sanger approach. Mostly used region for NGS-
based AM fungi identification is ITS2, but number of authors believe, that separate
analyses of both ITS1 and ITS2 regions are more informative. Different sets of fungal taxa
can be discovered by using ITS1 and ITS2 as barcodes [8-9]. Many detected in
experimental studies sequences of AM fungi are absent in genetic databases [2, 6, 10]. The
greatest database GenBank NCBI contains less than 50% of found species of AM fungi [5-
6]. So, it is important to investigate diversity of AM fungi and to submit in databases their
new sequences, used as a barcode.

In our previous work we performed a preliminary study of AM fungi from soil samples
[6]. We optimized the sample preparation and DNA purification methodology, selected
primers and showed, that both region ITS1 and ITS2 in a separated mode should be used
monitoring of AM fungi diversity. The goal of this work is to analyze the AM fungi
communities the in undisturbed soils, collected at different altitudes in the North Caucasus.
We determined genetic polymorphism and species diversity of AM fungi on tested areas via
Illumina MiSeq sequencing. The North Caucasus is a “hot spot” of global biodiversity, for
this reason there are good chances to find symbiotically efficient strains of AM fungi. New
obtained strains were included in the collection of ARRIAM and could be used for practical
introduction in agriculture.

2 Materials and methods

2.1 Materials

The study areas were located in the Karachay-Cherkessia (the North Caucasus, Russia).
The soil samples were collected in five sample plots in stationary trial places (STPs) at
different altitudes. The studied STPs were as follow: 1) STP #1, a subalpine meadow at the
Malaya Hatipara mountain (43°25'51.0"N 41°42'55.0"E; 2186 m); surface slope 20°,
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dominant species: Agasyllis latifolia, Angelica tatianae, Anthriscus sylvestris, Bupleurum
polyphyllum, Heracleum sp., Pimpinella rhodantha, and P.saxifraga; total 47 vascular plant
species; alpine meadow soddy peaty soil; 2) STP #2, a mixed forest in the valley of the
Bolshaya Hatipara river (43°24'56.0"N 41°42'49.0"E; 1507 m); surface slope 10°; tree
species Betula pendula, Fagus orientalis, Picea orientalis, Acer sp., Sorbus aucuparia,
Corylus avellana, and Abies nordmanniana; dominant species: Petasites albus; total 21
vascular plant species; brown forest humic-illuvial soil; 3) STP #3, a hay meadow in the
valley of the Teberda river (43°25'12.0"N 41°43'45.0"E; 1342 m); dominant species
Medicago falcata and Trifolium repens; total 12 vascular plant species; flood plain
compacted soil; 4) STP #4, a pasture in the valley of the Teberda river, near with Novaya
Teberda settlement (43°39'37.0"N 41°53'12.0"E; 1026 m); dominant species Urtica dioica
and Fragaria vesca; total 40 vascular plant species; flood plain subacid/neutral soil; and 5)
STP #5, a steppe fescue meadow in the valley of the Teberda river, Sadovoye settlement
near Cherkessk (44°18'51.0"N 42°02'00.0"E; 479 m); dominant species Festuca valesiaca;
total 18 vascular plant species.

2.2 DNA isolation, lllumina sequencing and data analysis

DNA isolation, PCR and sequencing are described in details in [6]. Briefly, soil samples
were grinded with liquid nitrogen, after that DNA isolation were performed according a
CTAB method [11]. To increase yield of PCR products the extracted DNA was purified in
a Silica agarose gel. ITS1 and ITS2 regions were amplified separately. For amplification of
ITS1 region we used the primers ITS-5 [12] and ITS-6RK [13]. For amplification of ITS2
region we used the primers 1TS-3 and ITS-4 [12]. The primers with adapters for Illumina
MiSeq were made in Evrogen (Evrogen, Russia). PCR products were purified in the Silica
agarose gel. Amplicon libraries were sequenced on an Illumina MiSeq platform (Illumina,
Inc., USA) using a MiSeq® Reagent Kit v3 (600-cycle) in pair-end (2x300 N) runs. Raw
reads were treated to obtained sets of OTU using USEARCH software [14]. Phylogenetic
analysis of obtained sequences was performed using the MEGAT7 software [15] for ITS1
and ITS2 separately. We compared fungal taxa in samples, calculated p-distances and
constructed phylogenetic trees via Unweighted Pair Group Method with Arithmetic mean
(UPGMA), Neighbour Joining (NJ) and Maximum Parsimony (MP) methods. The
biodiversity were analysed by the Shannon and Margalef indices.

3 Results and discussion

After lllumina MiSeq sequencing, the average number of reads per sample was 77492
sequences, and after qualityfiltering it decreased to 20628 (73% of sequences less than 64
bp in length were excluded). Of these, 0.14% belonged to AM fungi. Data processing made
it possible to identify AM fungi belonging to 19 different genera (Table 1). Using 1TS2
were found 1.3 timesmore OTUsthan using ITS1 in terms of genera. But no significant
differences in the number of defined OTUs were observed in terms of species. The most
represented genus of AM fungi was Rhizophagus (62 OTU by species and 50 OTU by
genus), the next was genus Dominikia (26 OTU by species and 71 OTU by genus), then
Entrophospora (5 OTU by species and 40 OTU by genus), Paraglomus (6 OTUs by species
and 35 OTUs by genus), Glomus (17 OTUs by species and 22 OTUs by genus),
Acaulospora (8 OTUs by species and 18 OTUs by genus), Claroideoglomus (15 OTUs by
species and 9 OTUs by genus). The rarest were Cetraspora (1 OTU), Innospora (1 OTU),
Pacispora (1 OTU), Funneliformis (2 OTU), Otospora (3 OTU), and Kamienskia (3 OTU).
STP # 3 (with meadow vegetation) had the greatest diversity of genera (1.4-3.1 times more)
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and species (2.5-3.6 times more) than other STPs. STP # 2 (with forest vegetation) had the
least diversity. In this regard, it can be concluded that the variety of AM fungi species does
not havelinear correlation with the altitude, but it can be determined by the type of
ecosystem and species composition of host plants.

Table 1. The number of identified OTU* for AM fungi genera and species levels on the STPs**

STP # 1 2 3 4 5
. Mixed forest
Subalpine in the valle Steppe fescue
. meadow at y Hay meadow in |Pasture in the ppe te
Location, of the meadow in the
the Malaya the valley of the | valley of the
ecosystem - Bolshaya . . valley of the
Hatipara . Teberda river | Teberda river .
. Hatipara Teberda river
mountain .
river
Altitude above sea| 5, gq 1507 1342 1026 479
level (m)
rDNA marker | ITS1 | ITS2 |[ITS1| ITS2 | ITS1 | ITS2 |[ITS1| ITS2 | ITS1 | ITS2
Difined to*** |G|S| G |S|G|S|G| S| G|S |G |S|IG|S|G|S|G| S |G|S
Acaulospora 6 7 13]1|2 1 /1)1 2|1 1
Ambispora 2 1111 111 1 111 1
Archaeospora 715[13]|1|1
Cetraspora 1
Claroideoglom
us 1 2 1)1 2 |43 114 |3 1 1
Diversispora 2|2 2 2
'S Dominikia 1 5 20| 15/13| |3 1212|879
2 Entrophospora 11 6| 1 1)1 8 |2 4
<§( Funneliformis 1 1
‘G| Glomus 2|1 1 11145 ]41[3/2[2]9 |4
(1]
5| Innospora 1
c
3 Kamienskia 1 2
Otospora 1 1/1
Pacispora
Paraglomus 21| 3 3113 2 | 6 1/1] 3 6 1
Rhizoglomus 1 1 1 2
Rhizophagus [12(2| 4 4 5/10| 7 |11 4 |9|7/1|6 8|19 2
Septoglomus 1)1 11 4 1 1 11
Scutellospora | 1 1 8 2

*OTU - operational taxonomic units; **STP — stationary trial place; ***defined to genus (G, genus)
or to species (S, species) according to 96% identity to the reference from the NCBI GeneBank

Analysis of the species diversity of STPs showed that STP # 3 included 23 out of 30
identified AM fungi species (Table 2). At the STPs of the Teberda Nature Reserve and
adjacent territories in the Karachay-Cherkessia the genera Rhizophagus, Glomus, and
Dominikia showed maximal observed species richness: 4, 5, and 5 species, respectively.
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Table 2. Identified AM fungi species in STPs

. ) STP # . . STP #
Species of AM fungi* Species of AM fungi*
1/2|3|4]|5 1/2(3[4]|5
Acaulospora paulinae + |+ Funneliformis mosseae + |+
Ambispora fennica + Glomus aggregatum +
Ambispora gerdemannii + Glomus hoi + |+
Ambispora leptoticha + |+ Glomus indicum + |+ + |+
Archaeospora europaea + Glomus macrocarpum + |+
Archaeospora spainiae + Glomus tetrastratosum + +
Cetraspora pellucida + Otospora bareae +
ggﬁgﬁﬁ%lomus + |+ |+ |+ |+ | |Paraglomus laccatum +|+ [+ |+ |+
Diversispora versiformis + |+ \F/{gslizcougfilgpuu; + +
Dominikia bernensis + | + | + | |Rhizophagus intraradices | + | + | + | + | +
Dominikia disticha + Rhizophagus invermaius +
Dominikia indica + Rhizophagus irregularis |+ | + | + | + | +
Dominikia iranica + Septoglomus africanum +
Dominikia litorea + Septoglomus constrictum +
Entrophospora infrequens + |+ |+ |+ | |Septoglomus nigrum + |+ |+ +

*The analysis did not include virtual taxa defined at the genus level (such as: Innospora, Pacispora,
Kamienskia, and Scutellospora), that may be due to the insufficient number of ITS sequences for
these genera in the NCBI GeneBank.

Only 4 species (Rhizophagus irregularis, R. intraradices, Paraglomus laccatum, and
Claroideoglomus claroideum) were found in all five analysed STPs. The four STPs
contained the species Entrophospora infrequens, Glomus indicum, and Septoglomus
nigrum. However, despite the significant distribution, the identification of genera such as
Paraglomus and Entrophospora could be problematic. For these genera, there are still a
small number of sequences presented in the NCBI GenBank. We constructed phylogenetic
tree of ITS2 sequences assigned to the genus Paraglomus using the UPGMA method
(Figure 1). For comparison and verification trees also were constructed using NJ and ME
methods. All the obtained sequences belonging to the genus Paraglomus are grouped with
good support with P. laccatum (GenBank accession number KY 630227, sequencing author
— Blaszkowski J.), which can be considered reliable. P. laccatum is widely represented on
the analysed STPs (Table 2). On the figure 1 in OTUs names, the number before the dot
indicates the STP number, and the number after the dot indicates the sample humber. It can
be noted that the sequences obtained from the same samples do not form a clade, which
confirms the previously shown high intraspecific and intraorganismic polymorphism at the
level of an individual AM fungus [6]. It is known that one AM fungus may have many
nuclei and the ITS sequences in different nuclei may differ [2, 16]. It can be assumed that
AM fungi of the same species collected at different altitudes (different STPs) could differ
significantly. However, the results obtained for AM fungi of the genus Paraglomus indicate
the opposite (Figure 1). At the same time, it should be noted that only 3 species of the
genus Paraglomus are represented on the tree (there are only P. laccatum, P. brasilianum,
P. occultum in the NCBI GenBank database). Meanwhile, three times more species in this
genus are described by morphology according to the data of A. SchiRler [17], namely: P.
albidum, P. bolivianum, P. brasilianum, P. laccatum, P. lacteum, P. occidentale, P.
occultum, P. pernambucanum, P. turpe. Taking into account the fact that the surveyed
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region — the North Caucasus — is one of the biodiversity hotspots, the probability of
discovering new species of AM fungi was quite high. However, the phylogenetic analysis
did not show the division of sequences attributed to the genus Paraglomus into subclades
and did not show high genetic distances within the clade of P. laccatum, so all found AM
fungi from Paraglomus genus was reliably identified as one species.

271 2.77IKY630227 .1 Paraglomus laccatum
9 3.55|KY630227.1 Paraglomus laccatum(3)
N KY630227.1 Paraglomus laccatum
14} 4.66|KY630227.1 Paraglomus laccatum(2)
1.7|KY630227.1 Paraglomus laccatum
2.72|KY630227 .1 Paraglomus laccatum(2)
3.53|KY630227.1 Paraglomus laccatum
1 3.54]KY630227.1 Paraglomus laccatum(2)
2.77IKY630227.1 Paraglomus laccatum(2)
?{ 5.23|KY630227.1 Paraglomus laccatum
3 2.72|KY630227 .1 Paraglomus laccatum
o 2.76|KY630227.1 Paraglomus laccatum
- 1.120|KY 6302271 Paraglomus laccatum
- 3.50|KY630227.1 Paraglomus laccatum(2)
- 3.50|KY630227.1 Paraglomus laccatum(3)
L 4 66|KY630227.1 Paraglomus laccatum
gg | L 1.123|KY630227.1 Paraglomus laccatum
— 3.49|KY630227.1 Paraglomus laccatum
3.55|KY630227 1 Paraglomus laccatum(2)
3.54]KY630227.1 Paraglomus laccatum
3.50|KY630227 .1 Paraglomus laccatum
11 3.55|KY630227.1 Paraglomus laccatum
oqf 3-52|KY630227.1 Paraglomus laccatum
231 3.49|KY630227.1 Paraglomus laccatum(2)

AF005065.1 Paraglomus occultum
94‘ EAYSSYGGB.‘I Paraglomus occultum
99 L— AF005481.1 Paraglomus occultum

FR750052.1 Paraglomus brasilianum
MH590070.1 Septoglomus constrictum

—
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Fig. 1. Phylogentic tree of AM fungi of the genus Paraglomus, constructed for ITS2 by UPGMA
method.

The assessment of the biodiversity indices (calculated by means of OTU numbers for
each AMF species detected for both ITS1 and ITS2) showed the highest indices were for
STP #3 (the Shannon index was 4.19, and the Margalef index was 6.12); the lowest indices
were for STP #2 (the Shannon index was 2.85, and the Margalef index was 3.04). The data
obtained are consistent with the above-mentioned results of estimation of AM fungi species
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distribution in analized STPs. The possibility for detection of high AM fungal biodiversity
(for example, for STP #3) was determined by the fact the identification was carried out not
for one ITS regions, but simultaneously for both ITS1 and ITS2. A comparison of the
different STPs suggests that we have discovered a new region with high AM fungal
biodiversity, STP #3 (the number of AM fungal species is 23). The previously studied
fungal diversity for three other STPs in Karachay-Cherkessia showed significantly lower
AM fungal diversity with the highest number of species equal up to 8 per STP [13]. It
should be noted that such a high diversity of AM fungi species is also characteristic of other
mountain region, such as the Andes [18]. Thus, the distribution of AM fungal species and
their ability to form AM symbiosis with different plant species are still insufficiently
studied. Systematic researches of AM fungal biodiversity are required in the future, and the
use of IHlumina MiSeq can be considered one of the most effective methods for
identification of AM fungi.

4 Conclusion

In the study in Karachay-Cherkessia a significant number of AM fungi was revealed: 30
different species from 19 genera per 5 STPs. The most widespread genus was Rhizophagus:
species R. irregularis and R. intraradices were found on all five analyzed STPs.
Identification by Illumina MiSeq with universal primers showed high efficiency this
method. At the same time, it should be noted the analysis of ITS1 and ITS2 complements
each other, since for different AM fungi the effectiveness of PCR for these regions was
different.

Samples were taken in various STPs ranging from 479 to 2186 meters above sea level,
however, no direct correlations were found between the altitudes of locations and the
number of detected OTU or the number of AM fungal species. On the other hand, the
meadow ecosystems had the greatest biodiversity of AM fungi, and forest ecosystem had
the least one that may indicate a possible dependence of AM fungal species composition on
the plant community and type of ecotope.

Our study contributed to the solution of a well-known problem related to the deficit of
AM sequences of fungi in the NCBI GenBank for correct taxa identification. So for
example the database contains only 3 of 9 morphologically identified species of
Paraglomus. Since the study was conducted at biodiversity ‘hot-spot’, North Caucasus, we
expected to find new species, virtual taxa among the obtained sequences of the genus
Paraglomus. However, on the resulting phylogenetic tree, all the sequences appeared in one
well-supported clade and with minimal genetic distances between them, that indicated an
accurate identification. However, the addition of new sequences to the NCBI GenBank
database will facilitate the isolation of new strains of AM fungi and their identification. In
the future, the evaluation of the symbiotic efficiency of new AM fungal isolates will allow
us to create more effective biofertilizers for agriculture.

This work was supported by the Russian Foundation for Basic Research grant No. 19-29-05275 MK
and partially grant No. 20-016-00245 A and partially the state task No. 0482-2021-0004. The research
was carried out using the equipment of the Core Center “Genomic Technologies, Proteomics and Cell
Biology” in ARRIAM.
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