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Simple Summary: The Republic of North Ossetia-Alania, located in the southern part of the North
Caucasus, possess a number of hydrothermal habitats, including both subterranean thermal reservoirs
and terrestrial hot springs. At the same time, reports on microbiology of numerous geothermal
sites are rather scarce for the whole North Caucasus region. In this paper, we report on the first
culture-independent metabarcoding study of thermal habitats in the North Caucasus, coupled with
a chemical analysis of the elemental composition of water. The results of this work include the
conclusions regarding key metabolic characteristics of these habitats as well as detection of few but
abundant deep lineages of uncultivated microorganisms which could be regarded as endemic. This
study may represent a first step in closing the knowledge gap in extremophilic microbial communities
of the North Caucasus.

Abstract: The Greater Caucasus is a part of seismically active Alpine-Himalayan orogenic belt and
has been a center of significant volcanic activity during the Quaternary period. That led to the
formation of the number of hydrothermal habitats, including subterranean thermal aquifers and
surface hot springs. However, there are only a limited number of scientific works reporting on
the microbial communities of these habitats. Moreover, all these reports concern only studies of
specific microbial taxa, carried out using classical cultivation approaches. In this work, we present
first culture-independent study of hydrotherms in the Republic of North Ossetia-Alania, located in
the southern part of the North Caucasus. Using 16S metabarcoding, we analyzed the composition
of the microbial communities of two subterranean thermal aquifers and terrestrial hot springs of
the Karmadon valley. Analysis of correlations between the chemical composition of water and
the representation of key taxa allowed us to identify the key factors determining the formation of
microbial communities. In addition, we were able to identify a significant number of highly abundant
deep phylogenetic lineages. Our study represents a first glance on the thermophilic microbial
communities of the North Caucasus and may serve as a basis for further microbiological studies of
the extreme habitats of this region.

Keywords: thermophiles; North Caucasus; North Ossetia; deep thermal aquifer; hot spring; metabar-
coding; 16S; extremophiles; extreme environments
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1. Introduction

Geothermal areas are unique habitats in which extremophilic microbial realms ac-
tively function, carrying out diverse metabolic processes. Although temperature and pH
are considered to be the main factors that shape the structure of thermophilic microbial
communities [1], chemical composition of thermal water and sediments also play an impor-
tant role, defining the energy flow and biogeochemical cycles, and driving the microbial
communities [2-4]. Although its relevance is a subject of scientific debates, geographical lo-
cation is another factor determining the microbial communities of hot springs with similar
parameters [5]. The commonly accepted hypothesis “everything is everywhere” may not
be entirely true for microorganisms living in isolated habitats like caves, high altitude areas,
or underground reservoirs, as opposed to environments mixed actively by air or water
currents [6]. In this context, extremophilic microorganisms, which are extremely resistant to
stress, but grow only in harsh environmental conditions, are of particular interest. Despite
the fact that active thermophilic microorganisms were found hundreds and thousands of
kilometers away from hydrothermal sites [7,8], indicating that at least some of them can
bear the cold and oxygenated environments for a long time, it seems that the majority of
thermophilic cells have a considerably lower probability to survive under conditions of
dehydration (on a surface) or at low temperatures [9]. This is heightened by the fact that
the vast majority of true thermophiles (Topt > 60 °C) do not possess spores. Therefore,
while microbial communities, which inhabit distantly located but hydrochemically similar
hot springs are usually similar on the level of higher taxa, some springs might be inhabited
by populations, which include a significant proportion of endemic microorganisms [10].

Caucasus is a mountainous region between the Black and Caspian seas. The North
Caucasus located north of the Greater Caucasus Mountain Range is enriched in both
terrestrial and subterranean thermal habitats [11,12]. Microbial communities inhabiting
these ecotopes have been little studied. Currently, there are only few reports about microbial
diversity in these habitats based on classical microbiological approaches [13-15]. According
to our knowledge, metagenomic or metabarcoding-based surveys of North Caucasian
thermal environments had not been reported so far [16].

Present work is focused on thermal habitats of the Republic of North Ossetia-Alania
located in the southern part of the North Caucasus and separated from Georgia and
South Ossetia by Greater Caucasus Range. Geothermal habitats in the region include both
subterranean thermal reservoirs and terrestrial hot springs [17]. These habitats cannot
be characterized by extreme temperatures, because the maximal temperature, which was
measured there, was 55 °C. However, their level of isolation from other well-studied
thermal biotopes suggests that their microbial communities might possess novel and
uncultured taxonomic lineages. Moreover, the diversity of the physicochemical parameters
of these habitats suggests that thermophilic microbial communities may be highly variable
in their composition.

Here, we report the first culture-independent microbiological survey of the North
Ossetia-Alania hot springs, which was conducted using high-throughput metabarcoding
analysis coupled with analysis of thermal water chemical composition. For each hydrother-
mal habitat, we analyzed the community structure of both water and sediments. To achieve
better resolution of water microbial communities we implemented size fractionation se-
quential filtering—a common strategy, applied in marine microbiological studies, both to
detect small-sized ‘microbial dark matter’ and to identify the microorganisms, associated
with particulate organic matter [18,19].

2. Materials and Methods
2.1. Sample Collection

Samples of water and sediments were collected from three geothermal sites located
in North Ossetia (Figure 1, Table 1). For DNA extraction, 5-10 L of water samples were
sequentially filtered through 0.45 and 0.22 um Sterivex'™ filters (Merck, Darmstadt, Ger-
many) and fixed with RN Alater (ThermoFischer Scientific, Waltham, MA, USA). Sediments
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and microbial mats were sampled in 5 mL Eppendorf tubes; excess water was removed,
and tubes were filled with RNAlater. Thus, four samples of sediments, one microbial mat,
and four samples of water were taken. All samples were kept at 4 °C for a week during
transportation to the research lab in Moscow.

Russia

Figure 1. Map and photographs of sampling sites of the Republic of North Ossetia-Alania. (A) Map
at region scale; (B) map at continent scale, active volcanoes indicated by black triangles; (C) part of
natural travertine-formed thermal bath at Karmadon spring #4135; (D) sediment under the thermal
water outlet at Biragzang deep well; (E) hydrosulfide-rich puddle formed as a result of thermal water
pipe seepage near the Ursdon well outlet.

Table 1. Physicochemical characteristics of North Ossetian geothermal habitats.

Latitude

Location . Altitude  Depth of the Well T, °C pH Eh Enriched Elements
Longitude
. 42.9957 N,
Biragzang 442200 F 685 m 2370 m 48 8.8 —20-0 Sb, V, Al, Mo, Ga, Cd
42.7547 N, K, Si, B, As, Fe,
Karmadon 444811 E 2330 m NA 52-55 6.1 —20-0 Li, Rb, Mn, Be, Ba
43.0626 N, —370-140 S, Mg, Ca
Ursdon 44,0490 E 643 m 1530 m 45-47 7.0 * Sn, Zr, In

* Extremely reduced pH values were detected in hydrosulfide-rich puddle formed as a result of thermal water pipe seepage near the
Ursdon well outlet.

2.2. Analysis of Water Physicochemical Parameters and Element Composition

Temperature, pH, and redox potential were measured on site with the help of Sev-
enGo™ portable device (Mettler-Toledo, Greifensee, Switzerland), according to manufac-
turer’s instructions. Water samples for elements analysis were taken in 50 mL Falcon tubes
and stored at +4 °C until analyzed.
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Elemental analysis of thermal water was performed at Institute for Problems of
Microelectronics Technology and High-Purity Materials RAS by mass spectrometry and
atomic emission spectrometry with inductively coupled plasma, using Perkin Elmer ELAN
model DRC-e mass spectrometer. The power of the plasma generator was 1250 W, the
voltage at the detector was 1400 W. The atomizing argon flow was 0.91-0.96 L/min, the
auxiliary argon flow was 1.15 L/min, and the argon flow through the orifice was 15 L/min.
Measured values and limits of detection are presented in Table 2. In total, four samples of
thermal water were analyzed for element composition.

Table 2. Chemical composition of North Ossetian thermal water *.

Concentration of Major Elements, ug/L

B Na Mg Al Si S K Ca \'%
Biragzang 2121.0 269,292.0 46.7 52.8 14,676.0 17,184.0 1458.0 904.0 0.7
Karmadon #4135 62,696.0 1,975,454.0 44,306.0 <LOD 27,751.0 40,247.0 295,956.0  356,082.0 <LOD
Karmadon #4138 72,680.3 2,126,284.0 47,948.0 <LOD 29,430.0 43,329.0 318,907.0  389,111.0 <LOD
Ursdon 7967.0 1,571,141.0 171,799.0 <LOD 14,327.0 867,285.0 62,203.0 651,088.0 <LOD
LOD 2.0 3.0 4.0 1.0 5.0 16.0 74.0 110.0 0.2
Mn Fe Zn Ge As Br Sr Ba Pb
Biragzang 0.4 <LOD 1.9 4.8 330.0 181.0 66.5 31.3 <LOD
Karmadon #4135 761.0 3254.0 176.0 20.2 442.0 7120.0 10,243.0 345.0 0.6
Karmadon #4138 784.0 3265.0 243.0 222 540.0 7805.0 11,102.0 364.0 <LOD
Ursdon 6.2 <LOD 398 3.3 <LOD 7942.0 15,624.0 49 <LOD
LOD 0.2 7.0 0.6 0.1 0.1 8.0 0.6 0.4 0.3
Concentration of Rare Elements, ng/L
Li Be Rb Y Zr Mo Cd In Sn
Biragzang 41,785.0 <LOD 1937.0 <LOD <LOD 15,677.0 53.2 <LOD <LOD
Karmadon #4135 11,831,981.0 2130.0 2,120,957.0 1079.0 <LOD 485.0 <LOD <LOD <LOD
Karmadon #4138 12,457,781.0 3033.7 2,235,407.0 905.0 <LOD 569.0 <LOD <LOD <LOD
Ursdon 1,164,150.0 <LOD 68,102 <LOD 223.0 <LOD <LOD 189.0 1025.0
LOD 80.0 6.0 10.0 3.0 6.0 30.0 6.0 3.0 29.0
Sb Cs La Ce Pr Nd Sm Eu Gd
Biragzang 209.0 158.0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Karmadon #4135 <LOD 2,049,997.0 160.0 171.0 22.3 156.0 26.4 21.5 39.8
Karmadon #4138 <LOD 2,166,997.0 142.0 135.0 145 93.1 29.0 <LOD 41.3
Ursdon <LOD 4405.0 116 38.2 <LOD 37.7 <LOD <LOD <LOD
LOD 10.0 6.0 33.0 3.0 6.0 7.0 0.5 0.5 0.6
Dy Ho Er Yb W Tl Th U
Biragzang 41,785.0 <LOD 1937.0 <LOD <LOD 15,677.0 53.2 <LOD
Karmadon #4135 11,831,981.0 2130.0 2,120,957.0 1079.0 <LOD 485.0 <LOD <LOD
Karmadon #4138 12,457,781.0 3033.7 2,235,407.0 905.0 <LOD 569.0 <LOD <LOD
Ursdon 1,164,150.0 <LOD 68,102 <LOD 223.0 <LOD <LOD 189.0
LOD 0.5 0.6 0.7 3.0 6.0 4.0 0.8 5.0

LOD—Ilimit of detection. * Were not detected: Sc, Ti, Cr, Co, Ni, Cu, Se, Hg, Nb, Ru, Rh, Pd, Ag, Te, Tb, Tm, Lu, Hf, Ta, Re, Os, Ir, Pt, Au, Bi.

2.3. DNA Isolation

For DNA extraction Sterivex filters were taken out from the cover and cut into several
pieces with sterile scissors. The filter sections were placed into PowerBeads tubes from
the Qiagen PowerLyzer PowerSoil kit (Qiagen, Hilden, Germany). One 5 mm stainless
steel bead (Qiagen, Germany) was added into each PowerBead tube to improve bead-
beating efficiency. Other steps were performed with Qiagen PowerLyzer PowerSoil kit
(Qiagen, Germany) according to manufacturer’s instructions. Sediments were isolated with
Qiagen PowerLyzer PowerSoil kit according to manufacturer’s instructions without any
modifications. Negative control was run with sterile water instead of biomass with each
processed sample batch. Quantification of extracted environmental DNA was performed
with a Qubit fluorometer.
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2.4. High Throughput 16S Community Profiling

Amplicon libraries for V4 hypervariable region of 165 rRNA gene were prepared
using a two-step PCR strategy [20]. Each specimen of extracted environmental DNA and
two PCR negative controls were run in two PCR-replicates. The first round of PCR was per-
formed using qPCRmix-HS SYBR (Evrogen, Russia) with the following primers at 0.25 uM
concentration: V4_515F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG [NN] GTG-
BCAGCMGCCGCGGTAA and V4_805R GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAG [NN] GACTACNVGGGTMTCTAATCC where the first part corresponded to
partial Illumina TruSeq adapter, [NN] corresponded to 1-3 nt degenerate heterogeneity
spacer and the last part corresponded to 515F [21] and Pro-mod-805R [22] primers, respec-
tively (Supplementary Table S7). Amplification was performed by CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, USA). Cycling parameters were the same as described be-
fore [23]. Depending on the amplification curve the amplification mix was diluted 4-8 times
and used as a matrix for the second PCR. The second PCR was performed with ScreenMix-
HS (Evrogen, Russia) using the following primers at 0.5 uM concentration: R1ITM AAT-
GATACGGCGACCACCGAGATCTACACA XXXXXX CGTCGGCAGCGTC and R2TM
CAAGCAGAAGACGGCATACGAGAT XXXXXX GTCTCGTGGGCTCGG, where the first
part corresponded to P5 or P7 Illumina flowcell oligonucleotides, XXXXXX corresponded
to 6 nt index sequences and the last part corresponded to partial lllumina TruSeq adapters,
annealing to the tail of first PCR primers (Supplementary Table 57). Amplification was per-
formed by Veriti Thermal Cycler (Applied Biosystems, Bedford, MA, USA) using cycling
parameters, described previously [23]. Resulting libraries were checked on the agarose
gel and pooled equimolarly. Final pool was purified with QIAquick Gel Extraction Kit
(Qiagen, Germany) according to manufacturer’s protocols.

Sequencing was performed using MiSeq™ Personal Sequencing System (Illumina,
San Diego, CA, USA) using 156 bp paired-end reads. ‘Trim reads’ tool of CLC Genomics
Workbench 20.0 (Qiagen, Germany) was used quality filtering and removing of residues,
corresponding to 515F and Pro-mod-805R primers. Demultiplexing was performed with
the deML package with default parameters [24]. The number of read pairs obtained from
each replicate was in the range of 13-32 thousand per sample (Supplementary Table S1).

2.5. Data Analysis

High quality read pairs were used as an input for DADAZ2 pipeline [25], which was run
according to DADAZ2 tutorial (https:/ /benjjneb.github.io/dada2/tutorial.html, accessed
on 19 November 2021), except the read truncation step, which was not performed, since it
was unnecessary due to the stringent read quality filtering during data pre-treatment. Tax-
onomy of amplified sequence variants (ASVs) was assigned with a naive Bayesian classifier
using Silval38 16S rRNA gene database [26]. Obtained ASV reference sequences, sample
metadata, abundance, and taxonomy tables were imported in the phyloseq package [27],
and all further operations were performed with the phyloseq object. Decontamination of
amplicon data was performed with the decontam R package using “prevalence” contami-
nant identification method with default parameters [28]. Alpha and beta diversity analysis
and visualizations were made with phyloseq [27], vegan [29], and microbiome [30] R pack-
ages. Rarefaction curve analysis was performed with the INEXT package [31]. Canonical
correspondence analysis and fitting of environmental variables were performed using cca
and envfit functions of vegan R package with default parameters. Analysis of correlations
between microbial genera and element composition was performed with associate function
of microbiome R package [30] using Spearman’s rank-order correlation method.

3. Results
3.1. Description and Physicochemical Parameters of Sampling Sites
Biragzang groundwater deposit located on the right bank of the Ardon River, which

is 35 km to the west from Vladikavkaz, was studied by detailed geological examination
in early 90s (Figure 1). Drilling of well 1BT (2370 m deep) resulted in discharge of 53 °C
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sodium chloride-bicarbonate thermal mineral water. During next two decades the tem-
perature and mineralization of water decreased from 53 to 50 °C and from 2.1to 1.1 g/L,
respectively [32]. The content of bicarbonate anions in 2017 was 56.7-74.5 mg/L, sodium
and potassium cations was 10 mg/L. The content of silicic acid was 33-35 mg/L. Since
2006, the well was used as a thermal water source for the local thermal spa. At the moment
of sampling, temperature of the water was 48 °C and pH was 8.8 (Table 1). Redox state
of discharging water was slightly reduced with Eh in the range of —20 to 0 mV. Analy-
sis of elemental chemical composition showed significant enrichment of molybdenum
(15.6 ug/L), compared to other thermal waters, sampled during this study. Additionally,
several rare elements as cadmium, aluminum, vanadium, and antimonium which have not
been detected in other waters, were found in significant amounts (Table 2).

Ursdon sampling site belongs to Kora mineral water deposit located in the valley
of the Ursdon river, which is 50 km to the west from Vladikavkaz, at the height of 600-
700 m above sea level (Figure 1, Table 1). The well 3e, which was used for the sampling
is 1530 m deep. According to the reports of local authorities, the water temperature, pH,
and mineralization of discharge are 56 °C, 7.3 and 7.5 g/L, respectively. The water is
enriched by hydrogen sulfide as well as calcium and magnesium ions. At sampling time,
the water temperature at the outlet was 47 °C, pH was 7.0 (Table 1). Ursdon waters had the
highest concentration of sulfur, calcium, and magnesium among the samples (867, 651, and
171 mg/L, respectively).

The Upper Karmadon hot springs are located 6 km north-northwest from the summit
of Mount Kazbek and 35 km southwest from Vladikavkaz. The springs’ water is strongly
enriched with bicarbonate anions, resulting in the formation of travertine baths used by the
locals and tourists for balneo therapeutic purposes [33]. According to the first systematic
work carried out in the 1960s, the Upper Karmadon geothermal field has more than
50 thermal water outlets [34]. Water and sediments were sampled from two outlets, located
in the range of 20-30 m from each other. Temperature of the sampled water was in the
range of 52-55 °C, pH was 6.1. Chemical analysis supported previous observations of the
high level of mineralization in Karmadon waters [34]. Compared to subterranean habitats
water was enriched by sodium, boron, silica, potassium, iron, manganese, strontium, and
numerous rare elements (Table 2; Supplementary Figure S1).

3.2. Analysis of Prokaryote Diversity Using 16S rRNA Profiling

In total, 13 samples of environmental DNA were analyzed by 165 rRNA metabarcod-
ing. Microbial diversity of samples was assessed using 515F [21] and Pro-mod-805R [22]
primers to V4 hypervariable region of 165 rRNA gene. PCR was performed in two replicates.
After read filtering, merging and chimera removal performed by DADA?2 pipeline [25],
476 thousand reads were used for the analysis (Supplementary Table S1). After in silico de-
contamination of the resulting ASV table, performed by decontam package [28] 1507 ASVs,
corresponding to 676 genera were obtained. Repeatability of PCR replicates, checked by
analysis of NMDS ordination, based on Bray—Curtis distances (Supplementary Figure S2),
allowed merging replicates for further analysis. Final rarefied dataset was represented by
13 samples of 24,935 reads each.

ASV rarefaction curves built with iNEXT R package [31] reached the saturation approx-
imately at 20,000 reads for all sequenced samples (Supplementary Figure S3), indicating
the sufficiency of sequencing depth. Analysis of alpha-diversity metrics of rarefied dataset
showed tangible variation between different probes (Supplementary Table S2); however,
statistical comparison of sample groups, formed by either sampling field or treatment
type, has not revealed significant differences (Figure 2A,B). The highest mean value of de-
tected ASVs was determined for the sediment under the discharge of neutral Ursdon well
(322 ASVs); however, that might be explained by the mix of thermophilic microorganisms
with the soil-derived community (Rhizorhapis sp., Nocardioides sp., Arenimonas sp., etc.). Al-
pha diversity metrics of Karmadon and Biragzang sediments samples were not only lower
in comparison with Ursdon samples but also with respective Karmadon and Biragzang
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water samples. Alpha diversity metrics of the fraction of microbial community, retained on
0.22 pm filters were slightly higher than those of 0.45 pm fraction (Supplementary Table S2).
This observation is being in line with significant abundances of ultrasmall microbial forms
(Patescibacteria) in 0.22 pm-filtered samples, which obviously pass through 0.45 um filter.

B
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Figure 2. Alpha diversity and taxonomic composition of thermophilic microbial communities of North Ossetia-Alania:

(A) violin plots of Shannon indexes compared between sampling sites; (B) violin plots of Shannon indexes compared between

community fractions, retained 0.22 um, 0.45 um and sediments; (C) bubble plot of phyla abundances in each sample.

All the analyzed communities showed clear dominance of Bacteria which make up
more than 99% of the microbial population. Archaea were represented in significant
amounts (>1%) only by Ca. Nitrososphaera in the sediments of the Karmadon hot spring
(6.22%) and by unclassified Hadarchaeales archaeon in the sediments under the discharge



Biology 2021, 10, 1352

8 of 19

of Ursdon thermal well (1.36%). Bacterial amplicon tags were assigned to 43 different
phyla, 20 of which were present in more than 1% of total microorganisms (at least in one
of the samples). In all samples, Proteobacteria was the dominant phylum constituting
33.62 to 80.42% of the communities (Figure 2C). In most cases Proteobacteria was repre-
sented by Gammaproteobacteria. Particle-associated fraction (retained on 0.45 pm filter)
of Biragzang water was dominated by two ASVs assigned to Hydrogenophilaceae repre-
sentatives (51.16% totally). Despite not having been classified at lower taxonomic level by
DADAZ2, BLAST search using these ASVs as queries against NCBI 165 rRNA genes of pure
cultures database and showed 96-97% identity to Annwoodia aquaesulis (Supplementary
Table S5) [35]. We assume that the dominance of these ASVs in 0.45 uym compared to
0.22 um fractions (Figure 3) is due to the capability of Annwoodia to associate with min-
eral particles, which was documented in several reports for closely related Thiobacillus
ferrooxidans [36,37]. In turn, the dominating microorganisms from Biragzang thermal water,
retained on 0.22 pum filter were two representatives of Comamonadaceae: Tepidimonas and
Tepidicella (18.91 and 18.83%, respectively). In Ursdon waters, highly enriched by sulfur,
the dominant gammaproteobacterial ASVs (60% of the 0.45 filter retained fraction) were
classified as Thiofaba and showed 99.6% identity to Thiofaba tepidiphila, isolated from 45 °C
hot spring in Japan [38]. In the terrestrial Karmadon hot springs, the Gammaproteobac-
teria were much more diverse and were represented by 64 different genera, 15 of which
had more than 1% abundance at least in one of the samples. However, the structure of
gammaproteobacterial community was different in the two Karmadon sampling sites. Site
#4138 showed significant amounts of Thiobacter (up to 26.57% in 0.22 pm filter fraction),
which was completely absent in site #4135 (Figure 3). #4135 water, in turn, was enriched by
Tepidimonas (11.4% of total reads). Anthropogenic load of the Karmadon hot springs was
reflected in the composition of sedimental and particle-associated samples, which showed
high abundances of Enterobacterales and Pseudomonadales (Figure 3, Supplementary
Figure S4).

Alphaproteobacteria were present in comparable amounts with Gammaproteobacteria
in some sediment samples (Figure 2C). The sediment under the discharge of Biragzang
thermal well contained 23.09% of alphaproteobacterial cells, prevailed by Porphyrobacter
and Sandaracinobacter representatives. In turn, alphaproteobacteria from Ursdon well
sediment (14.09% of total) were represented by a number of Sphingomonadaceae members
constituting 8.09% of the total community. Alphaproteobacteria of the Karmadon springs,
again, were more diverse and the most numerous genera were Albidovulum, Candidatus
Halyseosphaera, lodidimonas and uncultured Iodidimonadaceae-related bacteria, making up
17.89, 5.84, 1.96, and 6.7 percent of the community, respectively.

The second most abundant phylum after Proteobacteria was Firmicutes, reaching more
than 30% of all microorganisms in several samples (Figure 2C). The most abundant ASV
of this phylum (2.45-22.49%) was ASV0001, classified as unknown Firmicutes bacterium
distantly related to uncultured TSAC18 lineage [39] and present mainly in the Karmadon
springs water and sediments. Blast search against NCBI pure cultures database showed
ASV0001 was 87.35-88.19% identical to Thermoanaerobacteraceae representatives. Search
against the environmental NCBI database resulted in a single hit with more than 95%
identity, which is a V4 amplicon OTU from the soil, sampled after volcanic eruption on
Kasatochi Island, Alaska [40]. Search in a JGI environmental genome database resulted in
three 95% identity hits from Dewar Creek (Canada) hot spring sediments (Supplementary
Table S3). The second abundant genus of Firmicutes, detected in the Karmadon springs was
Carboxydocella, known to be an obligate chemolithoautotroph capable of hydrogenogenic
carboxydotrophy [41,42].
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Figure 3. Abundance heatmap of prokaryotic genera, comprising more than 5% at least in one of the samples. Microbial taxa
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assigned by DADA-2 Bayesian classifier was further refined by BLAST search against NCBI type material 165 rRNA database.

Subterranean thermal waters of Biragzang possessed substantial number (5.3% in
0.22 um filter samples) of Firmicutes, belonging to uncultured class D8A-2, which is
shown to be enriched in consortium performing methanogenic degradation of volatile fatty
acids [43]. Blast search of Biragzang D8A-2-related ASVs revealed that the most closely
related microorganisms were detected in microbial communities of hydrotherms, located at
East Tuva Plateau, Russia [44]. Other major fractions of Firmicutes in Biragzang belonged
to Thiobacterales and Ammonifexales orders (Supplementary Figure S4). Representatives
of the latter also were in significant abundance in the particle-associated fraction of Ursdon
water (7.66%).

Representatives of the phyla Bacteroidota and Ignavibacteriota comprised of 1.26%
to 35.78% of the communities with Ignavibacterium sp. and Melioribacter sp. being the
most dominant genera (Figure 2C). In addition, an uncultured lineage SR-FBR-L83 was
detected in significant amounts (8.73%) in the sediment of the Karmadon spring #4139
(Figure 3). This lineage is reported to be abundant in communities of Greater Obsidian
Pool Area of Yellowstone National Park [45], and, according to some reports, enriches in
hydrocarbon-amended microcosms [46]. Flavobacteriales were represented by Schleiferia,
being the major component (27.07%) of the microbial mat found on the edges of thermal
water tap in Biragzang. Other Bacteroidota members were detected mostly in sediments
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and assigned to Cytophagales, Chitinophagales, and Bacteroidales orders (Supplementary
Figure S4).

Among other taxa Actinobacteria showed significant abundances (2.36-10.37%) in
the Karmadon springs (Figure 2C), represented by Micrococcales and uncultivated or-
der CG2-30-50-142. Several orders of Acidobacteria, namely, uncultivated Subgroup2,
Thermoanaerobaculales and Aminicenantales were also presented in the Karmadon hot
springs (Supplementary Figure 54). Other phyla, detected in the Karmadon springs were
Camplilobacteria (mostly Sulfuricurvum), Cyanobacteria (uncultivated Obscuribacteraceae),
Planctomycetota (mostly Thermogutta, Planctomicrobium, and uncultured Planctomyces sp.
SH-PL14), Deinococcota, and Nitrospirota (Figure 2C).

Microorganisms from Ursdon deep well and the Karmadon hot springs retained on
0.22 pm filter were enriched by ultrasmall microbial forms belonging to the phyla Elusimi-
crobiota and Patescibacteria. Elusimicrobia ASVs were related to free-living groundwater
Lineage IV [47] and made up to 1.9% in 0.22 um filter sample from #4139 spring. Blast
search of the most abundant 165 V4 amplicon variant of Elusimicrobia (ASV0135) against
NCBI nr database gave 99-100% identity hits to sequences EU037201 and KC711401 related
to microbial communities of Indian hot spring microbial mat and mesothermal spring
water column in Mexica, respectively. Abundances of Patescibacteria in the Karmadon
springs were 3.00% and 1.23% for springs #4135 and #4139, respectively (Figure 2C).

Several microorganisms-driving processes could be predicted according to the in-
formation on the metabolism of the closest relatives of the highly abundant North Os-
setia ASVs. Most abundant chemolithoautotrophs were Annwoodia and Dissulfurispira
(Biragzang), Thiofaba, Thermodesulfitimonas, Sulfurospirillum and Dissulfurirhabdus (Ursdon),
and Thiobacter (Karmadon). Organoheterotrophs, capable of degrading proteins and carbo-
hydrates, were represented by microorganisms Schleiferia, Dokdonella, Tepidicella, Raineya
(Biragzang), Tepidimonas (Biragzang, Karmadon), Albidovulum and Iodidimonas (Karmadon),
capable of respiration, as well as Tenuifilum, Treponema, Rectinema, and uncultured Par-
cobacteria members, predicted to grow by fermentation. Heterotrophic Ignavibacterium and
uncultured Ignavibacteria representatives (Biragzang, Karmadon) can grow in both modes:
respiration and fermentation, depending on growth conditions (Supplementary Table S5).

3.3. Analysis of Correlations between the Structure of the Microbial Community and
Environmental Factors

Canonical correspondence analysis (CCA) implemented by vegan R package was used
to elucidate the key elements and environmental factors, influencing the composition of
the microbial communities. For this purpose, only highly abundant genera (more than 10%
at least in one sample) were included into the analysis. Resulting eigenvalues, reflecting
the proportion of microbial community, which might be explained by ordination axes were
94.6% and 83.2% for CCA1 and CCAZ2, respectively. Communities, taken for the analysis
from one sampling location demonstrated a high level of clustering (Figure 4). At least
20 elements including sulfur, bivalent metals, arsenic, and boron showed high levels of
correlation (R2 value of envfit function > 0.9, with p-Value less than 0.01) with composition
of microbial communities (Figure 4A,B; Supplementary Table S4). Sulfur appears to be the
element with the most significant influence on the community composition, which explains
the clear dominance of chemolithoautotrophic sulfur-oxidizing Thiofaba sp. in sulfur-rich
Ursdon samples (Supplementary Table S5). The Karmadon springs, which are located in
rocky areas characterized by relatively modern volcanic activity [48], were significantly
enriched in rare elements, namely, rubidium, beryllium, dysprosium, barium, germanium,
etc. Although the biological function of these elements is rather poor or unknown, some of
them can be transported into prokaryotic cells and might perform an essential function in
the extreme environment [49]. Arsenic was also enriched in the Karmadon springs and
well correlated, according to CCA analysis, with Albidovulum inexpectatum, a representative
of Rhodobacteraceae family, for members of which a positive correlation between their
abundance and the presence of arsenate was demonstrated [50]. Biragzang water, charac-
terized by low level of mineralization, did not demonstrate significant positive correlations
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of abundances of specific taxonomic groups with the composition of elements; however,
it showed some enrichment of molybdenum, aluminum, and cadmium (Supplementary

Table S4).
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Figure 4. Correlation of microbial community composition with environmental parameters: (A) Environmental variables
fitted to CCA plot by envfit function of vegan package; (B) Major taxa shown on CCA plot; (C) Heatmap of individual
correlations of the most abundant taxa with elemental composition. Taxa-element pairs, which showed the correlation
p-value less than 0.05, are marked with asterisks.

Individual correlations of the most abundant taxa with elemental composition, as-
sessed by Spearman’s rank-order correlation analysis, showed that 14 genera significantly
(p-Value < 0.05) correlated with element content in the environment. Thus, Thiofaba and
Tenuifilum [51] correlated with sulfur and magnesium, as was also supported by CCA anal-
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ysis. Interestingly, chemolitoautotrophic sulfur-oxidizing Thiobacter sp., abundant in the
Karmadon springs, did not show correlation with sulfur, but strongly correlated with iron
(p < 0.01; Figure 4C). Uncultured Firmicutes bacterium, corresponding to ASV0001, highly
abundant in the Karmadon springs, demonstrated strong positive correlation with iron
and beryllium (Figure 4C). Regarding the latter, it is unlikely that there is any connection
between its presence and the structure of microorganism’s community, rather its large
amount is associated with iron.

4. Discussion
4.1. Diversity and Taxonomic Composition of Microbial Communities

Geothermal resources of the North Caucasus are considered to be important source of
renewable hydrothermal energy [52], and therefore are actively studied from the geological
perspective [11,53]. However, microbiological studies of these thermal habitats are rather
scarce and focused on cultivation of few taxonomic groups [13-15]. In this study we
performed the first culture-independent survey of thermal microbial communities of the
Republic of North Ossetia, located in the southern part of the North Caucasus, adjacent
to the Greater Caucasus mountain range. We surveyed two deep thermal wells of 1530
and 2370 m depth and surface hot springs located on the northern slope of Greater Cau-
casus range at an altitude of 2330 m. The latter was characterized by having the highest
temperature (55 °C) and mineralization among studied habitats.

The majority of dominating taxa were moderate thermophiles which is in accordance
with the water temperature. Relatively high abundance of Enterobacterales and Pseu-
domonadales in sediments and particle-associated fraction of the Karmadon springs was
an exception, which can be explained by active use of these sources by tourists and the
local population for balneological purposes. The increase in Pseudomonadales and Enter-
obacterales was also observed in post-bathing biomes of geothermal waters used for spa
procedures [54].

Dominating taxa of the terrestrial Karmadon springs were presented by heterotrophic
microorganisms in both water and sediment samples, which can be due to the presence
of large amounts of allochtonic organic matter. In particular, the water was significantly
enriched in obligate heterotrophs, utilizing sugars and amino acids, including Albidovu-
lum, Acinetobacter, and Moraxella. Primary production in the Karmadon springs may be
associated with a small number of detected autotrophic microorganisms, such as carboxy-
dotrophic Carboxydocella [41] and sulfur/thiosulfate oxidizing Thiobacter, which uses CO,
as a sole carbon source [55]. It should be also noted that in the Karmadon springs we
detected significant abundances of uncultivated taxa, in particular, dominating, but yet
uncultured Firmicutes bacteria, corresponded to ASV0001 and ASV_0084 (up to 28.8% and
5.5%, respectively) implying the possibility that these bacteria may be also involved in
primary production.

The overall content of autotrophic organisms in waters of subterranean thermal
aquifers seemed to be higher than for terrestrial springs. 0.45 um filter fraction of Biragzang
deep well water showed clear dominance of ASV_0003 and ASV_0020, both of which
corresponded to uncultured Hydrogenophilaceae representatives, close to Annwoodia sp.,
which is facultative autotroph, and able to utilize carbon dioxide or bicarbonate anion
as the carbon source. The high amount of these microorganisms retained on a 0.45 um
filter might be explained by the supposition that they are associated with particles of
carbonate rock through which the Biragzang groundwater flows. In turn, 0.22 pum filter
fraction was dominated by two obligate heterotrophs, Tepidicella xavieri [56] and Tepidimonas
taiwanensis [57], which might be explained by assuming these microorganisms came from
organic-rich subsurface biosphere.

In turn, both fractions of Ursdon thermal water showed clear dominance of au-
totrophic organisms, implying they are from the rockier environment, which is being in
accordance with the geography and/or depths of these two wells: Biragzang well is almost
800 m deeper (2370 vs. 1530 m) and might reach deeper, organic-rich layers.
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Alpha diversity indexes of the terrestrial Karmadon hot springs roughly corresponded
to diversity indices reported for New Zealand hot springs with similar temperature and
pH parameters: 40-50 °C and circumneutral pH values [1]. In turn, values, determined for
subsurface thermal habitats (Biragzang and Ursdon) were much higher than those reported
for deep subsurface aquifers in Siberia and Poland, similar in temperature and pH [58,59].
However, those differences can be explained rather by OTU generation method (ASV vs.
97% sequence clustering), rather than on objective differences in diversity of microbial
communities.

Overall, in all studied habitats, Bacteria domain significantly outnumbered Archaea.
This observation is consistent with other surveys, focused on thermal aquifers, character-
ized by temperature range of 45-55 °C, and neutral or slightly alkaline pH [1,2,60]. At the
phyla level, Firmicutes and Proteobacteria dominated in all sampled habitats, which is in
line with other reports [3]. On the other hand, the representatives of both of these phyla
can be characterized by very diverse types of metabolism. Indeed, on the lower taxon-
omy levels we observed much higher variability between sampled sites with dominant
taxa, defined by the specificity of water chemical composition. This makes the microbial
communities unique to some extent.

4.2. Correlation of Microbial Taxa with Elemental Composition of Water and Environmental Condition

Thermal habitats are very diverse by their origin, and include terrestrial hot springs,
volcanic calderas, subterranean thermal aquifers, and oil reservoirs, etc. Temperature
is considered to be the key factor determining the composition of microbial communi-
ties [61]; however, recent biogeographical screens reported that communities thriving at
temperatures less than 70 °C are rather shaped by pH than temperature [1]. The chemical
composition of thermal waters also plays a crucial role, defining available carbon sources,
electron donors, and acceptors. In present study, three thermal habitats, while fairly similar
in temperature and pH, differed significantly in the source of thermal fluid, water salinity,
and chemical composition (Tables 1 and 2; Supplementary Figure S1). Due to this fact,
we observed a high level of clusterization of sampling sites on taxonomical ordination
plots (Figure 4; Supplementary Figure 52). Canonical correspondence analysis revealed the
determining parameter in the studied set of samples was the content of sulfur compounds.
It strongly agreed with analysis of predicted metabolic properties of dominant taxa: there
were several bacterial genera that could oxidize reduced sulfur compounds with oxygen
as well as perform sulfur disproportionation (Supplementary Table S5). Interestingly,
microbial composition in some springs has stronger correlation with several rare elements
concentration, in particular, zirconium, indium, tin, and arsenic showed than temperature.
Since the biological role of these elements (except for arsenic salts, which are capable to
serve as the electron acceptors) is unclear, we suppose that this observation is rather linked
correlations between different elements in the sampling sites.

4.3. Serial Filtering of Water Samples as a Strategy for Preliminary Insights on Ecological Niches
and Better Resolution of Low Abundant Taxa

Filtration of water samples is the most widely used method for studying aquatic
microbial ecosystems, allowing the efficient concentration of biomass from large volumes
of liquid even at low cell concentrations. However, the classical methods of filtering
through 0.45 or 0.22 um filters inevitably impose a few limitations on the interpretation of
the results. First, part of the water column microbial community is associated with particles
of organic or inorganic matter, which inevitably lead to filter blockage. At the same time, the
use of prefilters significantly distorts the composition of the microbial communities [18,19].
Second, “small microbial forms” often pass freely through a 0.45 pm filter, resulting in the
loss of information about a significant portion of the microbial community [62].

In our work we applied a serial filtration strategy using 0.45 and 0.22 um filters.
This allowed us, on the one hand, to make reasonable assumptions about the association
of microorganisms with mineral particles and, on the other hand, to detect with high
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confidence several lineages of candidate phyla radiation that probably would not have
been identified using the standard filtering strategy.

4.4. Detection of Deep and Possibly Endemic Lineages of Uncultivated Microorganisms

As a result of a number of metabarcoding and metagenomic screens, the existence of a
vast number of deep uncultured phylogenetic lineages significantly expanded the tree of
life [63]. However, recent studies still continue to reveal new candidate taxa derived from
metagenome-assembled genomes [64,65]. Despite deep shotgun sequencing followed by
metagenomic binning being the method of choice for reliable phylogenetic positioning of
novel uncultured candidate taxa, the 16S rRNA metabarcoding may serve as a method for
surveying microbial communities for the presence of novel microbial lineages.

In our study we detected a few potentially deep phylogenetic lineages, including
uncultured Firmicutes bacteria probably belonging to candidate classes TSAC18 (ASV0001,
ASV0084) and D8A-2 (ASV0091), uncultured Ignavibacteriales (Bacteroidota phylum)
bacterium from candidate lineage SR-FBR-L83 (ASV0024); unclassified Parcubacteria within
Patescibacteria (ASV0051) and bacterium from candidate phylum Omnitrophica (ASV0054).
Since these microorganisms were detected among the most abundant taxa, we suppose
they might play an important role in biogeochemical cycling occurring in the hot springs.
Interestingly, search of close relatives in NCBI nr/nt database showed that almost none
of these uncultivated taxa had hits with more than 97% identity, which might point to
possible endemism at least at lower taxonomic levels (Supplementary Table S6). That
might point to potential endemism of these lineages, driven by the isolated nature of
studied environments and unique combination of chemical parameters, especially in the
Karmadon springs, located in the area of potential volcanism. This observation lies in
line with recent work by Louca on the dispersal rate of microorganisms, who reported a
much lower dispersion rate of thermophilic microorganisms, as opposed to mesophilic or
human-associated taxa [66]. Moreover, the endemic taxa of thermophiles have recently
been reported in several comparative studies [10,67,68].

5. Conclusions

Here, we report a first culture-independent (16S rRNA metabarcoding) survey of
microbial communities inhabiting hot springs in the Republic of North Ossetia-Alania
(North Caucasus, Russia). We sampled two deep subterranean thermal aquifers and one
hydrothermal field with the temperature in the range of 43-55 °C. In total, representatives
of 50 phyla were detected with Bacteria having total dominance over Archaea. The most
abundant phyla were Proteobacteria, Firmicutes, and Bacteroidota which represented
~70 to 80% of the communities. In filtered water fractions, ultrasmall bacteria such as
Elusimicrobiota and Patescibacteria were found. The microbial community of the terrestrial
Karmadon hot springs is significantly influenced by anthropogenic factors but is dominated
by moderate thermophiles. The majority of identified cultivated microorganisms in the
Karmadon springs is heterotrophic, obviously due to the large amounts of allochtonic
organic matter in these springs. In turn, subterranean aquifers were characterized by much
larger numbers of obligate autotrophs.

Canonical correspondence analysis of correlations of environmental factors with
the composition of microbial communities showed that for our dataset the content of
sulfur compounds played a decisive role, which corresponded with presence of numerous
bacteria, probably metabolized sulfur compounds (respiration with oxygen as acceptor and
disproportionation); however, the specific content of other elements also was significant.

A few deep lineages of uncultivated microorganisms were detected among the most
abundant taxa: uncultured Firmicutes (TSAC18 and D8A-2 lineages), uncultured Bac-
teroidota (SR-FBR-L83 group within Ignavibacteriales), and unclassified Patescibacteria
(candidate class Parcubacteria). This endemic part of the communities seems to play an
important role in metabolic circuits of these microbial consortia.
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