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Abstract A limited number of studies have investigated the
biodiversity in deep continental hyperthermal aquifers and its
influencing factors. Here, we present the first description of
microbial communities inhabiting the Pannonian and Triassic
hyperthermal aquifers from the Western Plain of Romania, the
first one being considered a deposit of “fossilized waters,”
while the latter is embedded in the hydrological cycle due to
natural refilling. The 11 investigated drillings have an open
interval between 952 and 3432 m below the surface, with col-
lected water temperatures ranging between 47 and 104 °C,
these being the first microbial communities characterized in
deep continental water deposits with outflow temperatures ex-
ceeding 80 °C. The abundances of bacterial 16S rRNA genes
varied from approximately 10°~10° mL™" in the Pannonian to
about 10°-10* mL™" in the Triassic aquifer. A 16S rRNA gene
metabarcoding analysis revealed distinct microbial communi-
ties in the two water deposits, especially in the rare taxa com-
position. The Pannonian aquifer was dominated by the bacterial
genera Hydrogenophilus and Thermodesulfobacterium, togeth-
er with archaeal methanogens from the Methanosaeta and
Methanothermobacter groups. Firmicutes was prevalent in the
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Triassic deposit with a large number of OTUs affiliated to
Thermoanaerobacteriaceae, Thermacetogenium, and
Desulfotomaculum. Species richness, evenness, and phyloge-
netic diversity increased alongside with the abundance of
mesophiles, their presence in the Triassic aquifer being most
probably caused by the refilling with large quantities of mete-
oric water in the Carpathian Mountains. Altogether, our results
show that the particular physico-cheminal characteristics of
each aquifer, together with the water refilling possibilities, seem
to determine the microbial community structure.

Keywords Deep biosphere - Continental aquifer - Microbial
composition - Hyperthermal water - 16S rRNA gene -
Diversity patterns

Introduction

Subsurface ecosystems are among the least investigated envi-
ronments mainly due to their low accessibility, even though
they may harbor more than 50% of the Earth’s biomass [1]. As
previous studies have focused mainly on the deep subseafloor
sediments [2—4] and on hyperthermal areas such as hot springs
or hydrothermal vents [5—7], the microbial diversity and ecol-
ogy in deep hyperthermal aquifers under the continental crust
remain largely unexplored [3, 8]. Additionally, these extreme
habitats may be considered a frontier for the study of biodi-
versity, giving the opportunity to explore the microbial adap-
tation to difficult conditions, thus improving our understand-
ing of the physiological limits of life [9]. While hot springs
and hydrothermal vents are extreme, but generally unstable
environments due to large oscillations in energy supplies,
the thermal stability of geothermal aquifers enables the devel-
opment of thermophilic microbial communities in harsh envi-
ronments even on geological timescales [10].
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As the continental subsurface is highly varied geologically,
so is the microbial abundance and diversity [11]. The biodiver-
sity in the deep continental habitats has only recently been
assessed through next generation sequencing technologies
[12, 13], even though these methods have already been used
in the last decade to characterize the diversity of marine sub-
surface environments [14, 15]. Several active microbial com-
munities with low diversity have been described in the ground-
water feeding the Lidy hot springs, USA, where hydrogen-
consuming methanogens were dominant [16], and in the deep
fracture-derived groundwater from South Africa, an environ-
ment dominated by a single phylotype, a thermophilic sulfate
reducer from the Firmicutes phylum [17]. A more complex and
diverse community, dominated by the Methanospirillum,
Thermodesulfovibrio, and Hydrogenobacter genera, was de-
scribed in a thermal aquifer associated with the Great Artesian
Basin, Australia, a thermal environment with the oldest water
component estimated to be around 2 million years old, and a
temperature of 64 °C [10]. Thus, all current studies describing
microbes and prokaryotic communities functioning at temper-
atures higher than 80 °C had originated from hydrothermal
vents, deep sub-sea floor sediments, and hot springs [11, 18],
but none from the deep continental subsurface aquifers.

According to other studies that were focused on three deep
unconnected aquifers from the Fennoscandian shield, with a
maximum depth of 455 m and water temperatures of 12—
14 °C, the connectivity to the surface was observed to be the
main driver of the microbial composition [8, 19].
Unfortunately, usually due to low accessibility, this hypothesis
has not been tested in the case of deep continental
hyperthermal aquifers located at 1-3 km below the surface.
Aquifers of this type, with up to 2 million years old water
components and different degrees of connectivity to the sur-
face ecosystem, have been encountered in Romania [20].
Here, due to a campaign that started in the 1960s in search
of fossil fuel resources, over 250 wells were drilled, with
depths between 800 and 3500 m. This led to the identification
of many geothermal areas, most of them located in the
Western part of the country, associated with the Pannonian
basin [21]. These drillings grant the possibility to investigate
the prokaryotic biodiversity in underexplored continental sub-
surface water deposits with a temperature that in some cases
exceeds 80 °C [20].

This study presents the first description of microbial diver-
sity in two hyperthermal aquifers (i.e., Pannonian and
Triassic), located in the Western Plain of Romania and char-
acterized by contrasting physico-chemical parameters and
connectivity to the surface. The Pannonian aquifer is consid-
ered a confined water deposit, i.e., deposit of “fossilized
waters,” while the Triassic one is embedded in the hydrolog-
ical cycle due to natural refilling. In the latter case, microbial
communities may be directly affected by the organic carbon
input derived from photosynthetically driven ecosystems, as

other authors concluded for similar environments [22]. In con-
trast, it is considered that the Pannonian aquifer is depleted in
fresh organic carbon due to its complete isolation from the
surface. Such pristine ecosystems rely on scarce energy from
the sediments or the surrounding rocks [8, 22, 23]. To the best
of our knowledge, the studies on the aquifers from the
Fennoscandian shield are the only ones to investigate the role
of natural refilling in shaping deep subsurface microbial com-
munities [8, 12]. Thus, the aims of this study were (i) to de-
scribe the microbial diversity patterns and the community
structure in 11 boreholes tapping the two hyperthermal aqui-
fers with upwelling water temperatures ranging from 47 to
104 °C and (ii) to investigate the impact of physico-
chemical parameters of the water and the role of connectivity
to the surface as drivers of biodiversity in the deep aquifers
within this geographic area.

Materials and Methods
Sampling and Sample Processing

Eleven specific boreholes were sampled in 2015, five for the
Pannonian Aquifer (sample codes P1 to P5) and six for the
Triassic Aquifer (sample codes T1 to T6), each borehole being
characterized by distinct location, hydrogeological and
hydrochemical features (Fig. 1; Table land 2). Since each
drilling was performed (between 1968 and 1982), water has
continuously flowed at a rate of 526 L s~ ' (Table 2), keeping
the boreholes free from contamination (as suggested by
Hubalek et al. [8]). Duplicate upwelling water samples were
collected in sterile glass bottles of two liters each. The samples
were transported on ice to the microbiology laboratory of the
Institute of Biological Research (Cluj-Napoca, Romania) and
were processed within the same day. Three fractions from
each of the collected waters (Table S1) were vacuum filtered
using 0.22 wm pore size sterile nitrocellulose filters (Fioroni,
France) that were stored at —20 °C until DNA extraction.

DNA Extraction

Three filters were obtained for each sample, and the total
DNA was extracted from the filters using the Chelex® 100
Resin (Bio-Rad) based protocol [24]. Briefly, 5% Chelex®
100 solution was prepared in TE buffer (100 mM Tris,
1 mM EDTA, pH 8). The filters were cut into small pieces
using sterile scissors and 200 pl of the 5% Chelex® 100
solution was added to the filters in 1.5 mL Eppendorf tubes
along with 5 pl Proteinase K (20 mg ml™"). The tubes were
incubated overnight at 56 °C. Next, the tubes were vortexed
and incubated again for 8 min at 100 °C followed by centri-
fugation at 15,000xg for 3 min. Approximately 150 pl of the
supernatant was carefully transferred to a new Eppendorftube,
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Fig.1 Geographic location of the
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the replicates of the same sample being pooled. Next, in order
to remove any traces of Chelex® 100 solution that may inhibit
downstream reactions, the combined supernatant of each sam-
ple was subjected to a second DNA extraction and cleaning
step using the ZR Soil Microbe DNA MiniPrep™
(ZymoResearch, USA). The manufacturer instructions were
followed, starting with the step of supernatant transfer to a
Zymo-Spin™ IV Spin Filter. Finally, the DNA was eluted in
35 ul Elution Buffer. A negative control for DNA extraction
was included, in which a sterile polycarbonate filter was
passed through all the steps of DNA extraction. The concen-
tration of DNA extracted from both the samples and the neg-
ative controls was determined with Qubit® Fluorometer and
the Qubit® dsDNA BR Assay Kit (Thermo Fisher Scientific,
USA) (data not shown).

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was performed to
evaluate the abundance of prokaryotic cells in the water
samples by targeting the SSU rRNA gene using both the
universal and bacterial specific primer pairs PRK341F/
PRK806R and BACT1369F/PROK1492R, respectively
[25-27]. qPCR reactions were performed in triplicate
using the SsoFast Eva Green Supermix (Bio-Rad,
Hercules, CA, USA) on the CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad). The program consisted
of an initial denaturation at 98 °C for 120 s, followed by
45 cycles of 10 s at 98 °C and an annealing/elongation
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step performed at 55 °C for 30 s. The reaction mixtures
contained the following components: 7 nl 1X Sso Fast
EvaGreen SuperMix (Bio-Rad), 0.4 uM of the forward
and reverse primers, and 10 ng of DNA and RNase/
DNase-free water to a final volume of 14 pl.

The gene copy number was calculated by comparing
the amplification results to a standard tenfold serial dilu-
tion of known quantities of recombinant plasmids (10
“10%) carrying the targeted gene. The plasmids were pre-
pared by cloning (InsTAclone™ PCR cloning kit, Thermo
Scientific, USA) the PCR amplification products of posi-
tive controls (Escherichia coli JM109) into vectors and
transformation into competent cells. Plasmids were ex-
tracted with GenelJet Plasmid Miniprep Kit (Thermo
Scientific, USA). The amplicons were validated through
Sanger sequencing and BLASTn [28] similarity search
using the GenBank database [29]. The copy number of
standard plasmids was calculated from the plasmid
(2886 bp) plus the insert lengths and an average molecu-
lar mass of 660 Da for each base pair. Nucleic acid ex-
traction control (DNA concentration was below the level
of detection—i.e., 0.1 ng pol), as well as negative gPCR
controls were analyzed in the same run. A Ct cutoff value
corresponding to the lowest Ct reported for the nucleic
acid extraction controls was used, and the average number
of gene copies detected in these controls was subtracted
from the sample values. The inhibition effect of each sam-
ple DNA was evaluated by mixing 1 pl of standard DNA
(10* copies) with 10 ng of each sample and running the
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Physical and chemical characteristics of the Pannonian and Triassic aquifers water samples (after [84])

Table 1
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gqPCR reactions in triplicate. The amplification efficiency
of the standard DNA alone (10* copies) was compared
with the efficiency of the standard DNA combined with
every sample, and no significant inhibition effect was ob-
served. As the abundance results using both primer pairs
were similar (data not shown), only the bacterial
BACTI1369F/PROK1492R amplification results were
discussed.

Microbial Community Analysis

Libraries for the V3-V4 regions of the 16S rRNA gene
were prepared for each sample together with a negative
DNA extraction control and a positive control consisting
of E. coli genomic DNA. For PCR amplification, the
primer pair PRK341F/PRK806R [27] was used, modified
by the addition of Illumina-specific adaptors. The PCR
reaction for each sample (25 pl) contained 1X HOT
FIREPol® PCR mix (Solis BioDyne, Estonia), 200 nM
uniquely tagged forward and reverse primers, 1 pl of
sample DNA and 18 pl water. The reaction conditions
were 95 °C for 15 min, followed by 25 cycles of 95 °C
for 30s, 50 °C for 30s, 72 °C for 45 s, ending with 72 °C
for 7 min. The concentration of amplicons was measured
with the Qubit®dsDNA HS Assay Kit using the Qubit®
Fluorometer and equal amounts of amplicons for each
sample (45 ng) were pooled into a normalized library.
The library concentration was measured using the
PerfeCta® NGS Quantification Kit for Illumina (Quanta
BioSciences, USA) and the pooled library was diluted in
Tris pH 8.5 to a final 4 nM concentration. The sequencing
step was performed on a MiSeq platform (Illumina, USA)
using V3 sequencing chemistry with 300 bp paired-end
reads.

Amplicon Analysis

Raw sequence data (SRA accession number SRP076082)
was processed and quality filtered through a combination
of Usearch v8 and QIIME pipelines [30, 31]. Briefly,
QIIME was used to extract the barcodes from the sequence
data, to join the forward and reverse Illumina reads and to
demultiplex the sequence data. Singleton removal and
quality control filtering were performed using the
Usearch v8 pipeline, by discarding sequences with less
than 350 nucleotides and those with more than 0.2 total
expected errors. Both de novo and reference chimera
checking were carried out in Usearch v8, using the latest
version of the Greengenes database (‘13_8’) as a reference
[32], and the resulting Operational Taxonomic Unit (OTU)
table was converted into the Biological Observational
Matrix (BIOM) format [33]. Taxonomy was assigned using
the default classifier in QIIME (Greengenes) against the
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Table2  The list of sampling sites and sample codes together with the corresponding drilling number, the open interval in meters below the surface, the

year of execution and the GPS location (after [84])

Aquifer Sample code Drilling No. Open interval (m) Drilling depth (m) Flow rate (I/s) Year GPS Location

Pannonian Pl 4691 12901447 1650 23 1979 N47.3552 E22.0826
P2 1704 1338-1677 1800 20.3 1980 N47.3546 E22.0952
P3 1705 1280-1450 1492 5 1981 N47.3561 E22.3285
P4 4028 9521152 3350 5 1968 N47.2818 E22.1193
P5 4045 1241-1360 2536 35 1969 N47.3327 E22.0514

Triassic T1 4767 2268-3186 3200 8 1981 N47.0680 E21.9060
T2 4796 1276-1560 2992 31 1981 N47.0340 E21.9160
T3 4797 1340-1596 2800 26 1981 N47.0330 E21.9590
T4 4795 2678-3000 3001 7 1982 N47.0460 E21.8960
T5 1717 2390-3207 3250 10 1982 N47.0610 E21.9000
T6 1709 2832-3432 3400 11 1981 N47.0580 E21.8840

updated ‘13 8’ version of the Greengenes database, and
the mitochondrial and plastidial sequences were filtered
out of the OTU table. Additionally, the OTUs found in
the negative controls (10 OTUs, data not shown) were re-
moved from the final OTU-table.

Statistical Data Analysis

For estimating alpha-diversity, the PD-whole tree, Shannon
and Simpson diversity indices, and the Chaol richness esti-
mator were calculated using QIIME [30]. The Unweighted
and Weighted Unifrac distances were calculated to evaluate
the diversity among samples. Microbial community differ-
ences between aquifers were examined using the ANOSIM
test and the Unweighted UniFrac similarity [34] in QIIME
[30]. A Mantel test with 999 permutations was run (‘mantel’
function of the ‘vegan’ package in R) in order to investigate
the correlation between the phylogenetic diversity patterns
revealed by the Unweighted and Weighted Unifrac distances
and all of the measured physico-chemical parameters that
were first log transformed [35]. The dissimilarity indices for
the physico-chemical parameters were computed using the
Euclidean distances with the ‘vegdist’ function of the ‘vegan’
package in R. PCoA plots were generated in R using the
‘cmdscale’ function of the ‘calibrate’ package and the
Unweighted and Weighted Unifrac distances. The environ-
mental factors were fitted onto an ordination with the ‘envfit’
function of the ‘vegan’ package in R, being scaled by their
correlation to the distance matrix. Only the physico-chemical
parameters that exert a significant influence (p < 0.05) on the
beta-diversity were plotted on the PCoA graphic.

To estimate the abundance of indigenous microbial
species in the investigated samples, a classification of
the OTUs as thermophiles or mesophiles was performed
using the information available in the taxa description
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(data not shown). To strengthen this classification, the
most abundant 100 OTUs were checked for their occur-
rence in thermal or hyperthermal environments through
BLASTn [28] similarity search in the GenBank database
[29]. The isolation source of the first 5 hit results was
identified for each OTU and for it to be considered ther-
mophilic, at least 3 hits should have been from thermal
habitats. Also, as the strong correlation between the in-
crease of the GC content and the optimal growth temper-
ature appears to be universal for prokaryotes [3, 36, 37],
the GC content of the amplified portion of the 16S rRNA
gene was calculated for each OTU representative se-
quence. A Student’s ¢ test was performed to check if there
is a clear distinction in the GC content for the OTUs
classified as thermophiles or mesophiles. Additionally,
the default parameters of the MOLE-BLAST tool [38]
were used for a particular unassigned OTU sequence with
high abundance, in order to find the closest relatives in
the GenBank database [29].

Prediction of Functionality

For functionality prediction with PICRUSt [39], the OTUs
were picked using an open reference approach, and de
novo OTUs were removed, keeping in the final OTU-
table only the OTUs that had matching Greengenes IDs
(‘13_8’). Data in the BIOM OTU-table was normalized
using the 16S rRNA gene copy number for each OTU.
The prediction of functional genes’ abundances was in-
ferred from the normalized abundances of each OTU. In
order to characterize the PICRUSt accuracy, the weighted
nearest sequenced taxon index (NSTI) was computed for
all samples, describing the extent to which microorgan-
isms from each sample are related to sequenced genomes.
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Results and Discussion
Environmental Settings

The structure of the Pannonian aquifer is formed on the
Pannonian basal sand horizon, and the collecting rocks
consist of sand and poorly consolidated sandstones.
Stable (180, 13C) and radioactive (14C, 3H) isotope analy-
sis, as well as the undetected levels of tritium, revealed a
very slow dynamic of these waters, which are a mixture of
two components with different ages [20]. The oldest com-
ponent consists of ~2 million years old brackish water,
while the youngest one includes ~35,000 years old mete-
oric water. Thus, since the modern water supply is missing,
the Pannonian deposit is considered fossilized. The
collecting rocks of the Triassic aquifer are represented by
dolomitic limestones of Triassic age and the radiometric
dating established that the oldest water component is
approx. 26,000 years old. As opposed to the previous aqui-
fer, the latter has a dynamic nature and is a part of the
hydrological cycle due to natural refilling with large quan-
tities of meteoric waters caused by karstic phenomena in
the Carpathian Mountains [20]. Over the last decades, in-
tensive studies [20, 40] have been conducted for the chem-
ical characterization of these thermal waters, and a stable
chemical composition was observed. According to Table 1,
the thermal waters are neutral to slightly alkaline, with pH
values ranging between 6.7 and 8.3. The relative high
values of chemical oxygen demand (COD) in the
Pannonian aquifer waters (8.4-16 mg L™") and in one of
the Triassic deposits (sample T2—20 mg L"), might indi-
cate water pollution with organic matter. Both aquifers are
characterized by bicarbonate waters, the Na*™ (1100—
4120 mg L") and K* (24.9-99.2 mg L") being dominant
cations in the Pannonian basin, whereas in the Triassic
aquifer the Ca** (103-259 mg L") and Mg** ions (15.7—
61.6 mg L") prevail [40]. Na* and CI™ have high concen-
trations in the Pannonian aquifer probably as a result of
prolonged water-rock contact, these rocks being formed
in coastal or lagoon conditions that allowed the accumula-
tion of easily dissolvable chloride rocks. Also, the high
HCO;  values here are probably caused by the stagnant
nature of these waters, causing HCO5; accumulation and
S04* reduction. The high concentration of Ca** and
Mg**, as well as HCO; ™ and SO4>~ in the Triassic aquifer
waters may be caused by the presence of limestones, dolo-
mites, and anhydrites (CaSQ,) [20, 40].

Abundance of Bacterial 16S rRNA Genes
Total 16S rRNA gene copy numbers were calculated from

qPCR results (Fig. S1). In the Pannonian aquifer, the 16S
rRNA gene copy number varied between 1.3 x 10° and

1.4 x 10° mL™", higher values being observed at 55 °C (sam-
ple P3), while in the Triassic aquifer the values ranged be-
tween 1.05 x 10% and 1.2 x 10* mL™", with the lowest values
being detected at 92—104 °C. The bacterial abundances appear
to decline slowly with depth and with the increase in water
temperature, an aspect generally reported in similar works [11,
12, 41]. The 16S rRNA gene copy numbers were close to
those from 180 to 2300 m deep subsurface fracture fluids from
Outokumpu Deep Drill Hole, eastern Finland [12, 42], or from
depths of 2000-3500 m in Witwatersrand, South Africa [43],
although neither of them are hyperthermal environments.
Abundances in the range of 10°-10° cells mLfl, as those
observed in the Pannonian basin, were also encountered in
the ~2 million years old geothermal aquifer associated with
the Great Artesian Basin, Australia, with upwelling water tem-
perature of 64 °C [10]. The low abundances of 16S rRNA
genes, especially at the highest depths and temperatures of
the Triassic aquifer, may be derived from the reduced energy
fluxes in thermal aquifers and the slow lifecycle of subsurface
microorganisms, making the characterization of these com-
munities a more difficult process [11].

Prokaryotic Community Structure

The primers used for libraries preparation [27] were searched
against SILVA reference database (Release 128) and a cover-
age of 84.1% for bacteria and 58.5% for archaea was obtained.
Following filtering, sequences were clustered using the 97%
sequence identity threshold into 43 to 121 OTUs per sample
(Table S2). As the two aquifers have a different level of con-
nectivity to the surface ecosystems, an important step in
discussing the diversity of microorganisms was to estimate
the abundance of indigenous and/or thermophilic microbial
species in our samples. For this purpose, the first most abun-
dant 100 OTUs were classified as mesophiles or thermophiles.
Their abundance corresponds to 92-99% of the sequencing
libraries, creating a relevant overview of the microbial diver-
sity. Additionally, a Student’s ¢ test confirmed that there is a
clear distinction in the GC content for the OTUs classified as
thermophiles (52—-68%) or mesophiles (49-58%) (¢ = 8.2329,
p <0.05).

Therefore, in the Pannonian aquifer, 95-99% of the se-
quencing libraries were composed of thermophile and hyper-
thermophile OTUs, which validated this deposit as a pristine
environment (Fig. S2). On the other hand, the Triassic aquifer
contained 28-98% indigenous species, the contamination
with less mesophiles being observed in T3 and T4. The pres-
ence of contaminant species is not unexpected, as this aquifer
receives large quantities of meteoric waters and takes part in
the hydrological cycle [20].

The taxonomy data revealed that the prokaryotic commu-
nities in the investigated aquifers were represented by 24 dif-
ferent phyla, 13 of them with abundance above 1% (Fig. 2).
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The most abundant phylum in the Pannonian aquifer was
Proteobacteria (Alpha-, Beta-, Gamma-, Delta- and
Epsilonproteobacteria), with 31.9-93.9% of the sequencing
libraries, while in the Triassic waters both Proteobacteria
(6.4-95.8%) and Firmicutes (2.8-57.5%) were prevalent.
These phyla are usually dominant in the terrestrial subsurface
environments, Alpha-, Beta-, and Gammaproteobacteria be-
ing commonly found in shallow aquifers, while the sulfate-
reducing, spore-forming taxa of the Firmicutes are more often
dominant in deeper environments [9, 41, 44, 45]. Thus, even
though these two water deposits are geographically close, they
have distinct prokaryotic communities. Thus, out of the 224
OTUs found in the 11 samples, only 5 of the dominant
OTUs were shared among them, i.e., Rhodocyclaceae,
Thermoanaerobacteriaceae, Thermodesulfovibrio,
Archaeoglobus, and Acinetobacter, highlighting that the
Pannonian and Triassic subsurface waters were inhabited by
distinct microbial communities. This statement was also sup-
ported by the Kruskal-Wallis test performed for all OTU abun-
dances, resulting in 10 dominant OTUs with significant dif-
ferent mean abundances (p < 0.05) in the two aquifers (Fig. 3).

Among Proteobacteria, the Rhodocyclaceae family, a di-
verse group including thermophiles, sulfur-oxidizing
chemoautotrophs, anaerobes, and methylotrophs [46], was
abundant in samples P1, P2 and P35, with one OTU specific to
the Pannonian aquifer (Fig. 3). Within this family of microor-
ganisms, the thermophilic, facultatively chemolithoautotrophic
hydrogen-oxidizing organisms affiliated to Hydrogenophilus
sp. [47], seemed to be thriving in the Pannonian water deposit.
Members of this genus were previously isolated from
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geothermal sites in Japan [48], a hot spring in Graendalur,
Iceland [49], Yellowstone National Park, USA [50] and in the
geothermal aquifer from Australia that has a similar age and
thermal regime to the Pannonian aquifer [10]. Moderate
thermophilic species of the Moraxellaceae and
Halothiobacillaceae families were dominant in P3 and P4,
samples with the lowest temperature (55 and 47 °C, respective-
ly). Interestingly, Deltaproteobacteria was, for the first time,
observed as a dominant class in a deep subsurface continental
aquifer. Mainly represented by the Thermodesulfobacterium
genus, Deltaproteobacteria was an abundant class in P5, con-
stituting 27% of the sequencing library. The
Thermodesulfobacterium genus was previously described in
hot spring sediments from Yellowstone National Park,
Wyoming, and in a 1000 m deep water sample from a
mesothermic petroleum reservoir in North Slope, Alaska,
USA [51, 52]. Some studies reported that Proteobacteria com-
prises a greater proportion of the community immediately after
drilling as a result of contamination [11, 44], yet declines after a
few months, as water becomes dominated by indigenous mi-
crobes and the equilibrium is restored. But, in other cases, the
Proteobacteria phylum appears to truly prevail [11, 53], this
probably being the case of the Pannonian aquifer also, which
contains between 95 and 99% thermophilic and hyperthermo-
philic taxa. The communities encountered in remote and deep
aquifers are shaped by limitation of resources, competition and
predation, but ultimately the microbial composition relies on
stochastic events that determine what groups of organisms in-
habit that specific environment in the moment of isolation in the
first place [8]. This presumption may explain, to some extent,
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Fig. 3 Heatmap highlighting 10
major OTUs with significantly

(p < 0.05) different mean
abundances in the geothermal
aquifers. The color key value is
the logo of the OTU mean in the
two geothermal aquifers

the abundance of Proteobacteria in the “fossilized” water of the
Pannonian aquifer.

Firmicutes was a dominant phylum in the Triassic aquifer,
comprising between 2.8 and 57.5% of the sequencing librar-
ies. Thus, even if the microbial communities here may be
disturbed by meteoric water refilling, large populations of
specific subsurface and thermophilic taxa, such as
Thermoanaerobacteriaceae, Desulfotomaculum spp.,
Thermacetogenium spp. [1, 54, 55] were observed.
Regarding this aquifer, one of its specific OTUs presents a
high sequence similarity to Caldicellulosiruptor
saccharolyticus (Fig. 3), an anaerobic thermophilic species
that possesses cellulolytic capability. These organisms have
been isolated from neutral or slightly alkaline geothermal
springs in Iceland [56], California [57], and Russia [58] and
have a great biotechnological potential being able to degrade a
wide spectrum of carbohydrates [58]. Desulfotomaculum ge-
nus, particular to this water deposit (Fig. 3), was often encoun-
tered in a variety of deep fracture water communities. These
thermophilic organisms are able to form heat-resistant endo-
spores that can survive in dry conditions, in extreme heat and
pressure or oxic stress for several months or years [11, 59]. As
vegetative cells of the Desulfotomaculum genus were found to
be active at temperatures below 85 °C, whereas spores were
able to survive at temperatures above 100 °C even after serial
autoclaving exposures [60, 61], it may be speculated that this
genus is part of the active microbial population in sample T3
(72 °C), but is most likely represented by endospores in sam-
ple TS5 (104 °C). Additionally, an OTU related to Ammonifex
thiophilus, an extreme thermophilic organism isolated from
the geothermal area of Uzon Caldera, Kamchatka, Russia,
was observed only in the Triassic aquifer. It has a facultative
chemolithoautotrophic metabolism, using hydrogen and for-
mate as electron donors and thiosulfate, sulfate or elemental
sulfur as electron acceptors, producing hydrogen sulfide [58].

The Archaea (up to 31.7%) domain is usually encountered in
deep continental waters [1, 44], members of the Euryarchaeota
phylum being considered indigenous groundwater organisms,

Color Key
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Methanobacteriaceae
Archaeoglobus

Ammonifex thiophilus
Xanthomonadaceae
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Thermoanaerobacteraceae

Pannonian Triassic

whereas OTUs affiliated to Crenarchaeota may represent in some
cases drilling fluid contaminants [45, 54]. However,
Desulfurococcales and Thermoproteales orders within
Crenarchaeota phylum are probably indigenous taxa in the
Triassic aquifer, being extreme thermophiles and “sulfur-
dependent” organisms [62, 63]. Sulfate-reducing microbes from
Euryarchaeota were major components in T4 and P2 samples,
being represented by different species of the Archaeoglobus ge-
nus, microorganisms that have a major role in the biogeochem-
ical sulfur cycle [64, 65]. Even though sulfate had a much lower
concentration in the Pannonian than in the Triassic aquifer, never
exceeding 25 mg L', one uncultured Archaeoglobus species
seems to be encountered only in this aquifer, while another
OTU assigned to the same genus was shared between aquifers.
Additionally, acetogenic and hydrogenotrophic methanogens
from the Methanosaeta and Methanothermobacter genera [10,
54] were abundant in the P1 and P5 samples.

Overall, 11 OTUs remained unassigned showing the po-
tential of the investigated aquifers to reveal novel species or
genera. Interestingly, one of the unassigned sequence com-
prised more than 30% of the microbial community in sample
P1, being similar (99% identity in the V3-V4 region of the 16S
rRNA gene) to an uncultured bacterium, previously encoun-
tered only in a geothermal water fueling an oxbow lake from
the central part of the Pannonian Basin, Hungary [66].
Following the MOLE-BLAST search, this OTU clustered to-
gether to other uncultured Clostridia (Fig. S3) involved in
hydrocarbon degradation at high temperature [67, 68].

Prokaryotic Diversity Patterns

In order to compare the alpha-diversity indices among sam-
ples, the OTU-table was normalized to the lowest number of
sequences (5000) through random re-sampling. The condi-
tional uncovered probability [69] for the OTU-table ranged
between 0.001 and 0.006 (Table S2), showing that the se-
quencing depth was high enough for a comprehensive de-
scription of biodiversity, this being revealed also by the
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rarefaction plots (Fig. S4). Unexpectedly, the overall species
number (Table S2) increased with temperature, the Pearson
correlation coefficient between the OTUs number and temper-
ature being r = 0.747 (p < 0.05). These results were surprising
considering that prokaryotic communities at higher tempera-
tures are usually less complex than those at lower tempera-
tures, hot waters being dominated by only a few genera that
are adapted to temperature stress [11, 70, 71]. Some studies
also reported a linear positive correlation between
biodiversity/richness and temperature [72—74]. The results re-
vealed a different picture when the proportion of thermophiles
and mesophiles were analyzed separately. Thus, in the case of
thermophiles and hyperthermophiles, their proportion showed
a significant negative correlation with temperature (» = —0.65,
p < 0.05) and depth (r = —0.61, p < 0.05), which is in accor-
dance with the other studies. In our samples, especially in the
Triassic aquifer, typical thermophilic and hyperthermophilic
species are found together with ubiquitous, aerobic,
mesophilic bacteria. A possible explanation may reside in
the continuous water refilling of the Triassic aquifer [20] that
creates a hot, “shallow” environment [8, 11]. In this context,
the number of OTUs, as well as the Simpson, Shannon and the
PD-whole tree indices (Fig. S5) were all strongly correlated
with the proportion of mesophiles in our samples (r between
0.58-0.66, p < 0.05). The presence of mesophiles here prob-
ably led to an overall false positive increase in species rich-
ness, evenness and phylogenetic diversity along with the tem-
perature and depth. Actually, the communities become more
even and more dispersed (low cell abundances) because of
temperature stress, nutrients limitation and seclusion [8]. For
the Triassic samples, the rise of diversity was correlated with
the abundance of mesophiles, which usually are not adapted to
extreme temperature, and most likely are not able to take part
with a specific role in this ecosystem. Nonetheless, further
work is needed to establish if there is a contribution of
mesophiles in the active microbial communities from the
Triassic aquifer.

In order to observe the beta-diversity patterns, PCoA plots
were generated using the Unweighted and Weighted Unifrac
distance matrices. As it can be observed in Fig. 4a, the clus-
tering pattern generated by the Weighted Unifrac distances
was neither strongly correlated with temperature, depth, abun-
dance of mesophiles, nor with any of the physico-chemical
parameters. The P3 sample appeared distinct from all the
others. In this sample, 81% of the sequencing library was
composed by two particular OTUs that are minor components
in other samples, belonging to the Moraxellaceae family and
the Tepidimonas genus, previously encountered in a hot spring
community from Papua New Guinea [75] and in a terrestrial
sulfidic spring, USA [76]. P1 and P5 samples had in common
a large population (14-21%) of Hydrogenophilus, while the
T3 and T6 both contained ~30% of the sequences included in
the Thermodesulfovibrio genus. A dominant OTU from the
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Acinetobacter genus was shared between the T2 (45.6%) and
P2 (97%) samples, showing a 99% similarity to a sequence
reported in a hot spring community from the South of
Thailand (AB862146). Other cases of such ultimate low di-
versity, with one dominant species ecosystem, were encoun-
tered in porewater collected from 1.8 km below surface in the
Cambrian Mt. Simon, Illinois Basin, where Halomonas
sulfidaeris made 97-99.4% of the sequence library [53], or
in the groundwater feeding Lady Hot Springs in Idaho, which
was dominated by hydrogenotrophic methanogens (95% of
the community) [11, 16].

Interestingly, by using the Unweighted Unifrac distances, a
clustering pattern corresponding to distinct aquifers was ob-
served (Fig. 4b). Next, the ANOSIM test was run for statistical
support, resulting in an 7 value of 0.752 (p = 0.004), which
indicated that the grouping of samples in distinct aquifers is
strong and statistically significant. As the qualitative distances
reveal the differences in the minor components that are con-
siderably obscured by the quantitative measures [77], it may
be assumed that the mesophilic species that do not form abun-
dant populations in the Triassic aquifer may explain the ob-
served pattern. But unlike the case of alpha-diversity, the
amount of mesophiles does not strongly correlate with the
beta-diversity matrix. Instead, other parameters, that are specif-
ic for each aquifer, like temperature, depth, Na*, Ca**, SO,*",
pH and electric conductivity were significantly correlated with
the diversity pattern (p < 0.05). Additionally, the Mantel test
performed for the physico-chemical parameters and the
Unweighted Unifrac matrix returned a significant r of 0.574
(p = 0.004). These results were not surprising since they high-
light the major differences in physico-chemical parameters be-
tween aquifers. Thus, the particular physico-chemical variables
and the water refilling, factors that are specific to each aquifer,
most probably have a cumulative effect in shaping the commu-
nity structure, especially in the rare taxa distribution.

Functionality Prediction in the Microbial Communities

The putative physiology for the classified OTUs was predict-
ed with PICRUSt [39], and the weighted NSTI indices
(Table S4) varied between 0.00076 (sample P2) and 0.18
(sample P4). These values show the average branch length
that separates each OTU from a reference genome in every
sample. Therefore, caution is required when interpreting these
results, especially for P4 sample, as PICRUSt prediction are
uncertain for environments containing a high proportion of
unexplored microorganisms [78]. Figure 5 presents the per-
centage of genes that might be involved in the nitrogen, sulfur,
and methane metabolisms, as well as those of the carbon fix-
ation pathways in prokaryotes. Methanogenesis appeared
more common in the Pannonian aquifer, where
Methanosaeta species are able to utilize acetate as electron
donor [79] and those that belong to Methanothermobacter
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Fig. 4 a Plot of the first two principal coordinate axes for PCoA using Weighted UniFrac distance matrix. b The same plot using Unweighted UniFrac
distances. The environmental factors that exert a significant influence (p < 0.05) on the beta-diversity were fitted onto the PCoA graphic

genus can reduce carbon dioxide to methane using molecular
hydrogen as electron donor [80]. As methanogens and sulfate-
reducers normally compete for resources, the former group is
dominant in anaerobic habitats where sulfate is limited, which
is the case of the Pannonian deposit, and vice versa [81]. The
organisms responsible for dissimilatory sulfate-reduction are
most likely archaea from the Archaeoglobus genus in the
Pannonian aquifer [59], while the high sulfate ion concentra-
tions in the Triassic groundwaters favor the presence of clos-
tridial (e.g., Desulfotomaculum) and non-clostridial sulfate-re-
ducers (e.g., Thermodesulfovibrio, Thermodesulfobacteriaceae,
Archaeoglobus). Desulfotomaculum species are capable of

Dissimilatory nitrate reduction, nitrate => ammonia

Assimilatory nitrate reduction, nitrate => ammonia  —

using hydrogen, fatty acids, alanine, or phenyl-substituted or-
ganic acids as electron donors for dissimilatory sulfate reduc-
tion, but it is believed that when temperatures exceed 80 °C
most likely the dissimilatory sulfate reduction is performed by
archaeal sulfate reducers, as those of the Archaeoglobus genus
[59]. Sulfate is reduced by these organisms to hydrogen sulfide
that can be further assimilated by other prokaryotes as a sub-
strate for growth [64]. Regarding the carbon fixation pathways
in prokaryotes, the reductive citric acid together with the
dicarboxylate-hydroxybutyrate cycles seem to dominate in al-
most all communities, being characteristic for the
microaerophiles and anaerobes, or to the strictly anaerobic
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Fig. 5 The predicted percentage of genes involved in the nitrogen, methane and sulfur metabolism, as well as the carbon fixation pathways in
prokaryotes, in the Pannonian and Triassic geothermal water samples, generated using PICRUSt
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hyperthermophilic archaea, respectively [82]. The reductive
citric acid cycle was also found to be a dominant pathway for
carbon fixation, being previously reported for a microbial com-
munity inhabiting the deep Outokumpu drill hole [12] or the
deep groundwaters at Olkiluoto, Finland [79]. This cycle is
considered one of the oldest autotrophic pathways that had
evolved, being widespread in the deep-sea hydrothermal vents
and the deep continental subsurface communities [83], while
the Wood-Ljungdahl pathway was reported as dominant in oth-
er subsurface environments [79, 84]. Although present, this
pathway seems not to be that widespread in the Triassic or the
Pannonian aquifers. The simultaneous existence of different
carbon-fixation pathways in the deep subsurface may imply that
several strategies are used in such harsh conditions, so
that multiple resources become available to the microbial
communities [53].

Conclusions

This study presented the first characterization of microbial
biodiversity in the Pannonian and Triassic hyperthermal aqui-
fers, with upwelling water temperatures ranging between 47—
84 and 72-104 °C, respectively. Although in geographical
proximity, the Pannonian aquifer is a highly stable hydrolog-
ical system, probably independent from any water supplies
from the surface, while the Triassic deposit is part of the hy-
drological cycle due to natural refilling. The abundance of
prokaryotes showed a positive correlation with the richness,
evenness and phylogenetic diversity indices. This could be
explained by the presence of mesophilic bacteria in the
Triassic aquifer, leading to a false positive increase in diversi-
ty. These findings suggest that communities at higher temper-
atures become more even and dispersed, and the microbial
activity might decrease with temperature and depth, but future
studies should be conducted to confirm this hypothesis.
Furthermore, in the case of the Pannonian and Triassic aqui-
fers, the particular physico-chemical parameters and levels of
connectivity to the surface seem to shape the main differences
in alpha- and beta-diversity patterns. Overall, this study pro-
vides valuable insights into the microbial diversity in these
newly investigated environments, bringing important infor-
mation on the ecology of these deep subsurface continental
waters with temperatures higher than 80 °C. Further work is
required to establish the part of the microbial community that
is active in the subsurface, and also for the true functional
diversity characterization.
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