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Abstract—Caucasian Mineral Waters is a unique territory, where various types of mineral waters with overall
daily f low over 16000 m3 are concentrated in a relatively small area. The Yessentukskoye deposit is character-
ized by high diversity of water types, of which Yessentuki nos. 17 and 4 are produced in the greatest amounts.
Biogeochemical activity of microorganisms inhabiting the subsurface hydrosphere is one of the proposed
mechanisms responsible for the genesis of these waters. The influence of microbial communities on the qual-
ity of balneological water resources is presently quite poorly studied. This is the first report on characteriza-
tion of two communities inhabiting the water-bearing rocks and mineral waters of the Yessentukskoye
deposit. The 16S rRNA gene profiling of these communities revealed predominance of uncultured archaea of
the phylum Hadarchaeota (36.6%) in the Yessentuki no. 17 water retrieved from the well 46 and of several new
classes of uncultured actinobacteria (29.4%) in the Yessentuki no. 4 water retrieved from the well 49-E. Sig-
nificant differences were revealed in the structure of microbial communities inhabiting the water-bearing
horizons of these two wells having different hydrochemical characteristics. Enrichment and pure cultures of
the microorganisms belonging to the less abundant taxa were obtained. Analysis of metadata on genomic
properties of prokaryotes of the dominant taxa, revealed in this work, indicates their ability to grow chemo-
autotrophically and thus, their potential involvement in redox transformations of the water-bearing rocks and
the gas component of mineral waters.
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biosphere, chemolithotrophy
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Natural mineral waters have been widely used for
medicinal purposes since ancient times. The ancient
Greek healing center Asklepion in Epidaurus consid-
ered the “cradle” of modern spa medicine was formed
over 3000 years ago around thermal mineral springs
(Christopoulou-Aletra et al., 2010). The genesis of
mineral waters has been studied for more than a cen-
tury, and assumptions about the significant role of
microorganisms in this process have arisen for a long
time, although microbiological studies of mineral
waters have been fragmentary so far. Initially, the
methods for studying the microbial communities of
mineral waters were chosen mainly in accordance with
sanitary and epidemiological requirements and pro-
vided little information about the functional diversity
of microorganisms and their influence on formation
of the composition of the waters themselves. However,
since the late 1970s, there has been significant prog-
ress in the study of subsurface mineral waters, and cul-

tured microorganisms have been detected even in very
deep aquifers. The works of that time concentrated on
determination of the number of aerobic heterotrophic
microorganisms in mineral waters using the standard
methods of plating on solid nutrient media. Most of
the bacteria revealed by this method were identified as
members of the genus Pseudomonas, which led to con-
clusions about the probable dominance of this genus
in the microbial communities of mineral waters (see
the review by Leclerc and da Costa, 2005 and refer-
ences therein). Later, culture-based methods revealed
in mineral waters a significant number of representa-
tives of other heterotrophic bacterial genera:
Cytophaga, Flavobacterium, and Flexibacter (Que-
vedo-Sarmiento et al., 1986). With the rise of molecu-
lar ecology, microbial communities of several types of
European bottled mineral waters have been character-
ized. All analyzed communities were dominated by
Gammaproteobacteria; however, at the level of orders
28
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and families, the profiles of communities of different
waters differed significantly from each other (Lesaul-
nier et al., 2017; Sala-Comorera et al., 2020). Patho-
genic microorganisms were not detected in significant
quantities either in the original samples of mineral
waters or in bottled water during its storage (see the
work of Sala-Comorera et al., 2020 and references
therein). Moreover, antagonistic activity of the pseu-
domonads detected in mineral waters against some
pathogenic test strains was shown even earlier (Leclerc
and da Costa, 2005). Thus, while the issue of safety of
the natural microflora of mineral waters is currently
resolved, the issue of participation of this microflora
in the formation of the composition of waters still
requires a detailed study. One of the few such works
characterized the microbial communities of natural
discharges of acidic carbonaceous mineral waters of
the Cheb basin in the Czech Republic (Krauze et al.,
2017). Based on isotopic studies, the authors suggested
that terrigenous CO2 was a significant carbon source
for these microbial communities. Molecular studies
revealed the predominance of anaerobic and
microaerophilic microorganisms, presumably
involved in the biogeochemical cycles of sulfur and
iron, including sulfur-oxidizing bacteria of the genera
Sulfuricurvum and Sulfurimonas and Fe(II)-oxidizing
bacteria of the genera Gallionella and Sideroxydans
(Krauze et al., 2017 ). Moreover, the researchers of
Cheb mineral springs found that the microbial com-
munities of carbonaceous waters contained various
low-abundant phylotypes—methanogenic archaea of
the genus Methanoregula and representatives of
archaeal deep phylogenetic lineages of uncultured
Hadesarchaea and Bathyarchaeota, typical for marine
and deep subsurface ecosystems (Parks et al., 2020). It
is suggested that scarce prokaryotic populations,
whose relative abundance in a microbial community
comprise 1% or less, may significantly influence the
activity of such a community. According to modern
concepts, such phylotypes constitute a part of the
global phenomenon of the “rare prokaryotic bio-
sphere” (Skopina et al., 2016; Jousset et al., 2017). It is
suggested that these organisms may be responsible for
a number of important ecological functions in various
ecosystems: acting as a reserve of genetic material that
is activated upon sharp changes of environmental con-
ditions (Jousset et al., 2017); being the first to populate
novel ecological niches; using rare substrates, for
example, xenobiotics (Skopina et al., 2016); and
ensuring consistent production of important growth
factors at a constant (low but critically required) level
(Sohm et al., 2011; Zhang et al., 2019). With regard to
subsurface water ecosystems, the ecological role of the
representatives of the rare biosphere, as well as the
functions of the dominant phylotypes, have not yet
been the subjects of detailed studies.

Assumptions about a significant role of microor-
ganisms in the formation of the water composition of
the Caucasian Mineral Waters (CMW) region arose
MICROBIOLOGY  Vol. 91  No. 1  2022
quite a long time ago (Shinkarenko, 1941; Kudlaenko,
1976; Muravleva et al., 1989). Early studies mainly
assessed the significance of sulfate-reducing bacteria
as sulfide producers and oxidizers of organic matter
buried in the water-bearing rocks. In the last decade,
studies of the microbial communities of subsurface
mineral waters of productive aquifers at the Yessen-
tukskoye, Nagutskoye, and Pyatigorskoye deposits, for
which the role of cultured sulfate reducers in the for-
mation of “sulfate-free” soda-type carbonaceous
waters has been assessed, were started (Potapov et al.,
2014). The presence of carbon dioxide with an admix-
ture of isotopically light biogenic carbon, originating
from microbial oxidation of organic matter, which was
revealed during the analysis of gases from the Yessen-
tukskoye deposit, indicated high activity of sulfate
reducers, completely oxidizing dispersed organic mat-
ter to CO2 (Potapov et al., 2017; Potapov, 2019). The
effect of activity of other physiological groups of pro-
karyotes and entire microbial communities on forma-
tion of the composition of mineral waters was not
determined.

The most widely used strategy for determining the
structure of prokaryotic communities is currently the
sequencing and analysis of the 16S rRNA genes (Sori-
ano-Lerma et al., 2020). This technique has already
made it possible to characterize a wide variety of eco-
systems.

In the present work, we describe the phylogenetic
diversity of microbial communities in the CMW
region based on analysis of the libraries of 16S rRNA
gene amplicons obtained from total DNA isolated
directly from the water of two wells of the Novobla-
godarnensky area of the Yessentukskoye deposit. This
area produces balneologically valuable carbonaceous
mineral waters of the Yessentuki no. 17 and Yessentuki
no. 4 types circulating in the fractured zone of Upper
Cretaceous limestones at a depth of 500 to 1000 m,
where, according to preliminary geological and hydro-
chemical studies (Potapov et al., 2017; Potapov, 2019),
a high geochemical activity of microorganisms can be
expected. The results of our analysis represent one of
the first molecular ecological characteristics of such
ecosystems.

MATERIALS AND METHODS
Sample collection. Samples for DNA isolation were

taken directly through the wellheads 46 and 49-E
using FM02-1000 membrane filtration units with a
volume of 1 L (Institute for Analytical Instrumenta-
tion of RAS, St. Petersburg, Russia) with 0.2-μm pore
size track membrane filters (JINR, Dubna, Russia).
Pre-sterilized filtration units were assembled on-site,
connected to the wellhead fittings via sterile connec-
tors and hoses, and 100 L of water per each sample
were passed through the filters under natural excess
pressure of the wells (4–6 atm at the wellhead). Filtra-
tion began immediately after filling the next tank
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truck, supplying water to the bottling plant with a vol-
ume of at least 19 m3, which ensured obtaining the
samples directly from the water-bearing sediments
without admixture of the water, settling in the well-
bores between the fillings of the tank trucks. At the end
of the filtration, the residual water was completely
pushed through the filters by the gases released from
the wells. A quarter of each of the obtained wet filters
with microbial biomass was cut off with sterile scissors,
transferred to a sterile 120-mL glass vial, completely
filled with water from the well, and sealed with a rub-
ber stopper and a screw cap. The resulting material was
transported to the laboratory, stored in a refrigerator,
and used as an inoculum. The rest of the filter was
packed with sterile tweezers into sterile 15-mL Falcon
tubes and completely covered with 2 mL of sterile buf-
fer A (100 mM Tris-HCl, 100 mM EDTA, 150 mM
NaCl; pH 8.0) for DNA fixation. Tightly closed tubes
were immediately placed in a cooler bag on ice, trans-
ported in this form to the laboratory, and then stored
at ‒20°C until DNA isolation.

DNA isolation, preparation and sequencing of 16S
rRNA gene amplicon libraries. DNA was isolated
directly from fixed filters using the FastDNA™ SPIN
Kit for Soil (MP Biomedicals, United States) accord-
ing to the manufacturer’s instructions.

The preparation of amplicon libraries of the V4
region of the 16S rRNA gene was carried out as
described previously (Gohl et al., 2016) using a pair of
primers 515F (5'-GTGBCAGCMGCCGCGGTAA-
3'; Hugerth et al., 2014)—Pro-mod-805R (5'-GGAC-
TACHVGGGTWTCTAAT-3'; Merkel et al., 2019).
The libraries were sequenced on a MiSeq system (Illu-
mina, California, United States ) using a 150-nucleo-
tide length paired-end read cartridge. Bioinformatic
analysis was performed as described by Merkel et al.
(2021). All sequencing data were deposited into the
NCBI BioProject PRJNA database under accession
number 760784.

Preparation of enrichment and pure cultures. Water
from the vials containing 1/4 part of the filter,
obtained in process of DNA isolation, served as inoc-
ulum (10% by volume). The vial was shaken vigorously
before taking an aliquot. To obtain enrichment cul-
tures of microorganisms, a modified method of selec-
tive media was used. Bottled Yessentuki water nos. 4
and 17 obtained from the same wells as the inoculum
was used as a mineral base for the preparation of cul-
ture media. The use of water from the wells as the min-
eral base of the media increased the likelihood of
accumulation of the target groups of microorganisms
and at the same time, ensured their development
under optimal physicochemical conditions.

The media were prepared using the routine tech-
nique of anaerobic cultivation by boiling bottled Yes-
sentuki no. 4 water (Aqua Holding LLC, GOST R
(Russian National Standard) 54316-2011), pH 7.0, for
enrichment cultures from well 49-E, or bottled Yes-
sentuki no. 17 water (Aqua Holding, GOST R 54316-
2011), pH 6.8, for enrichment cultures from well 46,
followed by cooling under CO2 f lux (100%). Vitamins
(1 mL/L) (Wolin et al., 1963) and microelements
(1 mL/L) (Kevbrin and Zavarzin, 1992) were added to
the cooled medium. If necessary, pH was adjusted to
the required values with 1 N HCl solution. The
media were dispensed into 10-mL Hungate tubes,
containing one of the following iron minerals as an
electron donor or acceptor (20 g/L): natural glauco-
nite K0.8(Mg0.4 )( Al0.4)[(Si3.7Al0.3)O10](OH)2
(Maasdu deposit, Estonia), biotite
(K0.89Na0.03)(Mg0.9 Al0.43 Ti0.09Mn0.03)[Al1.2−

6Si2.8O10](OH,F)2 (Karelia, Russia), siderite (FeCO3)
(Bakal’skoye deposit, Russia), or synthesized magne-
tite (Fe3O4, calculated final total concentration of fer-
rous and ferric iron in the medium—50 mM). The
synthesized magnetite (SM), a mixed Fe(II/III)
oxide, was prepared by titration of equimolar amounts
of FeSO4·7H2O and Fe2(SO4)3·6H2O solutions with
10% NaOH solution to pH 8.5 under constant stirring.
The resulting magnetic precipitate was washed three
times with distilled water to remove NaCl, centrifuged
for 3 min at 1000 g, and added to the tube before dis-
pensing the medium. CH4 (2 mL) was added to the gas
phase (to its final volume concentration of 30%); after
that, the tubes were autoclaved at 121°C for 30 min.
Primary enrichments were incubated for 7 days at 37
and 47°C. The growth of enrichment cultures was
monitored by direct counting of acridine orange-
stained cells under an Axio Lab.A1 fluorescence
microscope (Zeiss, Germany), by the change in the
composition of the gas phase, or in the color of the
added iron minerals. If the growth of microorganisms
in primary enrichments was confirmed, they were
transferred (5% by volume) into tubes with fresh sterile
medium under the same conditions that were used for
the corresponding primary enrichment cultures.
Three to five sequential transfers ensured obtaining of
stable enrichments, from which further attempts were
made to isolate pure cultures of dominating microor-
ganisms by the method of limiting tenfold dilutions.

Aerobic cultivation of pure cultures was carried out
on bottled Yessentuki no. 17 water dispensed under air
(5 mL per Hungate tube) with thiosulfate (10 mM) as
an electron donor.

RESULTS AND DISCUSSION

Geological and hydrochemical characteristics of the
research subjects. The Novoblagodarnensky area
located 5–10 km north of the city of Yessentuki was
explored in 1949–1956. At present, the reserves of
mineral waters in this area comprise 65 m3/day of Yes-
sentuki no. 17 water and 80 m3/day of Yessentuki no. 4
water. Wells 46 and 49-E, from which subsurface car-
bonaceous mineral waters of the Novoblagodarnensky

2
0.1Fe + 3

1.1Fe +

2
1.1Fe + 3

0.22Fe +
MICROBIOLOGY  Vol. 91  No. 1  2022



DIVERSITY OF NOVEL UNCULTURED PROKARYOTES 31
area are extracted, have depths of 685.8 (intake inter-
val at a depth of 552.0‒685.8 m) and 770 m (intake
interval at a depth of 508.0‒770.0 m), respectively,
and are located at a distance of 3 km from each other.
The wells operate in a regulated self-dispensing tap
mode and are used for industrial bottling. The water
temperature at the wellheads reaches 45°C. In terms of
composition, the waters are chloride-hydrocarbonate

sodium with a mineralization of 8.0‒14.0 g/L; the
content of dissolved carbon dioxide is 0.6‒1.4 g/L.
The gas phase of these waters, apart from CO2 (40–
70%), contains CH4 (10–40%) and N2 (1–5%). The
chemical composition of the sampled waters of the
two production wells of the Novoblagodarnensky area
according to the Kurlov formula is presented below:

Yessentuki type no. 17, well 46:

Yessentuki type no. 4, well 49-E:

Phylogenetic composition of the microbial commu-
nity of Yessentuki no. 17 water from well 46. According
to the results of microscopy of the sampled water, the
number of cells varied from 105 to 106 cells/mL. For
water samples from this well, two phylogenetic profiles
were recovered—for samples taken in August and in
October, 2019. For each time replicate, several experi-
mental replicates of the 16S rRNA gene libraries were
obtained. In total, for well 46 libraries, over 28 thou-
sand sequences of V4 fragments 16S rRNA gene ampl-
icons were obtained. Phylogenetic profiles of the
microbial community in different replicates were, on
the whole, similar to each other, which allowed us to
further analyze the average values of taxa representa-
tion. The average Shannon index value was 2.7, that of
the Simpson index, 0.1, which indicate a relatively low
diversity of the studied microbial community.

Analysis of the 16S rRNA gene clone libraries
revealed predominance of uncultured archaea in well
46 water. Archaea accounted for more than a half
(59.3%) of the total microbial diversity of the ecosys-
tem (Table 1), with the highest abundance (36.6% of
all reads) of the phylotypes of the order Hadar-
chaeales. Its first representatives were discovered by
molecular methods in the technical and fracture water
of South African deep subsurface gold mines and were
originally designated as SAGMEG (South-African
Gold Mine Miscellaneous Euryarchaeal Group; Takai
et al., 2001). Based on the analysis of complete
genomic data, this group was identified as a separate
phylum Hadarchaea whose representatives were pre-
dicted to be capable of autotrophy using CO2 as the
only carbon source and electron acceptor during ace-
togenesis, as well as of hydrogenogenic oxidation of
CO to CO2 (Baker et al., 2016). Representatives of
Hadarchaea have been detected in a variety of anaero-
bic ecosystems with a wide range of temperatures
(from 4 to 80°C): in the subsurface continental bio-
sphere, in terrestrial hot springs, in subsurface ecosys-

tems of the ocean floor, in deep-sea, shallow-water,
and freshwater sediments (Parkes et al., 2005; Biddle
et al., 2006). However, in none of these ecosystems
were such archaea the dominant phylotype. Thus,
subsurface mineral waters and water-bearing rocks
exposed by well 46 of the Yessentukskoye deposit are
the first-described ecotope, the physicochemical con-
ditions of which favor the dominance of this uncul-
tured and still poorly studied group of archaea. It is
likely that these organisms are the key primary pro-
ducers of organic matter in the microbial community
of water-bearing rocks and water of well 46, where
their abundance and metabolic activity may have a
significant effect on the CO2 content in the gas phase
of mineral waters.

Phylotypes belonging to a new order of the class
Thermoplasmata of the phylum Thermoplasmatota
were the second most abundant group of archaea
(10.8% of all reads) in the Yessentuki no. 17 water from
well 46. All the described Thermoplasmata species
have been isolated from acidic mine drainages or
acidic hot springs of volcanic origin. Most of them are
facultatively aerobic organotrophic acidophiles,
including hyperacidophiles with a growth pH opti-
mum of about 0 (Rosenberg et al., 2014). Some mem-
bers of the class are capable of autotrophic growth
coupled with aerobic oxidation of Fe(II). The closest
cultured organism related to the Thermoplasmata phy-
lotypes from well 46 belonged to the species Methano-
massiliicoccus luminiensis of the order Methanomassi-
liicoccales (Table 1), a neutrophilic obligate methy-
lotroph that forms methane from methanol or
methylamines and hydrogen (Iino et al., 2013). How-
ever, the very low identity between this organism and
the Yessentuki phylotypes of Thermoplasmata (80.7%)
makes it difficult to predict the physiological proper-
ties of the latter and, in particular, their capacity for
methylotrophic methanogenesis.

( )
3

2 3 3 2 3
HCO 63 Cl37

СО 0.7 М10.5 H BО 0.051 H SiО 0.029 pH6.9 T 36 C;
Na K 93Mg4 Ca3

°
+

( ) ( )
3

2 3 3 2 3
HCO 60 Cl40

CO 0.7 М8.6 H BO 0.053 H SiO 0.031 pH7.0 T 41 C.
Na K 96  Mg2 Ca2

°
+

MICROBIOLOGY  Vol. 91  No. 1  2022



32 GAVRILOV et al.

Ta

bl
e 

1.
 R

ep
re

se
nt

at
io

n 
of

 th
e 

m
ai

n 
ph

yl
ot

yp
es

 (%
 o

f t
he

 to
ta

l c
om

po
si

tio
n)

 in
 th

e 
m

ic
ro

bi
al

 c
om

m
un

iti
es

 o
f m

in
er

al
 w

at
er

s f
ro

m
 w

el
ls

 4
6 

an
d 

49
-E

 o
f t

he
 Y

es
se

n-
tu

ks
ko

ye
 d

ep
os

it 
ac

co
rd

in
g 

to
 th

e 
re

su
lts

 o
f 1

6S
 rR

N
A

 p
ro

fi
lin

g.
 P

hy
lo

ge
ne

tic
 g

ro
up

s w
ith

 re
pr

es
en

ta
tio

n 
in

 th
e 

co
m

m
un

iti
es

 >
1%

, a
re

 h
ig

hl
ig

ht
ed

 in
 b

ol
d

Ta
xo

no
m

ic
 

(p
os

iti
on

(p
hy

lu
m

, c
la

ss
, o

rd
er

, f
am

ily
, g

en
us

)

Sa
m

pl
es

 fr
om

 w
el

ls
C

lo
se

st
 v

al
id

 sp
ec

ie
s

(>
80

%
 si

m
ila

ri
ty

)
C

lo
se

st
 c

lo
ne

s
46

49
-E

A
R

C
H

A
E

A

C
re

na
rc

ha
eo

ta
 B

at
hy

ar
ch

ae
ia

0.
5

2.
5

Ar
ch

ae
og

lo
bu

s l
ith

ot
ro

ph
ic

us
 (8

2.
4%

)
K

P3
41

42
1.1

 (9
8.

1%
),

 F
ilw

oh
a 

ho
t s

pr
in

g,
 E

th
io

pi
a

E
ur

ya
rc

ha
eo

ta
 M

et
ha

no
ba

ct
er

ia
 M

et
ha

no
ba

ct
er

ia
le

s 
M

et
ha

no
ba

ct
er

ia
ce

ae
 M

et
ha

no
ba

ct
er

iu
m

4.
0

0.
0

M
et

ha
no

ba
ct

er
iu

m
 su

bt
er

ra
ne

um
 (1

00
%

)
M

et
ha

no
ba

ct
er

iu
m

 fo
rm

ic
ic

um
 (1

00
%

)
M

K
47

20
13

.1
 (1

00
%

),
 a

na
er

ob
ic

 b
io

re
ac

to
r;

M
G

00
17

23
.1

 (1
00

%
),

 m
et

ha
ne

 re
se

rv
oi

r i
n 

a 
co

al
 

la
ye

r (
de

pt
h 

1.
2 

km
, 6

2°
С

),
 In

di
a

E
ur

ya
rc

ha
eo

ta
 M

et
ha

no
ba

ct
er

ia
 M

et
ha

no
ba

ct
er

ia
le

s 
M

et
ha

no
th

er
m

ob
ac

te
ria

ce
ae

 M
et

ha
no

th
er

m
ob

ac
te

r
0.

0
11

.5
M

et
ha

no
th

er
m

ob
ac

te
r t

he
rm

au
to

tro
ph

ic
us

 
D

el
ta

 H
 (1

00
%

)
M

T
01

34
81

.1
 (1

00
%

),
 sl

ud
ge

 o
f a

 m
es

op
hi

lic
 d

ig
es

te
r

H
ad

ar
ch

ae
ot

a 
H

ad
ar

ch
ae

ia
 H

ad
ar

ch
ae

al
es

36
.6

0.
0

A
B

47
67

20
.1

 (1
00

%
),

 su
lfu

r d
ra

in
ag

e 
w

at
er

 o
f t

he
 

G
ot

ar
d 

Tu
nn

el
, S

w
itz

er
la

nd
;

K
C

92
67

48
.1

 (1
00

%
),

 O
uz

an
 R

iv
er

 se
di

m
en

t, 
C

hi
na

;
A

B
80

24
37

.1
 (9

8.
6%

),
 o

ce
an

 b
ot

to
m

 c
or

e,
 H

on
sh

u 
Is

la
nd

 sh
el

f
JQ

31
53

50
.1

 (9
8.

1%
),

 
A

M
88

30
15

.1
 (9

7.
2%

),
 c

oa
l l

ay
er

 c
or

e,
 d

ep
th

 to
 

2.
3

km
, N

ew
 Z

ea
la

nd

0.
0

2.
4

FJ
93

66
79

.1
 (9

7.
6%

),
 A

va
ch

in
sk

y 
Vo

lc
an

o 
m

ud
, 

R
us

sia

H
al

ob
ac

te
ro

ta
 A

N
M

E
-1

 A
N

M
E

-1
a

7.
3

0.
4

M
et

ha
no

sa
et

a 
pe

la
gi

ca
 (8

5.
4%

)
G

U
12

05
24

.1
 (9

9.
5%

),
 P

itc
h 

L
ak

e 
co

as
ta

l n
at

ur
al

 
bi

tu
m

en
 la

ke
, T

ri
ni

da
d,

 C
ar

ri
be

an
;

JN
60

50
63

.1
 (9

9.
1%

),
 b

ot
to

m
 se

di
m

en
t o

f W
hi

te
 

O
ak

 R
iv

er
 e

st
ua

ry
, U

SA
 w

es
te

rn
 c

oa
st

H
al

ob
ac

te
ro

ta
 o

th
er

s (
2 

ph
yl

ot
yp

es
)

0.
1

0.
1

T
he

rm
op

la
sm

at
ot

a 
T

he
rm

op
la

sm
at

a
10

.8
0.

0
M

et
ha

no
m

as
sil

iic
oc

cu
s l

um
in

ye
ns

is 
(8

0.
7%

)
A

B
66

54
21

.1
 (9

3.
2%

),
 w

at
er

 o
f a

n 
un

de
rg

on
ud

 h
ot

 
sp

ri
ng

 (d
ep

th
 0

.2
5‒

1 
km

),
 J

ap
an

;
FJ

90
07

27
.1

 (9
1.

8%
),

 o
il 

w
el

l p
ro

du
ct

io
n 

w
at

er
, 

C
hi

na
MICROBIOLOGY  Vol. 91  No. 1  2022



DIVERSITY OF NOVEL UNCULTURED PROKARYOTES 33
B
A

C
T

E
R

IA

A
ci

do
ba

ct
er

io
ta

 A
m

in
ic

en
an

tia
 A

m
in

ic
en

an
ta

le
s

0.
0

2.
3

M
oo

re
lla

 g
ly

ce
rin

i (
83

.2
%

)
M

K
06

71
21

.1
 (1

00
%

),
 o

il-
co

nt
am

in
at

ed
 so

il,
 N

ig
er

ia

A
ct

in
ob

ac
te

rio
ta

 C
or

io
ba

ct
er

iia
 F

S1
18

-2
3B

-0
2

0.
0

10
.9

E
gi

ba
ct

er
 rh

iz
os

ph
ae

ra
e (

85
.8

%
)

G
U

98
28

52
.1

 (8
9.

2%
),

 W
es

te
rn

 P
ac

if
ic

 
bo

tto
m

 se
di

m
en

t

A
ct

in
ob

ac
te

rio
ta

 C
or

io
ba

ct
er

iia
 O

PB
41

1.
4

5.
2

O
le

gu
se

lla
 m

as
sil

ie
ns

is 
(8

7.
7%

)
M

K
03

58
08

.1
 (1

00
%

),
 e

le
ct

ro
tro

ph
ic

 m
et

ha
no

ge
ni

c 
m

ic
ro

bi
al

 c
om

m
un

ity
 fr

om
 a

 w
at

er
-b

ea
rin

g 
ho

riz
on

 
of

 a
 g

as
 d

ep
os

it,
 Ja

pa
n

A
ct

in
ob

ac
te

ri
ot

a 
R

B
G

-1
6-

55
-1

2
0.

1
11

.0
C

al
da

lk
al

ib
ac

ill
us

 th
er

m
ar

um
 (8

8.
9%

)
M

F8
95

41
1.1

 (1
00

%
),

 c
oa

l l
ay

er
, A

us
tr

al
ia

C
al

di
se

ri
co

ta
 C

al
di

se
ri

ci
a 

C
al

di
se

ri
ca

le
s T

TA
-B

15
0.

0
4.

6
C

al
di

te
rr

ic
ol

a 
ya

m
am

ur
ae

 (8
4.

4%
)

K
P1

09
90

1.
1 

(1
00

%
),

 a
so

ci
at

ed
 w

at
er

 fr
om

 a
n 

oi
l 

de
po

si
t, 

C
hi

na
;

K
M

37
30

89
.1

 (1
00

%
),

 te
re

ph
th

al
at

e-
co

nv
er

tin
g 

th
er

m
op

hi
lic

 d
ig

es
te

r 

C
hl

or
of

le
xi

 D
eh

al
oc

oc
co

id
ia

 S
h7

65
B

-A
G

-1
11

0.
1

1.
6

D
eh

al
og

en
im

on
as

 fo
rm

ic
ex

ed
en

s (
90

.6
%

)
E

U
38

59
11

.1
 (1

00
%

),
 S

ou
th

 C
hi

na
 S

ea
 b

ot
to

m
 

co
re

F
ir

m
ic

ut
es

 D
8A

-2
3.

2
2.

3
M

oo
re

lla
 h

um
ife

rr
ea

 (8
8.

7%
)

K
X

57
65

99
.1

 (9
9.

5%
),

 su
bt

er
ra

ne
an

 g
as

 re
se

rv
oi

r 
(0

.8
 k

m
),

 F
ra

nc
e

F
ir

m
ic

ut
es

 D
es

ul
fit

ob
ac

te
ri

ia
 D

es
ul

fit
ob

ac
te

ri
al

es
 

D
es

ul
fit

ob
ac

te
ri

ac
ea

e 
D

es
ul

fit
ob

ac
te

ri
um

0.
1

10
.4

D
es

ul
fit

ob
ac

te
ri

um
 m

et
al

lir
ed

uc
en

s 
(9

3.
9%

)
M

F
89

57
21

.1
 (9

9.
1%

),
 c

oa
l l

ay
er

, A
us

tr
al

ia

F
ir

m
ic

ut
es

 D
es

ul
fo

to
m

ac
ul

ia
 A

m
m

on
ife

xa
le

s 
Am

m
on

ifi
ca

ce
ae

4.
0

0.
2

T
he

rm
od

es
ul

fit
im

on
as

 a
ut

ot
ro

ph
ic

a 
(8

8.
7%

)
M

F
62

85
93

.1
 (9

9.
5%

),
 m

ic
ro

co
sm

 fr
om

 a
 c

oa
l 

la
ye

r

F
ir

m
ic

ut
es

 D
es

ul
fo

to
m

ac
ul

ia
 D

es
ul

fo
to

m
ac

ul
al

es
 

D
es

ul
fu

ri
sp

or
ac

ea
e 

SC
A

D
C

1-
2-

3
0.

0
1.

4
D

es
ul

fo
fu

nd
ul

us
 k

uz
ne

ts
ov

ii 
(9

7.
2%

)
M

F
89

79
64

.1
 (1

00
%

),
 c

oa
l l

ay
er

, A
us

tr
al

ia

F
ir

m
ic

ut
es

 In
ce

rt
ae

 S
ed

is
 D

T
U

01
4

0.
1

3.
3

K
ol

eo
ba

ct
er

 m
et

ho
xy

sy
nt

ro
ph

ic
us

 
(9

0.
7%

)
M

F
95

05
64

.1
 (9

2.
3%

),
 ri

ce
 fi

el
d 

so
il,

 C
hi

na

F
ir

m
ic

ut
es

 o
th

er
s (

18
 p

hy
lo

ty
pe

s)
1.

0
5.

0

Ta
xo

no
m

ic
 

(p
os

iti
on

(p
hy

lu
m

, c
la

ss
, o

rd
er

, f
am

ily
, g

en
us

)

Sa
m

pl
es

 fr
om

 w
el

ls
C

lo
se

st
 v

al
id

 sp
ec

ie
s

(>
80

%
 si

m
ila

ri
ty

)
C

lo
se

st
 c

lo
ne

s
46

49
-E

Ta
bl

e 
1.

 (C
on

td
.)
MICROBIOLOGY  Vol. 91  No. 1  2022



34 GAVRILOV et al.
N
itr

os
pi

ro
ta

 T
he

rm
od

es
ul

fo
vi

br
io

ni
a 

T
he

rm
od

es
ul

fo
vi

br
io

na
le

s
T

he
rm

od
es

ul
fo

vi
br

io
na

ce
ae

T
he

rm
od

es
ul

fo
vi

br
io

0.
0

2.
3

T
he

rm
od

es
ul

fo
vi

br
io

 y
el

lo
w

st
on

ii 
(1

00
%

)
LC

48
08

17
.1

 (1
00

%
),

 sl
ud

ge
 o

f a
 th

er
m

op
hi

lic
 

di
ge

st
er

;
M

F
89

47
95

.1
 (1

00
%

),
 c

oa
l l

ay
er

, A
us

tr
al

ia

N
itr

os
pi

ro
ta

 T
he

rm
od

es
ul

fo
vi

br
io

ni
a

23
.5

0.
2

D
is

su
lfu

ri
sp

ir
a 

th
er

m
op

hi
la

 (8
8.

2%
);

T
he

rm
od

es
ul

fo
vi

br
io

 a
gg

re
ga

ns
 (8

5.
3%

)
G

Q
92

14
58

 (9
9.

5%
),

 fr
ac

tu
re

 w
at

er
 o

f t
he

 d
ee

p 
N

or
th

am
 m

in
e 

(1
.7

 k
m

),
 S

ou
th

 A
fr

ic
a;

K
X

97
45

15
.1

 (9
6.

2%
),

 u
rb

an
 w

at
er

 in
ta

ke
, S

in
ga

-
po

re

Pa
te

sc
ib

ac
te

ri
a 

Pa
rc

ub
ac

te
ri

a
C

an
di

da
tu

s Y
an

of
sk

yb
ac

te
ri

a
0.

1
1.

1
F

R
72

76
51

.1
 (9

3.
4%

),
 h

ot
 sp

ri
ng

, F
ra

nc
e

Pa
te

sc
ib

ac
te

ri
a 

Pa
rc

ub
ac

te
ri

a 
Pa

ce
ib

ac
te

ra
le

s 
Pa

ce
ib

ac
te

ra
ce

ae
 C

an
di

da
tu

s P
ac

ei
ba

ct
er

0.
0

4.
0

A
B

64
51

75
.1

 (9
3.

9%
),

 su
bs

ea
fl

oo
r c

or
e 

sa
m

pl
e,

 
H

on
sh

u 
Is

la
nd

 sh
el

f;
JN

12
35

13
.1

 (9
3.

4%
),

 o
ce

an
 b

ot
to

m
 c

or
e,

 T
ai

na
n 

R
id

ge
, T

ai
w

an
 sh

el
f

Pr
ot

eo
ba

ct
er

ia
 A

lp
ha

pr
ot

eo
ba

ct
er

ia
 R

hi
zo

bi
al

es
 

R
hi

zo
bi

ac
ea

e 
C

ic
er

ib
ac

te
r

0.
0

1.
3

C
ic

er
ib

ac
te

r a
zo

tif
ig

en
s (

10
0%

);
C

ic
er

ib
ac

te
r t

hi
oo

xi
da

ns
 (1

00
%

)
K

X
71

48
09

.1
 (1

00
%

),
 h

ot
 sp

ri
ng

, I
ra

n

Pr
ot

eo
ba

ct
er

ia
 G

am
m

ap
ro

te
ob

ac
te

ri
a

P
se

ud
om

on
ad

al
es

 M
or

ax
el

la
ce

ae
3.

0
0.

0
C

av
ic

el
la

 su
bt

er
ra

ne
a 

(9
7.

6%
)

K
T

01
49

26
.1

 (1
00

%
),

 C
r(

V
I)

-c
on

ta
m

in
at

ed
 so

il,
 

C
hi

na

Pr
ot

eo
ba

ct
er

ia
 G

am
m

ap
ro

te
ob

ac
te

ri
a

H
al

ot
hi

ob
ac

ill
al

es
 H

al
ot

hi
ob

ac
ill

ac
ea

e
H

al
ot

hi
ob

ac
ill

us

0.
3

0.
0

H
al

ot
hi

ob
ac

ill
us

 n
ea

po
lit

an
us

 (1
00

%
)

K
X

71
48

19
.1

 (1
00

%
),

 g
as

-p
ro

ce
ss

in
g 

pl
an

t, 
Ir

an

O
th

er
 b

ac
te

ri
a 

(a
 to

ta
l o

f 4
4 

ph
yl

ot
yp

es
)

3.
1

10
.5

U
nc

er
ta

in
 ta

xo
no

m
ic

 p
os

iti
on

(N
o 

re
la

tiv
e)

0.
6

5.
4

–
–

Ta
xo

no
m

ic
 

(p
os

iti
on

(p
hy

lu
m

, c
la

ss
, o

rd
er

, f
am

ily
, g

en
us

)

Sa
m

pl
es

 fr
om

 w
el

ls
C

lo
se

st
 v

al
id

 sp
ec

ie
s

(>
80

%
 si

m
ila

ri
ty

)
C

lo
se

st
 c

lo
ne

s
46

49
-E

Ta
bl

e 
1.

 (C
on

td
.)
MICROBIOLOGY  Vol. 91  No. 1  2022



DIVERSITY OF NOVEL UNCULTURED PROKARYOTES 35
The third most abundant group of uncultured
archaea (7.3% of the community) in the water from
well 46 was represented by ANME-1a phylotypes in
the phylum Halobacterota. Comparison of the
obtained ANME-1a 16S rRNA gene sequences with
the NCBI Nucleotide Collection database (version of
September 14, 2021) revealed their strong homology
with the ANME-1 phylotype detected in marine
coastal sediments. It was this group for that a number
of evidences was first obtained indicating the func-
tioning of the process of anaerobic oxidation of meth-
ane to carbon dioxide (Hinrichs et al., 1999; Lloyd
et al., 2011). The high (10–40%) content of methane
in the gas phase of water from well 46, which correlates
with a significant representation of ANME-1a, sug-
gests that this substrate is a significant resource for
biomass formation in the studied ecosystem. It is
important to note that anaerobic methanotrophy is
thermodynamically beneficial only in consortia with
sulfate- or iron-reducing bacteria, which act as accep-
tors of reduced equivalents released during methane
oxidation (Timmers et al., 2017). Mineral substances
with electron conductivity, including the iron minerals
magnetite and maghemite, can serve as alternative
electron acceptors for ANME-1a methanotrophs.
Such an opportunity for ANME archaea is provided
by the electron transport protein genes present in their
genomes (Wang et al., 2014). The processes of using
insoluble electron acceptors are widespread in the sub-
surface biosphere and may be active in the aquifers of
well 46. In turn, the particles of iron minerals can serve
as a significant link in the interspecies electron transfer
between organisms with different metabolism in the
processes of syntrophic methanogenesis (Kato et al.,
2012). These processes are especially important for
aquifers, where the abundance of microniches in
water-bearing rocks creates selective conditions for the
development of microbial associations attached to
minerals. Apart from uncultured archaea, known
autotrophic hydrogenotrophic methanogenic archaea
of the genus Methanobacterium were fairly widespread
(4.0% of all reads) in the water community of well 46
(Whitman, 2015). Hypothetically, these archaea can
serve as a source of methane for ANME-1a.

Bacteria accounted for 40.1% of the microbial
community in the well 46 water. Among them, the
phylotypes of the uncultured group of the new order-
level in the class Thermodesulfovibrionia prevailed
(23.5% of the community). According to GTDB tax-
onomy database, this class of nitrospira includes sev-
eral clusters of uncultured bacteria and two cultured
genera, sulfate reducers Thermodesulfovibrio (Whit-
man, 2015) and autotrophic sulfur and thiosulfate dis-
proportionators Dissulfurispira (Umezawa et al.,
2021). The phylotypes identified in the present work
had a low level of identity with the closest relative,
D. thermophila (the level of identity of the V4 region of
the 16S rRNA gene was 88.2%; Table 1), which hin-
ders unambiguous conclusions about their physiology
MICROBIOLOGY  Vol. 91  No. 1  2022
and, accordingly, their ecological role in the commu-
nity. The phylotypes of known sulfate reducers, related
to the genus Desulfovibrio, were present in minor
amounts in the water community of well 46 (≤1% of
the 16S rRNA gene reads). However, together with
nitrospira, they can be considered as possible syntro-
phic partners of ANME-1a archaea.

The phylotypes of the family “Ammonificaceae”
(4.0%), which include three cultured species of chem-
olithotrophs that reduce nitrates, sulfur, or sulfur
compounds with hydrogen or formate as electron
donors (https://gtdb.ecogenomic.org/searches? s=
al&q=ammonificaceae) accounted for a significant
proportion of the microbial community of water in
well 46, although substantially smaller than nitrospira.
Similar shares of this microbial community (3.2 and
3.0%, respectively) belonged to the phylotypes of the
uncultured D8A-2 group of the new class-level in the
phylum Firmicutes and the new uncultured group of
gammaproteobacteria of the family Moraxellaceae.
The metabolic properties of the D8A-2 group are cur-
rently not described. Of interest is the work in which a
sharp increase in the abundance of D8A-2 in micro-
bial consortia was recorded when their methane pro-
duction from complex organic substrates was stimu-
lated, e.g. by introducing magnetite particles activat-
ing interspecies electron transfer (Lee et al., 2019).
Cavicella subterranea, an organism closely related to
the Yessentuki’s Moraxellaceae phylotype (97.6%
identity of the 16S rRNA gene), is an organotroph iso-
lated from a well extracting subsurface mineral water
in Portugal (Franca et al., 2015).

Uncultured actinobacteria of the OPB41 group of
the class Coriobacteriia (1.4% of the community) can
also be assigned to prevailing bacterial groups of the
Yessentuki no. 17 water community. Originally
detected in hot springs, these organisms have since
been detected in a wide variety of ecosystems. Based
on genomic analysis, they are supposed to possess
hydrolytic activity (Bird et al., 2019).

Among the minor components of the microbial
community of well 46 water, each accounting for ≤1%
of the 16S rRNA gene reads, noteworthy are the phy-
lotypes attributed to the genera of organotrophic bac-
teria Paracoccus, Halothiobacillus, and Cellulomonas,
which cultured representatives are capable of denitrifi-
cation, oxidation of various sulfur compounds, and
hydrolysis of polysaccharides, respectively (Rosenberg
et al., 2014).

Phylogenetic composition of the microbial commu-
nity of Yessentuki no. 4 water from well 49-E. Accord-
ing to the results of microscopy of the water samples of
this type, the number of cells in them was less than
105/mL. For water samples from this well, phyloge-
netic profiling was only performed for one replicate,
taken in August, 2019, for which two experimental
replicates of the analysis of 16S rRNA gene libraries
were made. In total, for the well 49-E libraries, more
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than six thousand sequences of V4 fragment of the 16S
rRNA gene amplicons were recovered. The average
Shannon index value was 2.9, and the Simpson index
value was 0.08, which also indicated a relatively low
diversity of the studied microbial community, which,
however, was higher than that of the well 46 water.

Profiling of the microbial community of water from
well 49-E revealed predominance of uncultured acti-
nobacteria, whose phylotypes made up 27.1% of reads
in total (Table 1). Unlike water of the Yessentuki no. 17
type, the microbial community of Yessentuki no. 4
water contained significantly smaller share of archaea
(only 16.9%). At the same time, its bacterial part was
more diverse—about 80% of the community was rep-
resented by twenty bacterial phylotypes, while in the
water of Yessentuki no. 17 type, 90% of the commu-
nity belonged to only eight phylotypes, the majority of
which were archaeal (Table 1). One of the reasons for
the greater phylogenetic diversity of the microbial
community in the well 49-E water, compared to that in
the well 46, was its lower CO2 content, as compared to
well 46, which in its turn, was apparently caused by the
admixture of fresh sodium bicarbonate water, circulat-
ing in the Upper Cretaceous limestones, to the min-
eral water in the horizons exposed by the well 49-E
(Potapov, 2017).

The uncultured actinobacteria, which predomi-
nated in the microbial community of well 49-E water,
belonged to the class Coriobacteriia and the new class-
level phylogenetic group RBG-16-55-12. Cultured
Coriobacteriia members, all concentrated in the orders
Coriobacteriales and Eggerthellales, are animal and
human epibionts (Rosenberg et al., 2014); however,
the phylotypes found in the well 49-E water belonged
to new orders, which representatives were detected in
various ecosystems not related to animal organisms.
For instance, the clone most closely related to the Yes-
sentuki’s phylotype of the FS118-23B-02 group
(10.9% in the studied community) was detected in the
bottom sediments of the Pacific Ocean (Table 1).
Microorganisms of this group have been suggested to
be free-living organotrophs (Huber et al., 2006),
although their physiology remains unexplored. The
putative hydrolytic coriobacteria of the OPB41 group
constituted 5.2% of the water community in well 49-E,
although their main substrate in this organic-depleted
ecosystem remains unclear. There is little information
about the metabolism of uncultured bacteria of the
class-level group RBG-16-55-12—this is the most
abundant form of actinomycetes in the water of the
Yessentuki no. 4 type (11.0% of all reads). Bacteria of
this group have previously been found in a variety of
extreme ecosystems. In particular, a clone closely
related to Yessentuki RBG-16-55-12 was found in the
Australian coal seam. The taxon “Candidatus Haku-
banella thermoalkaliphilus” was proposed for the rep-
resentatives of RBG-16-55-12 isolated from a Japa-
nese thermal alkaline spring. Single cell genomic anal-
ysis of these organisms revealed their ability to fix CO2
during mixotrophic growth via the Wood−Ljungdahl
pathway, which has not been previously described in
actinobacteria. One of such phylotypes was also found
to be capable of nitrate reduction (Merino et al.,
2020). Actinobacteria are able to degrade complex
organic substances as part of microbial associations,
the formation of which could be provided by the ability
of actinobacteria to form complex colonies on solid
substrates (Rosenberg et al., 2014). Besides that, the
role of primary producers could be equiprobably sug-
gested for Actinobacteriia representatives detected in
the well 49-E water, considering the detection of the
Wood-Ljungdahl pathway genes in this phylum.

Archaea of the species Methanothermobacter ther-
mautotrophicus, which constituted the second largest
group of prokaryotes in the water community of well
49-E (11.5% of the community, Table 1), could also
play the role of organic matter producers. These
archaea are strict anaerobes, moderate thermophiles,
typical hydrogenotrophic methanogens reducing CO2
to methane with hydrogen or formate as electron
donors (Wasserfallen et al., 2000). Apart from them,
the microbial community of well 49-E water con-
tained a significant proportion of two groups of uncul-
tured archaea with the putative capacity for autotro-
phic acetogenic growth. These are archaea of the
abovementioned order Hadarchaeales of the phylum
Hadarchaeia (2.4% of the community) and the class
Bathyarchaeia of the phylum Crenarchaeota (2.5%).
Based on genomic analysis, the latter are supposed to
have the capacity for hydrogenotrophic methanogen-
esis from CO, CO2, and methanol, for acetogenesis, as
well as for dissimilatory reduction of nitrogen and sul-
fur compounds (Evans et al., 2015; He et al., 2016;
Thomas et al., 2020). Interestingly, the well 49-E
water contained the Hadarchaeales phylotype, which
was not detected in the well 46 water, where archaea of
this class predominated; its most closely related clone
was detected in a thermal volcanic habitat, while
Hadarchaeales-related clones from Yessentuki no. 17
water originated from cold subsurface ecosystems
(Table 1). Such a difference may reflect inequality of
hydrochemical characteristics of these waters, which
favors the accumulation of organisms with different
metabolic properties.

Most likely, the dissimilarity of physicochemical
conditions also explains the significant difference in
the representation of Firmicutes of the genus Desulfito-
bacterium assigned to the separate class Desulfitobacte-
riia (Parks et al., 2020), in the waters of Yessentuki
no. 4 (over 10% of the community diversity) and Yes-
sentuki no. 17 (less than 0.3% of the community).
Bacteria of this genus are organotrophs capable of var-
ious types of anaerobic respiration, of which iron
reduction can be considered the most geochemically
significant. In particular, Desulfitobacterium metal-
lireducens, a cultured organism most closely related to
MICROBIOLOGY  Vol. 91  No. 1  2022
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the Yessentuki phylotype of this genus (94% identity in
the V4 region of the 16S rRNA gene; Table 1), is capa-
ble of reducing Fe(III), Mn(IV), and of reductive
dehalogenation of chlorinated hydrocarbons (Fin-
neran et al., 2002). In sediments of marine origin,
constituting the aquifer exposed by well 49-E, chlori-
nated hydrocarbons can locally be present as products
of pyrolysis or thermolysis of halogenated terpenes,
amino acids, f lavonoids, and other halogenated com-
ponents of algal biomass (Paul and Pohnert, 2011).

The share of other Firmicutes in the water commu-
nity of Yessentuki no. 4 comprised 13.2% and included
21 phylotypes. Of these, the phylotypes of the uncul-
tured groups D8A-2 (2.3%) and DTU014 Incertae
sedis (3.3%), as well as the phylotypes belonging to the
classes Clostridia (2.3% in total) and Desulfotomaculia
(2.0% in total), were the most abundant. The latter
group of phylotypes includes thermophilic anaerobic
autotrophs of the genera Ammonifex and Thermodesul-
fitimonas, which reduce nitrates, sulfur or its com-
pounds with hydrogen or formate as electron donors,
as well as syntrophic organotrophs of the genus Pelo-
tomaculum and the SCADC1-2-3 group of uncultured
bacteria within Desulfurisporaceae family of thermo-
philic sulfur reducers. The closest cultured organism
related to the SCADC1-2-3 phylotype from well 49-E
belongs to the species Desulfofundulus kuznetsovii
(97.0% identity, Table 1) isolated from subsurface
mineral thermal water and being a thermophilic
organotrophic sulfate reducer (Nazina et al., 1988;
Watanabe et al., 2018).

Apart from actinobacteria, methanogenic archaea,
and Firmicutes, a significant share of the microbial
community of water of the Yessentuki no. 4 type was
represented by the phylotypes of uncultured class-level
group Parcubacteria in the phylum Patescibacteria
(5.1%). The class Parcubacteria includes several differ-
ent groups of uncultured organisms, whose metabo-
lism remains poorly characterized, despite the publi-
cation of several incomplete genomes of their repre-
sentatives. Uncultured Parcubacteria were previously
detected in a variety of anaerobic ecosystems with high
concentration of organic matter, for example, in bot-
tom sediments and the rumen of ruminants, but their
greatest abundance was recorded in cold freshwater
ecosystems of Svalbard (Sułowicz et al., 2020).

The family-level TTA-B15 phylotype in the order
Caldisericales, detected in the well 49-E water (4.6% of
the community), belongs to the phylum Caldisericota.
This phylotype was previously detected in various
thermal ecosystems (Chen et al., 2004). The clones
most closely related to the Yessentuki TTA-B15 were
also detected in anaerobic thermal habitats – in a deep
oil field and a thermophilic digester (Table 1). Data on
the physiology and genomics of these organisms are
not yet available. The only cultured representative of
the phylum, the species Caldisericum exile, is not
closely related to the Yessentuki TTA-B15 phylotypes,
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whose 16S rRNA genes are more similar (84.0%) to
that of the hyperthermophilic organotrophic firmic-
ute Calditerricola yamamurae (Table 1).

An order-level uncultured bacterial group Sh765B-
AG-111 within the class Dehalococcoidia (phylum
Chloroflexi, 1.6% of the community) was first detected
in soil samples from the tailing dump of a uranium
mine in the Colorado Basin (https://www.ncbi.
nlm.nih.gov/nuccore/26005692). Genomic data and,
accordingly, information on the possible type of
metabolism of representatives of this group are cur-
rently absent. A clone phylogenetically identical
(100% identity) to the Yessentuki sequences of the
Sh765B-AG-111 group was detected in a core of
marine sedimentary rock in an anaerobic environment
(Table 1). The closest cultured relative has a rather low
similarity of the 16S rRNA gene sequences to the Yes-
sentuki Sh765B-AG-111 members (90.6%; Table 1)
and belongs to the species Dehalogenimonas for-
micexedens (Table 1), whose catabolism is based on
reductive dehalogenation of chlorinated hydrocarbons
with formate or hydrogen as electron donors (Key
et al., 2017).

Uncultured acidobacteria of the class Aminicenant-
ales (2.3% of the community) were first detected in the
Obsidian Pool of Yellowstone National Park as the
OP8 phylotype and have been subsequently identified
in a variety of terrestrial and marine ecosystems. Based
on genomic reconstruction, a representative of this
taxon from a deep oil exploration well in the Tomsk
region was predicted to play the ecological role of
anaerobic degrader of polysaccharides by fermenta-
tion or via nitrite respiration (Kadnikov et al., 2019).

The bacteria of the class Thermodesulfovibrionia,
which were predominant in the Yessentuki no. 17
water, accounted for a significantly smaller (2.3%)
share of the microbial community in the well 49-E
water and were represented by the species Thermode-
sulfovibrio yellowstonii, a thermophilic organotrophic
sulfate reducer (Table 1). Phylotypes closely related to
sulfate-reducing bacteria of the genus Desulfobacca of
the phylum Desulfobacterota (1.1% of the community)
were also detected.

Clostridia were represented in the water commu-
nity of well 49-E by a wide variety of rare phylotypes,
of which thermophilic anaerobes of the genus Ther-
mincola (0.8%) were the most abundant. Representa-
tives of this genus are capable of reducing Fe(III) min-
erals, as well as carrying out electrogenesis—electron
transfer to chemically inert anodes or to solid com-
pounds possessing electronic conductivity (Wrighton
et al., 2008). Minerals of transition elements in water-
bearing horizons of well 49-E could act as such com-
pounds.

Minor part of the microbial communities in the
waters of the studied wells 46 and 49-E was repre-
sented by a wide variety of phylotypes, different in
metabolic properties of their cultured representatives.
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Table 2. Phylogenetic composition of enrichment cultures obtained from water samples of Yessentuki nos. 17 and 4 from
wells 46 and 49-E with iron minerals as electron donors or acceptors. Phylogenetic groups with relative abundance of ≥1%
are indicated

Substrates Well 46 water Well 49-E water

Siderite + СО2 Halothiobacillus (82.1%)
Desulfovibrio (3.4%)
Aerosphaera (3.0%)
Comamonas (1.7%)
Pseudomonas (1.0%)

Actinotalea (93.5%)
Pseudomonas (1.2%)

Biotite + СН4 Halothiobacillus (99.9%) Halothiobacillus (95.7%)
Actinotalea (3.8%)

Glauconite + СН4 Halothiobacillus (99.8%) Cellulomonas (95.7%)
Peptostreptococcaceae uncultured (0.6%)

Magnetite + СН4 Halothiobacillus (99.7%) Halothiobacillus (92.7%)
Actinotalea (6.6%)
Most of them have one or another type of organo-
trophic metabolism and can also function as degraders
of organic matter in the community. Their geochemi-
cal role is uncertain, especially considering their low
abundance. Determination of the specific ecological
role of scanty representatives of rare biosphere in a
particular microbial community is impossible without
studying them by cultural methods, which is often
hampered by the low concentration of cells of such
microorganisms.

Enrichment and pure cultures from waters of well 46
and well 49-E. Using water samples from wells 46 and
49-E as inocula for selective media (see Methods),
primary enrichment cultures with iron minerals (glau-
conite, biotite, siderite, and synthesized magnetite)
were obtained. These minerals were selected as the
most common electron donors or acceptors that can
be used by microorganisms inhabiting deep water-
bearing rocks. Siderite, a mineral containing only
Fe(II), can only serve as an energy source (electron
donor) for microorganisms. All other minerals contain
both oxidized (Fe(III)) and reduced (Fe(II)) forms of
iron and can be used by microorganisms as high-
potential electron acceptors or donors. Taking into
account the data obtained on the prevalence of CO2
and methane in the gas phase of Yessentuki nos. 4 and
17 waters, as well as the data on a significant propor-
tion of potential autotrophs and methanotrophs in the
microbial communities of these waters, gaseous CO2
and CH4 were selected as an electron acceptor or
donor, respectively, and the main source of carbon for
the enrichment cultures. The growth of each of the
cultures with siderite was accompanied by a change in
the color of the mineral from red to light gray; the
color of other minerals in the cultures did not change.
Methane consumption was not recorded in any of the
variants. All cultures were dominated by morphotypes
of medium-sized rods associated with mineral parti-
cles and often forming dense aggregates (Figs. 1b, 1d).
Due to dense colonization of the surface of minerals,
it was difficult to determine the number of microor-
ganisms. Approximate number of cells in the cultures
with methane was at least 5 × 106 cells/mL, and in cul-
tures with siderite and CO2, it was an order of magni-
tude lower, 5 × 105 cells/mL. Addition of vitamins
stimulated the growth of all enrichment cultures;
therefore, their further transfers were carried out on
the media supplemented with vitamin solution. The
second transfer of primary enrichments under the
same conditions did not lead to a decrease in the num-
ber of microbial cells and their morphotypes. For the
second transfers of enrichments, phylogenetic compo-
sition was determined by high-throughput sequencing
of V4 regions of 16S rRNA genes. The results of this
analysis are presented in Table 2. The majority of
enrichments were predominated by gammaproteobac-
teria of the genus Halothiobacillus (Whitman, 2015).
Actinobacteria of the genus Cellulomonas prevailed in
the culture from well 49-E grown on glauconite with
methane (Figs. 1c, 1d), and actinobacteria of the
MICROBIOLOGY  Vol. 91  No. 1  2022



DIVERSITY OF NOVEL UNCULTURED PROKARYOTES 39

Fig. 1. Photographs of enrichment cultures from well 49-E water (second transfers) grown on magnetite (a, b) and glauconite (c,
d) in the presence of methane in the gas phase. On the left (a, c), preparations under a phase contrast light microscope; on the
right (b, d), the same preparations stained with acridine orange dye under a f luorescence microscope. The cells form dense aggre-
gates around the mineral particles indicated by arrows. Scale bars: 10 μm. 

(а) (b)

(c) (d)
genus Actinotalea prevailed in the culture grown on
siderite with CO2. The second transfers of enrich-
ments from the well 46 water with methane and mixed
Fe(II/III) minerals resulted in almost pure cultures
containing up to 99.9% of Halothiobacillus according
to 16S RNA gene profiling data.

Using tenfold dilutions, a representative of Halo-
thiobacillus from well 46 water of the Yessentuki no. 17
type was isolated into a pure culture and designated as
strain Es46-Z0520. Analysis of complete 16S rRNA
gene sequence revealed 99.6% identity of the novel
strain to the type strain of the species and genus Halo-
thiobacillus neapolitanus (Whitman, 2015). Further
experiments revealed the capacity of the isolated strain
for aerobic growth with thiosulfate as an electron
donor, which makes it possible to assign it to faculta-
tive anaerobes.

Relative abundance of gammaproteobacteria of
this genus in the water community of well 46 did not
MICROBIOLOGY  Vol. 91  No. 1  2022
exceed 0.3%. The type strain of the species H. neapol-
itanus is a chemolithoautotroph that oxidizes sulfur
under aerobic conditions and fixes CO2 through the
Calvin cycle. This strain serves as a model organism
for studying the structure and functions of carbox-
ysomes containing the key enzyme of the Calvin cycle,
ribulose bisphosphate carboxylase (Menon et al.,
2008). The ecological role of this minor component of
microbial communities in the waters of the Yessentuki
no. 17 and no. 4 types requires further study. It is pos-
sible that the number of bacteria of this strain and its
importance in the community as a producer of organic
matter increases sharply in the case of occasional aer-
ated fresh water admixing to anoxic mineral waters.

Thus, the analysis of microbial communities of
mineral waters from wells 46 and 49-E revealed in both
of them the predominance of uncultured microorgan-
isms of deep phylogenetic lineages (levels of phyla,
classes, or orders), which apparently evolved sepa-
rately from the surface biosphere and may represent
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relicts of the Upper Cretaceous microflora. Interest-
ingly, the most closely related clones of most of the
phylotypes identified in our study were detected in
thermal aquatic ecosystems or in anaerobic ecotopes
confined to deposits of various hydrocarbons
(Table 1). In both studied microbial communities,
numerous potential chemosynthetic microorganisms
capable of fixing CO2 into biomass, methane and/or

acetate were revealed, most of which have not yet been
isolated into pure cultures. Such organisms form
secluded communities that are almost completely iso-
lated from surface ecosystems of the Earth having no
direct trophic links with their photosynthetic biomass
production. Analysis of the microbial community of
well 46 water revealed a structure typical of the classi-
cal food pyramid. It was dominated by potentially
autotrophic microorganisms (such as Hadarchaeota),
while organotrophic organisms that depend on the
primary production of biomass and specialize in the
consumption of its various components (for example,
archaea of the class Thermoplasmata, nitrospira of the
class Thermodesulfovibrionia, or Firmicutes of the
D8A-2 group) were less represented, albeit more
diverse (Table 1, Fig. 2a). The microbial community
of well 49-E water was characterized by a different
structure, namely, a significantly greater phylogenetic
diversity; a significant share of prokaryotes with an
unidentified phylogenetic position (5.4% of the com-
munity, Table 1); lower share of potential autotrophs;
a wide variety of organotrophs potentially capable of
degrading complex organic substances, including bur-
ied organic matter (polysaccharides, proteins, hydro-
carbons); and prevalence of cultured hydrogeno-
trophic methanogens among gas-utilizing organisms
(Fig. 2b). One of the most probable reasons for these
differences is the instability of the temperature regime
of well 49-E (Potapov, 2017), which, in turn, may be
associated with the mixing of fresh sodium hydrocar-
bonate waters with mineral waters at the intake inter-
val of well 49-E (at depths of 580‒865 m). This results
in the absence of the classical ratio of auto- and het-
erotrophic microorganisms in the well 49-E water
community, which is characteristic of the balanced
microbial community of the well 46 water.

An important common feature of the microbial
communities of the studied subsurface mineral waters
was the predominance of gas-utilizing microorgan-
isms, primarily methanotrophs and methanogens,
which produce and consume CO2, respectively. This

observation is in good agreement with the predomi-
nance of carbon dioxide in the gas phase of mineral
waters, as well as with their significant (tens of per-
cent) methane content. Thus, the characterized
microbial communities can influence the gas content
of exposed mineral waters and, consequently, their
balneological value. The metabolic activity of the
dominant groups of microorganisms in these commu-
nities may be one of the reasons for the observed f luc-
tuations in the content of dissolved and free carbon
dioxide, as well as the hydrocarbonate ion concentra-
tion, in the mineral waters from wells 46 and 49-E.
The high abundance of anaerobic methanotrophs in
the waters of well 46 and a wide variety of anaerobi-
cally respiring organotrophs in the waters of well 49-E
imply the formation of various syntrophic associations
in the microbial communities of these waters, which
increase the thermodynamic efficiency of the oxida-
tion of methane or organic matter in an anaerobic
reductive environment. As a rule, such syntrophic
associations appear in biofilms overgrowing solid sur-
faces. Under the conditions of water-bearing rocks,
biofilms may form on the surface of minerals of tran-
sition elements, primarily sulfur and iron, which can
be used as donors or acceptors for interspecies electron
transfer. With a high metabolic activity, syntrophic
associations will have a significant effect on the com-
position and mobility of iron and sulfur compounds in
water-bearing sediments exposed by wells 46 and 49-E
of the Novoblagodarnensky area of the Yessentuk-
skoye deposit. This effect can indirectly be confirmed
by the increased content of iron in the waters dis-
charged by wells 46 and 49-E, which, in turn, may
reflect the increased content of this element in water-
bearing rocks and its active involvement in biogeo-
chemical cycles. This hypothesis correlates with the
detection of various taxa of microorganisms, shown to
be capable of dissimilatory reduction of Fe(III) or sul-
fur compounds, in the waters exposed by wells 46 and
49-E

Predominance of uncultured microorganisms of
novel deep phylogenetic lineages in both microbial
communities and the probable independence of these
communities from the surface biosphere, afforded by
the chemosynthetic biomass production, indicate the
need for further detailed study of the functioning of
subsurface ecosystems of water-bearing rocks of the
Yessentuki mineral water deposit and the CMW region
as a whole.
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Fig. 2. Putative trophic relationships in microbial communities of waters and water-bearing rocks exposed by wells 46 (a) and
49-E (b). The dotted line indicates the relationships predicted with low confidence due to the lack of genomic data on the micro-
organisms involved. Underlined are the names of the taxa with available information on physiological properties or their genomic
determinants. DOM stands for dissolved organic matter; CxHyCl, for chlorinated hydrocarbons, which may be present in the
investigated waters. 
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