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Abstract—The processes of microbially induced precipitation of calcium carbonates are widespread in natural
environments and are an important part of the biogeochemical carbon cycle. These processes comprised the
basis of new “biocementation” technologies, which are extensively developing worldwide during the last
decade. These technologies are aimed at designing the novel “self-healing” construction materials, as well as
at maintaining the strength of various buildings and structures. Since the optimal conditions for calcite for-
mation are high salinity and alkalinity, the search for calcifying microorganisms in a variety of ecosystems,
including extreme ones, is of interest. At present, many strains of halophilic and halotolerant bacteria, that
induce calcination, have already been isolated and tested in pilot industrial processes. Most of these bacteria
possess urease activity, which is the main contributor to the binding of calcium ions to insoluble carbonate.
A wide variety of natural ecosystems with optimal conditions for the development of calcifying urobacteria,
as well as the economic demand for biocementation technologies, stimulate interest in the search for more
and more novel strains of these microorganisms. One of the promising resources to be screened for such
organisms is the ecosystem of the drying Aral Sea and the adjacent desert and semi-desert Aral region. Here
we present the results of screening various extreme ecosystems of the Aral region for the presence of calcifying
microorganisms. We obtained 28 pure cultures of heterotrophic aerobic bacteria from samples of plant resi-
dues and soils of the Aral Sea region, 4 of which had urease and calcifying activities. Their activities were compared
with those of the strains presently used to produce biocementing mixtures. We have identified the phylotypes of
putative calcifying microorganisms in microbial communities of desert soil, thermal waters, and bottom sediments
of a salt lake, and described the phylogenetic diversity of these communities. Our results indicated the wide distri-
bution of calcifying microorganisms in the ecosystems of the South Aral region and highlighted the expediency of
screening them for the new biotechnologically relevant strains of these organisms.
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The bottom of the drying Aral Sea, one of the
extreme biogeocenoses of our planet, is located in
Uzbekistan. The drastic decrease in its area resulted in
increased water mineralization and elevated concen-
trations of pesticides and mineral fertilizers, which
have been washed from irrigated fields by the rivers
Amu Darya and Syr Darya during the 1960s‒1990s
(Micklin, 2007). In the course of drying, Aral water
salinity increased by an order of magnitude, from tens
to hundreds g/kg (Zav’yalov et al., 2012). A new
sandy-saline Aralkum Desert was formed on most of
the Aral territory. The soils of this area are character-
ized by high salinity and extreme instability of humid-
ity level, up to complete drying (Zav’yalov et al., 2012;
Davletmuratova, 2017). The microbiome of this type

of soils is usually represented by salt-tolerant, thermo-
tolerant, xerophilic organisms, though in-depth stud-
ies of microbial diversity of the Aral region are in their
beginning. Since the Aralkum ecosystem is affected by
several extreme physicochemical factors simultane-
ously, its microbial inhabitants may be of possible
application in various fields of biotechnology, includ-
ing biocementation technologies basing on microbi-
ally induced calcite precipitation (MICP). The MICP
occurs commonly in nature and are an important part
of the carbon biogeochemical cycle, promoting
immobilization of atmospheric CO2 in carbonate sed-
imentary rocks. The global geochemical role of this
process is conversion of loose sediments into solid
rocks and consolidation of soils and sands (Frankel
473



474 KONDRASHEVA et al.
and Bazylinski, 2003; DeJong, 2013; Osinubi et al.,
2020; Pacheco et al., 2022). Calcite precipitation is
most actively induced by ureolytic bacteria, which
hydrolyze urea and uric acid (Joshi et al., 2017; Omor-
egie et al., 2021). Since urea is the end product of
metabolism of nitrogen compounds in many animals,
both this compound and the microorganisms utilizing
it are widespread in various ecosystems, especially in
those enriched with organic matter (OM) of animal
origin (Atkinson, 1992). Calcinating ureolytic bacteria
are the object of growing interest, and screening for
these microorganisms in diverse ecosystems is pres-
ently carried out by several research teams worldwide.
The most active of the presently retrieved strains
belong to various Bacillus species (Vahabi et al., 2015;
Mutitu et al., 2019; Arias et al., 2019; Ekprasert et al.,
2020; Leeprasert et al., 2022). MICP coupled to urea
hydrolysis is an easily controlled process, resulting in
production of large amounts of calcium carbonate
during short periods (Kalenov et al., 2020). Urea deg-
radation is catalyzed by urease; the catalytic activity of
this enzyme is considered relatively high, and the
mechanism of catalysis has been studied in detail
(Karplus et al., 1997). Ammonia produced by urease
increases the ambient pH, so free calcium ions may
bind with СО2, resulting from the urease reaction, into
insoluble carbonates (Chaparro-Acuña et al., 2020).
Due to the high calcinating activity of ureolytic bacte-
ria, the preparations containing these microorganisms
may be used for damage recovery (crack bridging) in
concrete and building stone, extended operation of
ferroconcrete structures, and production of modified
construction materials capable of self-healing after
mechanical damages. Recent studies showed higher
economic efficiency of the technologies of biogenic
self-healing of concrete compared to abiotic technol-
ogies for crack bridging (Joshi et al., 2017, 2020; Alma-
jed et al., 2021). The importance of this problem for
material sciences and construction industry stems
from the fact that, alongside with natural environmen-
tal factors negatively affecting the preservation of con-
struction materials and structures, anthropogenic fac-
tor of environmental pollution with nitrogen and sul-
fur oxides, resulting in acidic rains and fogs capable of
dissolving the calcite matrix of limestone and washing
away the soluble components from concrete surface
layers, becomes more active (Alonso et al., 2018;
Davidyuk et al., 2021; Batyanovskii et al., 2022).
Search for novel calcinating microorganisms is there-
fore an urgent task.

Saline natural and anthropogenic basins are a
poorly studied, albeit promising ecological niche for
such search. They are inhabited by extremely halo-
philic bacteria and archaea and their accompanying
microbiota, which was shown to be either halotolerant
or dependent on the products of metabolism and lysis
of true halophiles (e.g., on osmolytes). Preliminary
studies revealed non-halophilic members of the order
Bacillales with high urease activity in microbial com-
munities of saline and soda lakes (Galinski et al., 1994;
Ventosa et al., 1998; Panosyan et al., 2018; Kalenov
et al., 2020). This research promoted interest in the
search for calcinating microorganisms in other
extreme ecosystems, since MICP application implies
resistance of such microorganisms to high salt con-
centration and alkaline environment of mortars, as
well as their ability to attach to the target surface and
survive long periods of desiccation. Such physico-
chemical conditions are typical of the soils of the Aral
region. 

The goal of the present work was therefore to assess
the potential of microbial communities of several
extreme ecosystems of the Southern Aral region as the
sources for novel ureolytic calcinating microorgan-
isms usable in the technologies for biocementation
and self-healing bioconcrete to be used under the con-
ditions of arid continental climate.

Search for novel ureolytic bacteria was carried out
using 18 samples of plant residues and soil of the
Southern Aral region (November−October 2021 expe-
dition) and 23 samples of soil, microbial biofilms,
water, and sediments of the Aral Sea, Aralkum, and
Southern Aral region, as well the samples of thermal
water from wells drilled in the former Aral Sea bottom
(September 2022 expedition). Material from all sam-
ples was fixed on site for subsequent isolation of total
DNA and phylogenetic profiling of the microbial
communities using 16S rRNA gene sequences.

Chemical analysis of the soil samples collected
during the first expedition according to CIS interna-
tional technical standards GOST 2642(3-8)-85 and
GOST 26490-85 was carried out in order to determine
the physicochemical characteristics of these extreme
ecosystems. Soil samples and the samples of plant res-
idues from these soils were plated on meat infusion
agar (MIA), pH 6.8 ± 0.2, 2% agar, 100‒150 g/L
NaCl to cultivate aerobic salt-tolerant heterotrophic
bacteria, a group to which most known ureolytic bac-
teria with calcinating activity belong (Joshi et al.,
2017). The plates were incubated at 35°C. A total of 28
pure cultures of heterotrophic microorganisms were
isolated from the colonies using tenfold serial dilutions
in liquid medium (meat infusion broth with the same
NaCl concentration). Purity of the cultures was deter-
mined by microscopy, plating on MIA, and MALDI
time-of-flight mass spectrometry (MALDI-TOF MS)
on a MALDI Biotyper Microflex complex (Bruker,
Germany), which also allowed for primary identifica-
tion of the cultures. Urease activity of the cultures was
tested by streak inoculation on solid Christensen
medium, pH 6.8 ± 0.2 with 7.5 g/L CaCl2 and Phenol
MICROBIOLOGY  Vol. 92  No. 3  2023
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red (0.012 g/L) as an indicator. Pink coloration of the
medium around the colonies indicated urease activity.
Calcite formation was observed by naked eye and by
light microscopy (a BA210 Digital Motic microscope,
China) as the development of a mineral crust over the
colonies or around their edges. Calcination intensity
was assessed by the rates of urease activity emergence
and calcite crystals formation compared to the refer-
ence strains of halotolerant ureolytic bacteria (further
on referred to as the SKG1-9 group of strains). These
strains have been recently isolated from several differ-
ent hypersaline ecosystems worldwide and were suc-
cessfully used in the preparations for improving the
functional and protective properties of concrete
(Kalenov et al., 2020).

Total DNA was isolated from the samples of soil,
water, and microbial biofilms collected during the sec-
ond expedition. Amplicon libraries of the V4 variable
region of the 16S rRNA gene were prepared and
sequenced, and bioinformatic analysis of the results
was performed as described previously (Gavrilov et al.,
2022). Raw reads were deposited in the SRA (NCBI)
database under the project no. PRJNA925816. The
search for the phylotypes which are likely to harbor the
microorganisms with calcinating activity was carried
out using the data sets obtained. Analysis of the litera-
ture data was used to select 10 full 16S rRNA gene
sequences of the strins with confirmed urease and cal-
cinating activity. 16S rRNA gene sequences of the
halotolerant ureolytic bacteria of the SKG1-9 set were
also used for the analysis. These sequences were deter-
mined previously (Kalenov et al., 2020), and within
the framework of the present study they were depos-
ited in GenBank under accession nos. listed in Table 1.
Salt tolerance of these strains was determined in order
to assess their applicability as reference organisms for
the analysis of extremophilic microbial communities
of the Aral region. The final list of sequences used for
the search of putative calcifying microorganisms is
provided in Table 1. Search for the target phylotypes
was carried out using Local blastn; similarity of at least
98.8% (species level) was accepted as the threshold
value.

According to the results of chemical analysis, the
soils sampled during the first expedition were alkaline
and relatively halomorphic, with pH ranging from 8.23
to 9.27. Soil salinity varied within a broad range (from
0.24 to 56.63 g/L), but in most samples it exceeded
10 g/L. NaCl was the main salt, while sulfate content
varied widely (on average 73.4 mg Eq/L). These results
indicated most of the soil samples to be markedly
halomorphic.

Screening of 28 pure cultures of aerobic hetero-
trophs isolated from plant residues and soils of the Aral
region revealed urease and calcinating activity of four
strains. Urease activity was observed after 24 h of cul-
MICROBIOLOGY  Vol. 92  No. 3  2023
tivation (Fig. 1a), while formation of calcite crystals
could be observed only on day 5 of cultivation. No for-
mation of calcite crystals occurred in the cultures
lackig urease activity. Preliminary identification of the
active isolates by MALDI-TOF MS showed that they
belonged to the species Bacillus licheniformis (cultures
AS001 and AS003), Staphylococcus felis (AS008), and
Azoarcus indigens (AS009). Calcinating activity of the
novel isolates became visible after 2.5 times longer
period than in the case of the SKG1-9 reference
strains (species Lysinibacillus macroides, B. licheni-
formis, and B. subtilis). These strains exhibited calci-
nating activity on the second day of cultivation (Kale-
nov et al., 2020). While assessment of salt tolerance of
the SKG1-9 strains revealed growth at NaCl concen-
trations up to 150 g/L, the highest density of the cul-
tures was achieved at up to 50 g/L NaCl and decreased
significantly at higher salt concentrations. The yield of
L. macroides SKG7 remained relatively high at up to
100 g/L NaCl. Thus, the comparison of the SKG1-9
strains and the cultures isolated from the Aral region
plant residues with salinity not exceeding 56 g/L was
relevant.

Search for the microorganisms closely related to
the reference strains of calcinating bacteria (see
Table 1) in the samples collected from various Aral
region ecosystems during the second expedition
revealed 9 phylotypes (ASVs) with high similarity of
the V4 regions of the 16S rRNA gene to the strains
Bacillus megaterium de Bary, B. licheniformis SKG1
and SKG4, B. subtilis SKG9, Alkalihalophilus pseudo-
firmus DSM 8715, and L. macroides SKG7. Most phy-
lotypes of putative calcinating bacteria were related to
strain L. macroides SKG7 with considerable salt toler-
ance (Table 2). These phylotypes were found in the
communities of the Ustyurt Plateau dry soil (sample
K08), Lake Sudochye anoxic sediments (K21), in the
thermal freshwater from a well drilled down to 400 m
in the former Aral Sea bottom (K01), and in the com-
munities associated with outflow of this water on halo-
morphic soil (microbial mats and bottom sediments of
a thermal spring, K02 and K04)). Interestingly, the
sedimental community of the thermal freshwater
spring exhibited the best representation of the phylo-
types of putative calcinating bacteria related to the
haloalkaliphilic strain A. pseudofirmus DSM 8715 and
to the halotolerant L. macroides SKG7. Description of
these samples and relative abundance of the phylo-
types of calcinating bacteria are presented in Table 2.
None of these phylotypes was predominant in these
communities, with the share of each single one not
exceeding 0.87% of the phylogenetic diversity. This is
hardly surprising, considering heterotrophic metabo-
lism of calcinating bacteria and their dependence on
urea, an end product of nitrogen compounds degrada-
tion, and therefore, on the activity of other numerous
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Fig. 1. Urease and calcination activities of pure cultures of aerobic heterotrophs isolated from Aral region soils: a Christensen agar
plate 24 h after streak inoculation with active (AS001, AS003, AS008, AS009) and inactive cultures (K1 and K2) (a); calcite crys-
tals produced by urease-positive cultures (b‒e): small crystals around an AS001 colony (b); small and large crystals on the surface
of an AS003 colony (c); calcinated AS009 colony (d); large crystals on the surface of an AS008 colony (e); and colony edge of the
inactive culture K2 (f).

400 �m

155 �m400 �m

400 �m400 �m

(а)

(c)

(e) (f)

(d)

(b)

AS001 AS003 K1

AS008 AS009 K2
OM degraders in the community. Diversity of the ana-
lyzed communities containing the phylotypes of puta-
tive calcinating bacteria was relatively high (Fig. 2).
The thermal water community was represented mainly
by Gammaproteobacteria of the genus Thiobacillus and
uncultured genus-level groups of the families Hydro-
genophilaceae and Rhodocyclaceae, which together
comprised 71% of the 16S rRNA gene reads. Various
Bacillota (former Firmicutes) also constituted a signif-
icant part of the community (7%, Fig. 2). Communi-
ties of the green mat collected at the well outlet and of
MICROBIOLOGY  Vol. 92  No. 3  2023
the sediments of the thermal spring originating there
were much more diverse. The mat community was
represented by 88 phylotypes of Alpha- and Gam-
maproteobacteria (together responsible for 40% of the
community), 21 cyanobacterial phylotypes (16% of
the community), and 40 phylotypes of planctomycetes
(7% of the community), while 20% of the diversity was
represented by a single phylotype of nitrifying bacteria
of the genus Nitrospira. In the community of the ther-
mal spring sediments, 65 phylotypes of Alpha- and
Gammaproteobacteria constituted 35% of the total
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Table 2. Environmental samples, in which the phylotypes related to known calcinating microorganisms were detected using
molecular techniques
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K01 Thermal freshwater from a 

well in the Aral Sea bottom 

(41°C, pH 7.0)

L. macroides SKG7 98.8

98.8

ASV1050

ASV1314

Planococcaceae;

Planomicrobium/Planococcus
0.19

0.21

K02 Green mat from a tube at 

the well outlet

B. megaterium de Bary ATCC 

14581

100.0 ASV919 Bacillaceae; Bacillus 0.23

K04 Black sediment from a 

thermal water spring, 50 m 

of the well

L. macroides SKG7

A. pseudofirmus DSM 8715

99.8

99.2

98.8

ASV1667

ASV408

ASV988

Planococcaceae; 

Psychrobacillus/Planococcus
Bacillaceae uncultured

0.16

0.87

0.64

K08 Dry soil from the Ustyurt 

Plateau slope

B. licheniformis SKG1, SKG4

A. pseudofirmus DSM 8715

100.0

98.8

ASV1142

ASV2576

Bacillaceae; Bacillus
Bacillaceae uncultured

0.42

0.10

K21 Lake Sudochye black loose 

sediment (15 cm below the 

sediment surface)

B. subtilis SKG2, SKG3, 

SKG5, SKG6, SKG9

99.6 ASV1742 Bacillaceae; Bacillus 0.15
diversity. The groups contributing significantly to the

microbial diversity included also microalgae detected

by chloroplasts (16% of the 16S rRNA gene reads) and

various bacteria of the phyla Desulfobacterota (9%),

Chloroflexota (15%, 37 phylotypes), and Bacillota (for-

mer Firmicutes, 8%). The latter phylum was repre-

sented by 16 phylotypes, two of which were closely

related to the calcinating strains L. macroides SKG7

and A. pseudofirmus DSM 8715. The community of

the Ustyurt Plateau soil at the sampling site was repre-

sented mainly by actinobacteria (phylum Actinomyce-
tota, 51% of the 16S rRNA gene reads, 55 phylotypes),

Alpha- and Gammaproteobacteria (totally, 22%), Chlo-
roflexota (7%, 28 phylotypes), and Bacteroidota (6%,

27 phylotypes). On the contrary, in the Lake

Sudochye sediments, Alpha- and Gammaproteobacte-
ria (26% of the community) and Desulfobacterota
(19%) were predominant, while members of the phyla

Bacteroidota (8%) and Cyanobacteria (7%) were less

abundant, although they were represented by 44 and

17 phylotypes, respectively (Fig. 2). Members of vari-

ous taxa within the phylum Bacillota constituted ~4%

in the community of Lake Sudochye sediments, and

one of their phylotypes exhibited high 16S rRNA gene

similarity with the calcinating strains B. subtilis
SKG2,3,5,6,9 (Table 2).
Our results revealed broad distribution of the

microorganisms possessing urease activity and able to

induce calcite formation in diverse ecosystems of the

Southern Aral region, including saline soils, sedi-

ments of a saline lake, and fresh thermal water. Detec-

tion of calcinating microorganisms in phylogenetically

diverse microbial communities supports the previ-

ously known tendency of association of these prokary-

otes with organic-rich ecosystems, in which combined

activity of many OM degraders, including extremo-

philes, provides the calcinating strains with carbon

sources, energy substrates, and protection from dele-

terious environmental factors, in particular by

osmolyte secretion (Galinski et al., 1994; Jebbar,

1997; Panosyan et al., 2018; Kalenov et al., 2020).

Isolation of pure cultures of four novel strains of

calcinating ureolytic bacteria from 18 soil samples and

detection of these phylotypes in 5 out of 28 analyzed

microbial communities indicates high application per-

spectiveness of the Aral region extreme ecosystems as

a source of new biotechnologically valuable prokary-

otes usable for development of biocementing technol-

ogies. The relatively low calcination rate in the cul-

tures of our isolates indicates that both selection of the

optimal conditions for this process and the search for

more active calcinating microorganisms in the previ-
MICROBIOLOGY  Vol. 92  No. 3  2023
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Fig. 2. Phylogenetic composition of the communities in which the phylotypes related to the known calcinating microorganisms
were detected, according to the 16S rRNA gene sequencing. The X axis shows the samples numbered according to Table 2: K01—
thermal freshwater from a well; K02—green mat from a tube at the well outlet; K04—black sediment from a thermal water spring
coming out of the well; K08—dry soil from the Ustyurt Plateau slope; and K21—Lake Sudochye anoxic sediment. The phylotypes
related to the known calcinating Bacillus strains with relative abundance of ~1%, which may be visualized on the chart, are under-
lined. Close to the taxa names, total abundance of their phylotypes (ASVs) detected in all the analyzed samples is shown in paren-
theses.
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Bacillales; Planococcus
Bacillales; Bacillaceae; uncultured
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Comamonadaceae (15)

Chloroflexota (102)

Bacteroidota (118)
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Hydrogenophilaceae; Thiobacillus (5)

K08 K21
ously unexplored extremophilic microbial communi-

ties of the Aralkum and Aral region should be contin-

ued. Further work should be aimed at the isolation of

such organisms in pure cultures and assessment of the

biotechnological potential of these isolates. It should

be noted that application of biocementing microbial

preparations is especially promising in highly seismic

areas, where the frequency of earthquakes, especially

minor ones, is high and results in increased and accel-

erated wear of ferroconcrete structures. Calcinating

microorganisms of the Aral region with potentially

high tolerance not only to ambient salinity, but also to

dehydration, high temperatures and temperature con-

trasts, and to relatively high insolation, could be the

major candidates for development of biocementing

preparations for Uzbekistan and other regions of the

world with pronouncedly continental, arid climate,

considering the similarity of the physicochemical con-

ditions in saline, arid Aralkum soils and on the surface

of concrete constructions in these regions.
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