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% Background. Spoil heaps chronosequences are convenient models to analyze the succession of microbiome during
restoration of anthropogenically disturbed landscapes. The investigation of the heavy metal content in lands with mining
activity, can be used as an indicator of ecosystem recovery. Materials and methods. Objects were technozems of 1-year,
25- and 50-year-old embryonic soils, and control soil under forest. Quantitative polymerase chain reaction (qPCR) and
NGS-sequencing of V4 region of 16S rRNA gene were applied. Results. During the soil-forming process, an increase or-
ganic carbon and nitrogen, as well as a gradual increase archaeal /6S rRNA gene copies and in the number of Bradyrhizo-
biaceae, Blastocatellaceae, Xantobacteriaceae. Although we found a number of taxa that increased during soil-forming
process (Thaumarchaeota, Bradyrhizobiaceae, Blastocatellaceae, Xantobacteriaceae), technozems of different ages
had a similar structure and diversity of prokaryotic communities, differing from a nature soil. Biodiversity analysis revealed
that technozems generally had a similar structure and diversity of prokaryotic communities, significantly differing from the
mature soil a specific clusterization of microbiomes. The HM contents and bacterial abundances remained at the same
level in chronosequence. Conclusions. The 50 years of soil development on overburden spoil heaps is not enough for the
recovery from HM contamination and restoration of soil ecosystem functioning.

% Keywords: soil microbiome; chronosequence; embryonic soils; technozems; 16S rRNA amplicon sequencing; tech-
nogenic rock dumps.
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& [IpoanannsupoBanbl (HPU3MKO-XUMHUECKHE TTapaMeTphl, PpaCTUTEIbHOE COOOIIECTBO H CTPYKTYpa MPOKAPHOTHBIX KOM-
1JIEKCOB MUKPOGHOMOB OJIHOJIETHHX (C PACTUTEJIbHBIM MOKPOBOM M 6e3 Hero), 25- u 50-j1eTHUX 9MOPHOHAJBHBIX MOYB
(TexHo3eMOB), copMUpPOBaHHbBIX B paiione Kypckoi marautHoi aHomasinu (KMA, Poccust). [lyisi anainsa npoKapuOTHbBIX
COOOIIECTB HCIOJB30BAIM METO/L OJIMMEPa3HOH LeMHOl peakiuy B peasibHoM BpeMenH (qPCR) 1 BbICOKOPOM3BOAUTE/b-
Hoe NGS-cekBenupoBanue 6ubsorek BapuabesbHoro V4 yuactka reros 16S pPHK. B npouecce nousoo6pazoanus,
HapsiIy C yBeJHUCHHEM COZEPKaHHUsI OPraHWYeCKOro yrjaepoia W asora, HabJIOAANoCh MOCTENEHHOe yBeJIHYeHHEe KOMUH
rera [6S pPHK apxeii u unc/ieHHOCTH GaKTepHaslbHBIX TAKCOHOB, MPUHAVICKAIINX K ceMelictBaM Bradyrhizobiaceae,
Blastocatellaceae, Xantobacteriaceae. Ananua 61opasHooGpasust BbISIBUI CrielIU(HUECKYI0 KJIaCTePU3aLIo MUKPOGHO-
MOB — 00pa3ibl OAHONETHUX OTBAJOB 0€3 PACTHUTENBHOCTH (POPMHUPOBAIH OTACJABHYIO TPYIMIy, MPH 3TOM OCTaJbHbIE
TEXHO3€MbI B LIeJIOM HMEJIH CXOJHYIO CTPYKTYpY M pa3Hoo6pasue MpoKapHOTHBIX COOOIIECTB, 3HAUMTENBHO OTIHYAIOLIHXCS
oT 3pesiofi nouBbl. Cojiep:KaHue TSRKEJbIX METa/JIOB U KOJIMUeCTBO GaKTepHH B Xoje MOYBOOOPA30BAHHUS CYLIECTBEHHBIM
06pa3oM He H3MeHS10Ch. [TosydeHHble pe3ysibTaThl OKA3bIBAIOT, YTO MSATHACCSTH JIeT HEJOCTATOUHO /s PA3BHTHSI TTOUBbI
Ha OTBaJ/Iax BCKPBILIHBIX MOPOJL, YCTAHOBJEHHUS B HEll 9KOJIOTHUECKH Ge30MacHOro YPOBHS TSKEJIbIX METa/IJIOB W BOCCTA-
HOBJICHHUST (DYHKLMOHUPOBAHUS MOUYBEHHOH SKOCHCTEMBI.

% KitoueBble c10Ba: MOUBEHHbIH MUKPOGHOM; XpOHOCEPHST; SMOPHOHANbHbIE TTOUBbI; TEXHO3EMbl; CEKBEHHPOBAHHE aAMII/IH-
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KOHHBIX 6HGHOTeK reHa [6S pPHK; TexHorenHble oTBasbl TOPHBIX MOPOJL.

INTRODUCTION

In the past 20 years, scientists have presented ex-
tensive studies on microbiomes during primary soil-
forming processes in mining sites. Interest in these
subjects is due to the vast areas of disturbed lands
resulting from mining operations and the identifica-
tion of the key role of microorganisms in ensuring
the life and development of the plant community.
Microbial communities are considered as indicators
of the different stages of soil restoration in techno-
genic landscapes [ 1 —4]. To study the microbial suc-
cession during soil-forming processes, the method of
chronosequences is used, which compares spatially
separated soil differences [1, 5, 6]. This approach is
very convenient and promising in the study of soil
recovery from overburden soil heaps formed in min-
ing areas mainly due to the well-known dating of the
formation of heap complexes and the homogeneity
of the composition of overburden spoil heaps, which
serve as the basis for the formation of embryonic soil.

Ecogenesis on overburden spoil heaps in mining
areas is often characterized by a high heavy met-
al (HM) content, affecting the succession of micro-
organisms during soil formation and soil restoration.
HMs, such as Cd, As, Zn, Cr, and Pb, are toxic to
living organisms [7, 8]. Soil contamination with HMs
often leads to significant changes in the microbial
diversity and structure [9, 10] or a decrease in the
microbial abundance of soils [11, 12]. Li et al. [13]
revealed a differentiated response of various pro-
karyotic groups to HM contamination. Archaea from
the Crenarchaeota and Euryarchaeota groups were
characterized by a positive correlation of abundance

with the Cd content and showed a greater number of
interactions (detected based on a greater number of
links in interaction networks) with other members of
the microbial community in samples with a relatively
high HM level [13]. Thus, it can be assumed that
archaea are more resistant to HM contamination and
contribute to the adaptation of the soil microbiome
to technogenic impacts.

Russian corporations account for about 40% of all
disturbed lands. The Russian Federation is one of the
largest iron ore manufacturers, more than half of
which is produced in the Kursk Magnetic Anomaly
area (KMA, Kursk region). The main parent rocks for
soil formation in the area are Callovian clays covered
with loess-like clays. Favorable physical and chemi-
cal parameters make loess-like substrates suitable
for agriculture and land reclamation [14]. Stifeev et
al. [14] demonstrated the possibility of using spoil
heaps of the Mikhailovsky Mining and Processing
Plant for agriculture (with preliminary placement
on the surface of the dump of a humus layer of soil
removed previously from the lands allocated for the
mining industry).

At present, most studies on the microbial com-
munities of technozems located in the KMA have
been performed by conventional methods based on
cultivation, covering only 1%—5% of the total di-
versity of soil microorganisms. The use of current
molecular genetic methods to study the changes in
the succession of microorganisms seems to be a very
promising approach to assess the adaptive and evo-
lutionary strategies of the soil microbiome during the
restoration of soil ecosystems.
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This study aimed to analyze the temporal dynam-
ics of the HM content and the structure and number
of prokaryotic communities in young soils (techno-
zems) formed in the KMA region at different stages
of soil formation (1, 25, and 50 years).

MATERIALS AND METHODS

Land plots of spoil heaps of loess-like loams
were studied: vegetation-free rocks (LL1 and
LL1b; b means barren); spoil heaps with sparse
vegetation of 1 year (LL1), 25 years (LL25), and

50 years (LL50); and control soil under the wood-
land belt (52.2592436N, 35.3708321E). Samples
were taken in triplicate from the upper soil hori-
zon (at a depth of 0—10 cm), and variants LL25
and LL50 and control were taken at two depths,
0—5 cm (up) and 5—10 ¢m (down). A geobotani-
cal description of the vegetation of the studied
areas was performed, and the values of the main
physical and chemical parameters in the sam-
ples were determined (as described in Ref. [14];
Tables 1 and 2).

Table 1

Description of vegetation of technozems formed on dumps of loess-like loams in the KMA

Sample (soil)

Geobotanical description

LLI1 (technozem, Lithosols Technic)

Sparse vegetation; absence of arborescent layer and shrub layer. Synusiae
of the coltsfoot (Tusellago farfara), hill-growing saltwort (Salsola collina),
tumble-weed (Kali tragus), and common persicaria (Polygonum persicaria)

LL25 (podzolic embryonic soil)

Arborescent layer: Scotch pine (Pinus sylvestris), European birch (Betula
pendula); undergrowth: Scotch pine (P. sylvestris), European aspen (Populus
tremula); herbaceous layer: synusia of shorthear (Calamagrostis canescens),
Grim-the-Collier (Pilosella officinarum), coltsfoot (Tussilago farfara), and
common thistle (Cirsium vulgare). A significant part of the territory is covered
with two types of moss

LL50 (humus accumulative embryonic soil)

Thickets of European birch (B. pendula) and European aspen (P. tremula).

Forest stand formula: 5B5P; single plants: Scotch pine (P. sylvestris); under-
growth: English oak (Querqus robur), European aspen (P. tremula), Scotch pine
(P. sylvestris), and European birch (B. pendula). The herbaceous layer is sparse,
with a large number of dried (suppressed) trees [mainly Scotch pine (P. sylvestris),
synusia bushgrass (Calamagrostis epigeus), and meadow fescue grass (Festuca
pratensis); in interspaces, there is growing Grim-the-Collier (P. officinarum))

Control (gray forest soil)

Arborescent layer: European birch (B. pendula) and Scotch pine (P. sylvestris),
7B3P; herbaceous vegetation characteristic of broadleaved forests: synusia of the
goat’s rue (Galega gigantea), common yarrow (A. millefolium), and shorthear
(C. canescens); single plants: common chicory (Cichorium intybus) and sweet
woodruff (Galium odoratum); fowl blue grass (Poa palustris), meadow grass
(Poa pratensis), Grim-the-Collier (P. officinarum), and hair-vein agrimony
(Agrimonia pilosa)

Table 2
Main physical and chemical characteristics of overburden spoil heaps and control soil in the KMA, %
sample | N> | nljé(/)ﬁé S| Tl | S | S | Ny | o m%%g PH,o | PHy
LL1b 0.84 1.95 41.7 0.34 3.85 0.08 1.69 0.05 33.8 10.1 8.61 7.46
LLI1 0.98 1.83 68.3 0.16 5.11 0.09 0.62 0.04 15.5 13.2 8.06 7.03
LL25 U 0.81 1.96 16.1 0.22 5.49 2.85 1.39 0.12 11.6 24.1 8.34 7.12
LL25 D 0.74 1.95 10.8 0.19 3.55 3.3 0.91 0.03 30.3 16.4 8.62 7.38
LL50_U 0.62 1.89 46.3 0.28 4.41 0.9 1.81 0.18 10.1 24.3 8.17 7.07
LL50_D 0.87 1.91 27.1 0.19 3.64 1.5 2.01 0.13 15.5 14.3 8.37 7.17
Control_U 0.84 1.97 15.9 0.28 3.11 0.05 1.69 0.18 9.4 21.1 5.98 5.10
Control_D 0.91 2.05 13.1 0.26 3.27 0.4 1.62 0.21 7.7 14.3 5.87 4.86
*® IKoN02UUeCKaA ceHemuKa TOM 18 Ne3 2020 ISSN 1811—-0932
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DNA isolation was performed using the DNA
PowerSoil® kit (MO BIO, USA), including me-
chanical desintegration of the soil sample using
a Precellys 24 homogenizer (Bertin Technolo-
gies, France). The average DNA concentration in
the sample was 50 ng/ml. Purified DNA samples
(10—15 ng) were used as templates in the poly-
merase chain reaction (temperature profiles of
95 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s,
30 cycles in total) using Encyclo polymerase (Eu-
rogen, Russia) and universal primers F515 and
R806 to the variable region V4 of the 16S rRNA
gene. Sample preparation and sequencing were
performed on Illumina MiSeq device (Illumina,
USA) in accordance with the manufacturer’s rec-
ommendations.

Subsequent data processing was performed using
the QIIME_1.9.1 soitware package [15]. This pro-
cess included the removal of low-quality sequences
(<200 nucleotides long; quality index <25), ex-
tended homopolymer repeats, and nonbacterial and
chimeric sequences. As a result, 14,312 sequences
were selected; data were normalized in accordance
with the number of sequences in the smallest library
(4700 sequences). Sequences with more than 97 %
similarity were combined into operational taxonomic
units (OTUs) using the de novo algorithm (based
on the “uclust” method). From each OTU, one se-
quence was selected to form a representative set.
The classification of the representative sequences
was performed using the Bayesian rRNA classifier
and the alignment of the PyNast algorithm [15].
A specially designed set, “Greengenes coreset” [15],
was used for sequence alignment and taxonomy as-
signment.

a diversity was assessed by calculating the num-
ber of OTUs and the Faith (phylogenetic diversity)
and Shannon indices. The significance of differences
in the indicators of a diversity among microbiomes
was assessed using the 7-test. To analyze P diversity
(assessment of the percentage of similarities/differ-
ences between microbiomes), the weighted Unifrac
method was used [15]. The significance of individual
taxa differences was assessed using several paired
tests of the OTU irequency contingency tables.
The algorithm dynamically chooses either the G test
or Fisher’s exact test and applies a correction to the
Bonferroni p-value.

RESULTS AND DISCUSSION

Plant community analysis

In this study, 22 plant species were described
(Table 1). In 1-year technozems (Lithosols Technic;
the initial stages of soil formation), herbaceous forms
predominated, whereas sparse forest with a predomi-
nance of birch and poplar were typical for the later
stage. Calamagrostis and Achillea millefolium pre-
vailed in the herbaceous layer in the areas of older
spoil heaps, consistent with the previously described
dominant species in plant communities of native
soils and technozems in the KMA region [14, 17].
A minor decrease in the number of species was de-
termined compared to previous geobotanical stud-
ies [14], which can be explained by the season dur-
ing which the expedition was performed (soil was
sampled in September). At that time, most plants
were already at the terminal stage of vegetation. The
vegetation cover on LLI did not exceed 3%, and
LL25 and LL50 were characterized by 100% veg-
etation cover (Table 1).

Physical and chemical properties of samples

The studied spoil heaps were characterized mainly
by underdeveloped profiles of lithosols (embryonic
soils) with a pronounced accumulation of organic
matter in the upper soil layer only at the later stag-
es (25 and 50 years) of succession and the control
soil. For 1-year variants, soil differentiation into mor-
phologically different horizons was not determined;
therefore, they were classified as technozems. pH of
the technozems was mildly alkaline (8.0), whereas
pH of the control soil was weakly acidic. This was
due to the high carbonate level in the rock. Fe con-
tent was high in both technozems/embryonic and
background soils; there was only a mild tendency
for Fe content to change over time (Table 2), which
may be associated with the low mobility of iron under
natural and mildly alkaline pH conditions [18].

Technozems and embryonic soils were gener-
ally characterized by higher levels of trace elements
compared to the background value, whereas the
HM content remained approximately the same for
all stages of the chronosequences compared to the
control soil (Tables 2 and 3) and background values
for the region under study [21].

The levels of organic carbon and total nitrogen
increase with the soil’'s age. There is practically
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Table 3
HM content in overburden and control soil in the KMA
Sample Ni Cu Zn Ga Pb Rb Sr Y Zr
LL1b 21 18 46 24 11 78 85 39 578
LL1 29 21 52 22 15 78 114 36 536
LL25 U 21 20 42 20 6 72 122 33 532
LL25 D 26 12 36 20 11 74 131 35 588
LL50_U 19 16 46 20 10 71 95 33 521
LL50_D 20 16 49 20 12 73 101 35 505
Control_U 19 19 42 14 11 78 100 37 567
Control_D 24 15 36 20 18 81 102 37 589
Background 40 20 49 10 10 84 106 30 450
Note. Values in bold surpassed the background level (according to Ref. [15]).
Table 4
Statistical values of the Mantel R criterion for embryonic soil samples formed on overburden soil heaps in the
KMA
Co | New | oo | P, | cco | F | cu | P | 7z | s | mo
Mantel R
03 | o044 | o079 | o076 | 08 | 08 | 039 | 089 | 092 | 091 | 079
p-value
00 | oot | oot | o000 | 0003 | 0004 | 002 | 0003 | 000 | 0001 | 000

no nitrogen in dump rocks, and it is accumulated in
the soil due to symbiotic and free-living microorgan-
isms [19]. Therefore, an increase in the nitrogen con-
tent in soils from the earliest to the latest stages of
technogenic landscapes is associated with a similar
accumulation of organic carbon. The carbon/nitrogen
ratio (C/N) in technozems demonstrates a low en-
richment of soil organic matter with nitrogen, typical
for horizons containing mildly humified plant residues.

The Mantel test revealed that almost all main
physical and chemical parameters have a significant
effect on the structure of the microbial community
(Table 4).

Number of bacteria and archaea

The highest content of 16S rRNA bacterial gene
copies was found in the upper horizon (0—5 cm) of
the control soil (1.29 x 10'" copies/g of soil). The
number of copies of bacterial genes did not differ sig-
nificantly in dump samples of different ages at a depth
of 0—5 cm. The number of copies of the 16S rRNA
gene was minimal in LL1b (1.03 x 108 copies/g of
soil) and 5—10 cm layer of LL25 (3.63 x 10° copies/g
of soil) compared to control and LL50 (Fig. 1).

Another tendency was found for the copy number
of the 16S rRNA genes of archaea. In the control soil,
the number of archaeal genes was 2.25 x 10® and
8.51 x 10% copies/g soil for the 0—5 and 5—10 cm
layers, respectively. The number of copies of archaeal
genes in the upper layers of middle-aged soil heaps
was an order of magnitude higher than in the control
soil. The minimum copy number of archaeal genes
was detected in the LL1b sample.

Analysis of a and p diversities of loess-like loam
spoil heaps

The smallest phylogenetic (Faith’s index) and spe-
cies (OTU quantity) diversity was revealed in LL1 and
LLIb. An insignificant increase in the diversity with the
age of spoil heaps (from LL1 to LL50) in the upper
layer was revealed; however, the evenness (according to
Shannon index) of the microbial community in the con-
trol soil was the highest (Fig. 2). The latter may indi-
cate that each pedogenesis stage was characterized by a
specific microbiome with a certain set of dominant taxa.

The multidimensional scaling of  diversity showed
the grouping of samples into three main clusters,
namely, soil without vegetation, control samples,
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Fig. 1. Number of copies of the 16S rRNA gene of bacteria (a) and archaea (b) in technozems (LL1 and LL1LL1b) and embryonic
soils (LL25—50) of soil heaps in the KMA and the control soil (control_U and control_D)
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Fig. 2. Indicators of a diversity of technozems and embryonic soils of overburden soil heaps in the KMA and the control soil
and samples of technozem with LLI1, LL25, and Thaumarchaeota increased relatively in the

LL50 vegetation (Fig. 3, a and b). Thus, the pres-
ence of plants was an essential factor in the formation
of the soil microbiome in technogenic spoil heaps.
However, the difference in microbial communities
corresponding to a certain depth was noted only for
younger spoil heaps (LL25). A greater heterogeneity
of the lower (5—10 cm) layers, detected with age,
was revealed compared to the upper (0—5 cm) layers
(Fig. 3, b), which can be explained by the onset of
soil formation in the LL25 variant.

Composition analysis of the prokaryotic com-
munity of the soil chronoseries

The analysis of the taxonomic structure of the
microbiome in dump samples revealed 23 bacte-
rial and 2 archaeal phyla. The dominant phyla were
Proteobacteria (28.8% on average), Bacteroide-
tes (19.8%), Actinobacteria (18.4%), Acidobac-
teria (8.3%), Chloroflexi (4.3%), Verrucomicro-
bia (8.0%), and Thaumarchaeota (4.1%; Fig. 4).
The share of other phyla did not exceed 3%.

LL50 variant (the maximum content in LL50_U
was 10.2%) and the control samples. Variant LL50
was characterized by a higher Zn content, which is
known to have an inhibitory effect on microorgan-
isms [7, 10]. Thus, this element indirectly affects the
number of archaea by their occupation of ecologi-
cal niches occupied previously by bacteria. Previous
studies revealed that many archaeal groups were
characterized by an oligotrophic strategy and could
win the competition for ecological niches in bacteria
under energy stress conditions [20].

During soil formation in technozems, a decrease
in Gemmatimonadetes, Bacteroidetes, Gamma-
proteobacteria, and Betaproteobacteria was noted.
In mature soil, the amount of Verrucomicrobia was
relatively increased. Some studies associated the
abundance of representatives of this group with plant
roots, whereas a local peak in the relative abundance
of Verrucomicrobia is often detected at a depth of
10—50 cm, indicating the relationship of this group
with the dynamics of organic carbon [21, 22].
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Fig. 3. PCoA analysis of unweighted (a) and weighted (#) Unifrac distances of microbial communities of technozems and embryo-
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0
1h 1 25 50 control Phylum Class Order Family
S NA NA
Thaumarchaeota  Soil Crenarchaeotic group NA NA
NA NA
- Acidobacteria Acidobacteriales Acidobacteriaceae (Sbgrl)
: Acidobacteria Blastocatella Blastocatellales Blastocatellaceae (Sbgrd)
Solibacteres Solibacterales Solibacteraceae (Shgr3)
Sbgré NA NA
Acidimicrobia Acidimicrobiales NA
. Microbacetriaceae
Micrococcales .
. . Micrococcaceae
Actinobacteria ’ .,
i . Micromonosporales Microsporosporaceae
Actinobacteria
Streptomycetales Streptomycetaceae
MB-A2-108 NA NA
Gaiell
Thermoleophilia Gaieilales G’QNZCME
Cytophagia Cytophagales Cytophagaceae
m Flavobacteriales Flavobacteriaceae
Bacteroidetes Flavobacteria Sphingobacteriales Saprospiraceae
Araerolineales Anaerolineaceae
P2-11E NA NA
Gemmatimonadetes Gemmatimonadetes Gemmatimonadales Gemmatimonadaceae
Nitrospirae Nitrospira Nitraspirales Nitrospiraceae
Alphaproteobacteria Rhizobiales Bradyrhizobiaceae
Xanthobacteraceae
Sphingomonadales Shphingomonadaceae
T . Burkhoideriaceae
. Burkholderiales
. Betaproteobacterio Comamonadaceae
Proteobacteria . .
Nitrosomonadales Nitrosomonadaceae
Desulfuromonadales Geobacteraceae
Myxococcales Blriidl
Gammaproteobactetic Xanthomonadales xi
Verrucomicrobia Spartobacteria Chtoniobacterales SLE

Xiphinematobacteriaceae

Fig. 5. Heat map of the dominant taxa associated with the soil formation stages on the soil heaps in the KMA and the control soil

samples

As Betaproteobacteria and Gammaproteobacte-
ria are often associated with the copiotrophic stra-
tegy [23], their replacement with more oligotrophic
ones (Alphaproteobacteria and Acidobacteria) may
indicate a transition to the climax pedogenesis stage.
Bacteria belonging to the phylum Bacteroidetes are
often involved in the mineralization processes of plant
residues and considered as typical copiotrophs [23],
explaining the decrease in their abundance in the
lower (5—10 cm) soil layers.

Spoil heaps without vegetation (LL1 and LLIb)
were characterized by a specific microbial com-
position. The relatively high content of SO,>~ and
Fe?* jons can explain the appearance of chemolitho-
autotrophs, which are sulfur-reducing agents (e.g.,
Desulfurellaceae). In this variant, Acidobacteria was
the lowest, and the relative content of Actinobacte-
ria was increased. The latter are mainly represented
by Actinomycetes, Streptomycetaceae, and Micro-
monosporaceae (Fig. 5), which can form spores and
live under unfavorable conditions with a low organic

carbon content and moisture. Nitrosomonadales
(Betaproteobacteria) and Sphingomonadales (Alp-
haproteobacteria) were the dominant Proteobacte-
ria. In the control samples, the proportion of Rhizo-
biales (Alphaproteobacteria) and Burkholderiales
(Betaproteobacteria) increased. Burkholderiales are
characterized by their wide adaptability to the envi-
ronment and ability to use various substrates. The
gradual increase in other typical rhizosphere micro-
organisms (e.g., Bradyrhizobiaceae and Xantho-
bacteriaceae) with soil age may suggest a possible
role of these bacteria in soil restoration and specify a
certain pedogenesis stage. Bradyrhizobiaceae were
identified as part of the core component of all types
of Russian soils [24]; therefore, this family of bacteria
can be an indirect indicator of the soil ecosystems’
climax stage.

CONCLUSION
This study compared the temporal dynamics of
HM content and the structure and number of pro-
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karyotic communities in technozems formed in iron
ore mining areas in the KMA region at different
stages of soil ecosystem restoration. A gradual in-
crease in organic carbon and total nitrogen in soils
and an abundance of archaea were noted. During
soil-forming processes in technozems, a decrease in
Gammaproteobacteria, Betaproteobacteria, Gem-
matimonadetes, and Bacteroidetes was noted. In
contrast, several taxa (Thaumarchaeota, Brady-
rhizobiaceae, Blastocatellaceae, and Xantobacte-
riaceae) gradually increased in numbers. High Zn
concentrations indirectly affect the number of ar-
chaea, contributing apparently to their occupation
of ecological niches occupied previously by bacteria.
Technozems of different ages had a similar struc-
ture and diversity of prokaryotic communities, sig-
nificantly different from mature soil. These results
showed that HM contamination has a long-term
destructive effect on soil microbial communities.
After 50 years, no significant decrease in soil con-
tamination with HM and restoration of the soil eco-
system function was revealed on overburden spoil
heaps.

Conflict of interest. The authors declare no con-
flict of interest.

This work was supported by the Russian Science
Foundation (grant no. 171601057).

REFERENCES

1. Sourkova M, Frouz J, Fettweis U, et al. Soil
development and properties of microbial bio-
mass succession in reclaimed post mining sites
near Sokolov (Czech Republic) and near Cott-
bus (Germany). Geoderma. 2005;129(1-2):
73-80. https://doi.org/lO.1016/j.geoderma.2004.
12.032.

2. Dangi SR, Stahl PD, Wick AF, et al. Soil mi-
crobial community recovery in reclaimed soils
on a surface coal mine site. Soil Sci Soc Am J.
2012;76(3):915-924. https://doi.org/10.2136/
sssaj2011.0288.

3. Liu S, Liu W, Yang M, et al. The genetic diversity
of soil bacteria affected by phytoremediation in
a typical barren rare earth mined site of South
China. Springerplus. 2016;5(1):1131. https://
doi.org/10.1186/s40064-016-2814-0.

4. CwmosbHukoBa B.B., Emesbsnos C.A. Buorexto-
JIOTHUYECKHEe OCHOBBI ONTHMH3ALMH MHKPOMJIOPLI
Hedpresarpsstentbx cyberparos // HOr Poccuu:
skoJiorusi, passutre. — 2010. — T. 5. — Ne 3. —
C. 106—110. [Smolnikova VV, Emilyanov SA.
Biotechnological bases of optimization of mi-
croflora of the petropolluted substrata. Ug Ros-
sii: ecologia, rasvitie. 2010;5(3):106-110.
(In Russ.)]

5. Frouz J, Novakowa A. Development of soil
microbial properties in topsoil layer during
spontaneous succession in heaps after brown
coal mining in relation to humus microstruc-
ture  development. Geoderma. 2005;129:
54-64. https://doi.org/10.1016/j.geoderma.
2004.12.033.

6. Zhelezova A, Chernov T, Tkhakakhova A, et al.
Prokaryotic community shiits during soil forma-
tion on sands in the tundra zone. PLoS One.
2019;14(4): e0206777. https://doi.org/10.1371/
journal.pone.0206777.

7. Appenroth KJ. Definition of «Heavy Metals» and
their role in biological systems. Soil Biology.
2010;19:19-29. https://doi.org/10.1007/978-3-
642-02436-8 2.

8. Camnrampkuena JI.X., Canrampkuesa O.C., JlaBae-
Ba LI.JI., u ap. TsKesbie MeTasibl B KOMITOHEH -
tax JanamadroB Kanmbiknu // IOr Poccun:
skoJsiorust, pagsutue. — 2010. — T. 5. — Ne 1. —
C. 156—161. [Sangadjieva LH, Sangadjie-
va OS, Davaeva CD, et al. Heavy metals in the
landscape components of the Kalmykia. Ug Ros-
sii: ecologia, rasvitie. 2010;5(1):156-161.
(In Russ.)]

9. Lorenz N, Hintemann T, Kramarewa T, et al.
Response of microbial activity and microbial
community composition in soils to long-term
arsenic and cadmium exposure. Soil Biol Bio-
chem. 2006;38(6):1430-1437. https://doi.org/
10.1016/].s0ilbio.2005.10.020.

10. Oliveira A, Pampulha ME. Effects of long-
term heavy metal contamination on soil micro-
bial characteristics. J Biosci Bioeng. 2006;
102(3):157-161. https://doi.org/10.1263/
jbb.102.157.

11. Golebiewski M, Deja-Sikora E, Cichosz M, et
al. 16S rDNA pyrosequencing analysis of bac-
terial community in heavy metals polluted soils.

® dKo102uUHeCKaAa eeHemuKa

TOM 18 Ne3 2020

ISSN 1811—-0932



340

ECOSYSTEMS METAGENOMICS

Microb Ecol. 2014;67(3):635-647. https://doi.
Org/IO.1007/500248-013-0344-7.

Ne 4. — C. 40—41. [Stifeev Al, Golovastikova AV,
Bessonova EA. Ismenenia sostava 1 structury

12. KonecnukoB C.U., SIpocnaBues M.B., CnuBako- microbnogo soobschestva v usloviyah tehnogen-
Ba H.A., u np. Bausinue 3arpsisHeHUsi TsXKeJIbIMH nogo landshafta otvalov Mihaylovskogo GOKa
MeTaJylaMd Ha OHOJIOTHYECKHE CBOKMCTBA TOPHBIX KMA. Vestnik Kurskoy gosudarstvennoy sel-
yepHozeMoB tora Poccuu // FOr Poccun: 3sKo- kohozyaystvennoy akademii. 2011;(4):40-41.
gorust, pagsutne. — 2012, — T. 7. — Ne 2. — (In Russ.)]

C. 103—109. [Kolesnikov SI, Yaroslavcev MV, 18.bpunnykosa E.E. 3akoHomMepHOCTH aKKymy-
Spivakova NA, et al. Influence of pollution by JISIUMK BaJIOBBbIX M MOJABHAKHBIX (DOPM TSKeJbIX
heavy metals on biological properties of moun- MeTaJlJIOB B YepHO3eMe THUIIMYHOM loro-3amna-
tain chernozems of the south of Russia. Ug Ho#t Jlecocrenu: ABroped. auc. .. I0KT. GHOJ.
Rossii: ecologia, rasvitie. 2012;7(2):103-109. Hayk. — Kypcek, 2010. — 19 c. [Brindukova EE.
(In Russ.)] Zakonomernosti akkumulyatsii valovykh i pod-

13.Li X, Meng D, Li J, et al. Response of soil mi- vizhnykh form tyazhelykh metallov v cherno-
crobial communities and microbial interactions zeme tipichnom yugo-zapadnoy Lesostepi.
to long-term heavy metal contamination. Envi- [dissertation abstract] Kursk; 2010. 19 p.
ron Pollut. 2017;231(Pt 1):908-917. https://doi. (In Russ.)]. Hocrynno no: https://search.rsl.
org/10.1016/j.envpol.2017.08.057. ru/ru/record/01004617735. Ccbiika akTHBHA

14. Crucpees A.U., Huxkutuna O.B., Becconosa E.A., na 02.02.2020.

Kemos K.H. PekynbtuBaiusi Hapyiennubsix 3emenb  19. Boldt-Burisch K, Naeth MA, Schneider BU, et
U TEXHOJIOTHH MX pealbWMTaldK HA TEePPUTOPHH al. Linkage between root systems of three pio-
Llentpanbioro  Yepnosembsi //  Meskmynapos- neer plant species and soil nitrogen during early
HBIH CeJIbCKOXO3AHCTBEHHbIH KypHaa. — 2017, — reclamation of a mine site in Lusatia, Germa-
Ne 6. — C. 34—38. [Stifeev Al, Nikitina OV, ny. Resoration Ecology. 2015; 23(4):357-365.
Bessonova EA, Kemov KN. Recultivacia narush- https://doi.org/10.1111/rec.12190.

ennyh zemel 1 tehnologii ih reabilitacii na terri- 20. CemenoB M.B., Manyuaposa H.A., Crena-
torii Centralnogo Chernozemya. Mezhdunarod- HoB A.JI. Pacnpenenenne wmeraGosMueckd ak-
nyi sel’skokhoziaistvennyi zhurnal. 2017;(6): TUBHBIX TMpEJICTAaBUTeJIeH TpPOKapuot (apxef
34-38. (In Russ.)]. https://doi.org/10.24411/ v Gakrepui) mo npoduasiM dyepHozema U Oypoi
2587-6740-2017-16008. noslynycTeiHHOR mouBbl // TlouBoBeneHne. —

15. Caporaso JG, Kuczynski J, Stombaugh J, et 2016. — Ne 2. — C. 239—248. [Semenov MV,
al. Correspondence QIIME allows analysis of Manucharova NA, Stepanov AL. Distribution of
high- throughput community sequencing data metabolically active prokaryotes (Archaea and
Intensity normalization improves color calling in Bacteria) throughout the profiles of cherno-
SOLID sequencing. Nature Publishing Group. zem and brown semidesert soil. Pochvovede-
2010;7(5):335-336. https://doi.org/10.1038/ nie. 2016;(2):239-248. (In Russ.)]. https://doi.
nmeth.f.303. org/10.7868/S0032180X16020106.

16. DeSantis TZ, Hugenholtz P, Larsen N, et al. 21.Bergmann GT, Bates ST, Eilers KG, et al. The
Greengenes, a chimera-checked 16S rRNA gene under-recognized dominance of Verrucomi-
database and workbench compatible with ARB. crobia in soil bacterial communities. Soil Biol
Appl Environ Microbiol. 2006;72(7):5069-5072. Biochem. 2011;43(7):1450-1455. https://doi.
https://doi.org/10.1128/AEM.03006-05. org/10.1016/j.s0ilbio.2011.03.012.

17. Ctudpees AWM., TonosactukoBa A.B., Beccono- 22.Semenov MV, Chernov TI, Tkhakakhova AK,
Ba E.A. VM3meHeHHe coctaBa M CTPYKTYpbl MH- et al. Distribution of prokaryotic communities
KPOOHOTO COOOIIECTBA B YCJOBUSIX TEXHOTEHHO- throughout the Chernozem profiles under differ-
ro snanmuadra orBanoB Muxaisosekoro 'OKa ent land uses for over a century. Appl Soil Ecol.
KMA // Bectuuk Kypckoii rocynapeTBeHHOR 2018;127:8-18. https://doi.org/10.1016/j.ap-
cesibCKoXo3siicTBeHHOH akanemun. — 2011, — 50i.2018.03.002.

% ecological genetics 2020;18(3) eISSN 2411-9202



METATEHOMHKA 9KOCHCTEM

341

23. Elliott DR, Thomas AD, Hoon SR, Sen R.
Niche partitioning of bacterial communities in
biological crusts and soils under grasses, shrubs
and trees in the Kalahari. Biodiversity Con-
servat. 2014;23(7):1709-1733. https://doi.
org/10.1007/s10531-014-0684-8.

% Authors and affiliations

24.Pershina EV, Ivanova EA, Korvigo 10, et al.
Investigation of the core microbiome in main
soil types from the East European plain.
Sci  Total Environ. 2018;631:1421-1430.
https://doi.org/10.1016/j.scitotenv.2018.
03.136.

% VHbopmaumsa 06 aBTopax

Ekaterina A. Ivanova — PhD of Biology, Senior Researcher of the
Department of Biology and Biochemistry of Soils, V.V. Dokuchaev
Soil Institute, Moscow, Russia; Research Scientist of the
Laboratory of Microbiological Monitoring and Bioremediation of
Soils, All-Russian Research Institute for Agricultural Microbiology,
Pushkin, Saint Petersburg, Russia; Research Scientist of the
Department of the Modelling of Adaptive Agrotechologies,
Agrophysical Research Institute, Saint Petersburg, Russia.
E-mail: ektrnivanova@gmail.com.

Elizaveta V. Pershina — PhD of Biology, Senior Researcher
of the Laboratory of Microbiological Monitoring and
Bioremediation of Soils. All-Russian Research Institute of an
agricultural microbiology; Pushkin, Saint Petersburg, Russia.
E-mail: microbioliza@gmail.com.

Dina V. Karpova — Dr. Sc. of Agricultural Sciences, of the
Department of Soil Erosion and Consernation of the Faculty of
Soil Science of Lomonosov Moscow State University, Moscow,
Russia. E-mail: karpovad@mail.ru.

Azida K. Tkhakakhova — PhD of Biology, Senior
Researcher of the Department of Biology and Biochemistry
of Soils. V.V. Dokuchaev Soil Institute, Moscow, Russia.
E-mail: azida271183@mail.ru.

Alyona D. Zhelezova — PhD of Biology, Senior Researcher of the
Department of Biology and Biochemistry of Soils. V.V. Dokuchaev
Soil Institute, Moscow, Russia. E-mail: alferrum@mail.ru.

Olga B. Rogova — PhD of Biology, Senior Researcher of the
Department of Biology and Biochemistry of Soils. V.V. Dokuchaev
Soil Institute, Moscow, Russia. E-mail: olga_rogova@inbox.ru.

Mikhail V. Semenov — PhD of Biology, Senior Researcher of the
Department of Biology and Biochemistry of Soils. V.V. Dokuchaev
Soil Institute, Moscow, Russia. E-mail: gosmv@rambler.ru.

Anatoly I. Stifeev — Dr. Sc. of Agricultural Sciences, Chief
Researcher of the Department of Ecology, Gardening and
Protection of Plants, Kursk Agricultural Academy, Kursk, Russia.
E-mail: stifeev09.2015@yandex.ru.

Dmitry A. Nikitin — PhD of Biology, Researcher of the
Department of Soil Biology and Biochemistry. V.V. Dokuchaev
Soil Institute, Moscow, Russia. E-mail: dimnik90@mail.ru.

Tatiana V. Kolganova — PhD of Technical Sciences, Senior
Researcher, Institute of Bioengineering, Federal Research Center
“Fundamentals of Biotechnology” of the Russian Academy of
Sciences, Moscow, Russia; E-mail: info@fbras.ru.

Ekarepuna AnapeesHa UBaHoBa — KkaHji. OWOJI. HayK, CTapllni
Hay4HbIHl COTPYAHHK oTiesa Guojornu U Guoxumuu nous PIBHY
QUL «ITouBennbiit uuerutyt um. B.B. IlokyuaeBa», Mocksa;
Hay4HbIHl COTPYAHHK J1aGOpPaTOPUH MUKPOOHOTOTHYECKOTO MOHHTO-
puxra u 6uopemennauuu nous, PIbHY BHMKMCXM, Ilyuwkuy,
Cankr-IlerepOypr; HaydHblil COTPYAHHK OT/e]a MOJEJIHPOBAHUS
anantusHblx arporexnosiornit, I'BHY ADOU, Cankr-IlerepOypr.
E-mail: ektrnivanova@gmail.com.

EausaBera Baagumuposna Ilepumna — kaunn. 6uoJ. Hayk,
CTapUMi Hay4HbIA COTPYAHUK J1abopaTOPUH MHKPOOHOJOrHYECKOro
MoHuTOpHHTa U Guopememuaunn nous. PIEHY BHUHMCXM,
[Mywikun, Cankr-TlerepGypr. E-mail: microbioliza@gmail.com.

Jluna BsiuecnaBoBHa KapmoBa — 1-p c.-X. Hayk, Beayliuii
HAYYHBIH COTPYIHUK Kaeipbl 3PO3UU OLEHKH M04YB (paKyJibre-
Ta nouBoBeeHnst. MOCKOBCKHII rOCYIapCTBEHHbIH YHHBEPCHTET
uM. M.B. Jlomonocosa, Mocksa. E-mail: karpovad@mail.ru.

Asuna KaementoBHa TxakaxoBa — KaHA. C.-X. HaykK, CTapLIni
HAy4HbIl COTPYIHUK OTAe/a OHOJIOTHH M GHOXHMHM MOYB.
OI'BHY ®ULL «IlouBennbiii uucrutyt um. B.B. okyuaeBa»,
Mocksa. E-mail: azida271183@mail.ru.

Anena JmutpueBna )Kene3oBa — KaHji. OHOJ. Hayk, Hayd-
HBIIl COTPYIHHUK OTAe]a GHOJMOTHH U GHOXUMHHU TOYB.

OI'BHY PUILL «ITouBennbiit uneruryt um. B.B. IlokyyaeBa»,
Mocksa. E-mail: alferrum@mail.ru.

Oabra BopucoBHa PoroBa — kanjx. 6HOJI. HayK, HAy4YHbBIH CO-
TPYAHUK OTjesa OuoJioruu v 6noxumun nous. @PIBHY

DUILL «Ilouennsiit uHcTHTYT MM. B.B. [lokyuaeBa», Mocksa.
E-mail: olga_rogova@inbox.ru.

Muxaun BsueciaBosuu CemeHoB — Kkamji. OHOJI. Hayk,
CTaplUMi Hay4YHbIH COTPYAHUK OT]esa OUOJIOTHM U OMOXMMHU
nous. PIBHY OUILL «Ilousennbiii uuctutyt um. B.B. Jlokyuae-
Ba», Mockpa. E-mail: gosmv@rambler.ru.

Anatoanit UBanoBuu CtudeeB — 1-p c.-X. Hayk, IVIaBHbBIH
Hay4HbIl COTPYIHUK Kaceapbl SKOJIOTHH, CaJOBOJACTBA

u 3aumtbl pacrenuii. PIBOY BO «Kypekas [CXA»,
Kypcek. E-mail: stifeev09.2015@yandex.ru.

Jmutpuit Anekceesnu Hukutun — xauia. GHOJI. Hayk,
Hay4yHBIl COTPYAHHUK OT/esa OMOJOTHH M GHOXMMMH TIOUB.
OI'BHY PULL «ITouBennbiit unerutyt um. B.B. lokyuaeBa»,
Mockga. E-mail: dimnik90@mail.ru.

Tatbsina Bnaagumuposna KoaranoBa — Kkauj. TexH. Hayk,
crapwnil HayuHblil cotpynnnk, ®ULL “PDyunamenranshelie
OCHOBbI OHOTexHOJOrMKH PocCHICKON aKageMHu Hayk»,
Mocksa. E-mail: info@fbras.ru.

® dKo102uUHeCKaAa eeHemuKa TOM 18

Ne 3 2020 ISSN 1811—-0932



342

ECOSYSTEMS METAGENOMICS

% Authors and affiliations

% MHdbopmaumsa 06 aBTopax

Evgeny E. Andronov — PhD of Biology, Leading Researcher

of the Department of Biology and Biochemistry of Soils, V.V.
Dokuchaev Soil Institute, Moscow, Russia; Manager of the
Laboratory of Microbiological Monitoring and Bioremediation of
Soils, All-Russian Research Institute for Agricultural Microbiology,
Pushkin, Saint Petersburg, Russia. E-mail: eeandr@gmail.com.

Eprenuit EBreHbeBuy AHAPOHOB — KaH1. OHOJ. Hayk,
BeJylIMi HayuHbIHl COTPYIHHK OTHesa GHOJOTHH U THOXUMHH
nous, ®I'BHY OUILL «Ilousenusiii uncrutyt um. B.B. Jlokyuae-
Ba», MockBa; 3aBejylollHii J1abopaTopUn MUKPOOHOJIOTHUECKOTO
MoHuTOpHuHra W Ouopemennauuu nous, ®IBHY BHUMCXM,
[Tywkun, Cankr-ITerep6ypr. E-mail: eeandr@gmail.com.

% ecological genetics 2020;18(3) eISSN 2411-9202



