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Abstract 
The microbiome of initial soils formed at the heaps and bottoms of surface sediment 
quarries in the surroundings of Yakutsk City (Eastern Siberia, Russia) has been character-
ized for the first time. In the initial Entisols, we detected Alphaproteobacteria (repre-
sented mainly by the family Rizobiales), Gammaproteobacteria, Actinobacteria, Acido-
bacteria, Bacteroidetes (mostly Chitinophagales), Deltaproteobacteria, and Chloroflexi. 
The lower soil horizons had a more homogenous species diversity taxonomy that was 
dominated by Gammaproteobacteria. The morphologically different horizons did not 
differ microbiologically. This is caused by the limited soil development and relatively 
slow rate of revegetation of the spoil banks and heaps of the quarries under the severe 
climatic conditions of the Eastern part of Russian Arctic zone. Based on our findings, we 
propose that the soil microbiomes in such recently abandoned quarries are characterized 
by low diversity, which is a characteristic feature of the polar soils surrounding Yakutsk. 
Data obtained can be used for elaboration of reclamation strategies with taking into 
account the information about key microbial drivers of soil processes. 
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Introduction     
 
     The soil microbiome plays an important 
role in the development of the soil pro-  
file and the implementation of key soil-bio-
chemical processes (Frouz et al. 2016). 
This is especially important for the initial 
stages of soil regeneration following strong 
anthropogenic impacts (Li et al. 2015, Ha-
rantová et al. 2017). Until recently, efforts 

to understand microbial participation in 
soil processes have been limited because 
soil microbiology was mainly based on cul-
tivation methods (Andronov et al. 2011). At 
the same time, cultivated organisms rep-
resent only about 5% of the total soil mi-
crobiome. However, new tools and possi-
bilities for the investigation of soil metag-
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enomic diversity are now driving intensive 
progress in soil microbiology (Andronov 
et al. 2011). 
     Classical microbiological research has 
largely not devoted much attention to the 
ignored northern soils of cold regions. 
Only a few microbiological works can be 
can be reported in this respect. Some stud-
ies were addressed to Yamal and Taymyr 
peninsulas and few islands of the Northern 
Ocean (Kirtsideli and Vlasov 2016, Kirt-
sideli et al. 2014, 2016; Danilova et al. 
2012, Vlasov et al. 2014). These were 
mainly focused on the investigation of the 
microbiota of polar settlements. Data on 
the soil microbial communities that devel-
op on post-mining heaps in the Siberian 
part of Russia are limited by few works 
and this is caused by numerous logistical 
difficulties (Vlasov et al. 2014). It is impor-
tant to understand the structure of micro-
bial communities on post-mine heaps. This 
information is useful for efforts to promote 
soil formation, which could be used to ac-
celerate land reclamation processes and res-
toration of natural/seminatural plant com-
munities. Only a few studies have inves-
tigated the soil microbiomes of former 
mines in the Arctic (e. g. White et al. 
2015). It has been shown that Proteobacte-
ria are the most dominant family of bacte-
ria in former asbestos mines of Northern 
Canada. Metagenomic investigation of po-

lar urban environments (Kirtsideli et al. 
2017a,b) showed that the diversity of fungi 
is increased in urban environments relative 
to natural environments. The same results 
were shown for Antarctic environments af-
fected by human in comparisons with na-
tive ones (Kirtsideli et al. 2017). At the 
same time, the microbiome of anthropo-
genically-affected soil (Technosol, Turbic, 
Transportic) of the territory of Bellings-
hausen station (King George Island, Ant-
arctica) had a lower diversity of microor-
ganisms than natural soils of the same area 
(Abakumov et al. 2017, Pershina et al. 
2018a). In addition, it is possible that glob-
al warming will lead to the changes in the 
soil microbial community in the Arctic. 
These changes may comprise an increase 
in the dominance of the Actinobacteria 
and significant reductions in the Gemma-
timonadaceae and Proteobacteria in the 
soil organic layer (Deslippe et al. 2012). 
     Here we aimed to characterize the meta-
genomic composition of the soil microbi-
ome of young developing soils of the post-
mining landscape of Central Yakutia. This 
work had two principal objectives: (1) to 
investigate the soil restoration process in 
cases of abundant and reclamation practic-
es; and (2) to characterize the soil microbi-
al community using the α- and β-diversity 
indexes. 

 
 
Material and Methods 
 
The study sites 
 
     We analyzed soils of various types of 
surface quarries used for road construction 
(Table 1). The sampling sites P1 and P2 
were two soil sections, which were quar-
ries of sand and gravel deposits. These soils 
were similar to a great extent, and were in 
the initial stages of formation. P3 was the 
bottom of the open pit, deposits and soil 
formation were not noted. The control soils 

(Y1 and Y2) were morphologically similar, 
i.e. gray-humus Psammozems (Arenosols) 
formed on the surface of dumps from sand 
and gravel production. There was an evi-
dence of an accumulation of organic mat-
ter in the upper horizons, passing sharply 
and directly into the horizon of the parent 
rock. 
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Sample 
code 

Type of 
environment Coordinates Soil name, vegetation 

cover 

Names of 
horizons, 
depth, cm 

P1 The bottom of 
the Kildyamsky 
sand quarry 

N 62°19,0717'  
E 129°47,3377' 

Embryozem organo-
accumulative, forbs 
with a predominance 
of fireweed 
(Chamaenerion 
angustifolium) 90–
100% projective cover 

P1.AO 0-5 
R1.C 5-15 
  

P2 The bottom of 
the Kildyamsky 
sand quarry  

N 62°19,0953'  
E 129°47,3289' 

Initial embryozem, 
single specimens of 
ruderal vegetation 
(Chamaenerion 
angustifolium, 
Tussilago farfara) 

Р2.С - 0–27  

P3 The bottom of 
the Kildyamsky 
sand quarry 

N 62°19,0845' 
E 129°47,4106' 

Organo-accumulative 
embryozem, young 
pine forest (Pinus 
sylvestris).  

P1.AO 0-3 

Y1 Old Tabaga 
settlement, self-
growing quarry 
for sand and 
gravel deposits 

N 61°50,16112' 
E 129°31,3011' 

Gray-humus 
psammozem (Betula 
alba, Salix caprea, 
Pinis sylvestris. ) forbs, 
32% projective cover.  

Y1.AY 0-5 
Y1.C 5-30 

Y2 A quarry for the 
extraction of 
packed sand 
deposits in the 
area of Yakutsk 
poultry farm 

N 61°59,4031' 
E 129°35,5803' 

Gray-humus 
psammozem, single 
plant (Phragmites 
australis) overgrowing, 
55% projective cover. 

Y2.AY 0-3 
Y2.C 3-30 

 
Table 1. Characterics of sampling plots. 
 
 
Sampling and routine chemical analyses 
     
     Samples from each point were taken in 
triplicate for molecular analysis, as well as 
one sample for agrochemical studies. The 
selected samples were transported at 4°C 
and stored at -20°C. Fig. 1 brings several 
images of the sampling sites and surround-
ing vegetation. The organic carbon content 
was estimated using a C-H-N analyzer –
Euro 3028-HT [1]. The pH values of the 
aqueous extract were determined at a ratio 
of 1:2.5. The Kirsanov method with the 

CINAO modification ([4]-GOST R 54650-
2011) was used to determine the mobile 
phosphorus and potassium compounds. The 
exchangeable forms ammonium rate was 
determined according to the CINAO meth-
od ([2]-GOST 26489-85), and the nitrates 
were determined by the ionometric method 
([3]-GOST 26951-86). The rates of basal 
respiration (BR) were measured according 
to the method of Ananeva (Ananeva et al. 
2011). 
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Fig. 1. Sampling sites. a- P1 soil, b- P1 –vegetation cover, c- P2 – soils, d- bottom of the quarry 
with sparse vegetation cover, e- P3 – soil, f- P3 – spontaneous revegetation, g- Y1 – soil,              
h-  spontaneous revegetation, i- Y2 – soil,  j- spontaneous revegetation. 
 
 
Metagenomic studies. DNA isolation 
 
     DNA was isolated using the MN Nucleo 
Spin Kit (MN, Germany). A Precellus 24 
homogenizer (Bertin, USA) was used as a 
destructive mechanical action. The quality 

of the resulting preparation was checked 
electrophoretically (1% agarose gel, Bio-
Rad, USA) and by PCR (Bio-Rad T100 
Thermal Cycler).  

 
DNA Sequencing 
     
     DNA sequencing was performed via 
Illumina MiSEQ sequencing system (USA), 
with primers F515 (GTGCCAGCMGCCG 
CGTAA) and R806 (GGACTACVSGGG 

TATCTAAT) for V4 variable region of the 
16S rDNA gene (Bates et al. 2011), accord-
ing to user´s manual. 

 
Bioinformatic data processing 
 
     Sequence trimming was performed in 
the Trimmomatic program (Bolger et al. 
2014). Forward and reversed reads were 
combined using fastq-join software of ex-
pression analysis (Aronesty 2013). 
     VSEARCH open source tool (Rognes 
et al. 2016) was used to search and filter 
chimeric sequences. Operational Taxonom-
ic Units (OTUs) were determined using 

the close reference method based on the 
SILVA database (Rognes et al. 2016, Yil-
maz et al. 2014). OTUs, attributed as chlo-
roplast/mitochondrial were removed. Alpha 
and beta diversity analyses were also per-
formed using the QIIME package (Capo-
raso et al., 2010) and the mantel test from 
the QIIME package, with 999 permuta-
tions. 

 
Real-Time PCR  
 
     For quantitative PCR, we used primers 
against three groups of microorganisms: 
bacteria - EUB338 (ACTCCTACGGGAG 
GCAGCAG) and EUB518 (ATTACCGC 

GGCTGCTGG) - Lane (1991), Muyzer et 
al. (1993); archaea - ARC915f (AGGAAT 
TGGCGGGGGAGCAC) and ARC1059r 
(GCCATGCACCWCCTCT) - Yu et al. 

i j 
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(2005); fungi – ITS1f (TCCGTAGGTGA 
ACCTGCGG) and 5.8S (CGCTGCGTTC 
TTCATCG) - Gardes and Bruns (1993). To 
prepare the reaction mixture, the qPCRmix 
-HS SYBR Kit (Eurogen, Russia) was 
used according to the manufacturer’s in-
structions. A series of ten-fold dilutions of 

16S (E. coli and H. pilori) and ITS1 (S. ce-
revisiae) fragments were used as standards. 
A CFX96 thermocycler (BioRad, Germa-
ny) was used to perform PCR using the 
cycling parameters: 95°C for 3 min, 40 cy-
cles of 95°C for 20 s, 50°C for 20 s, 72°C 
for 20 s. 

 
Results and Discussion 
 
Chemical analysis 
 
     Table 2 provides data for multiple agro-
chemical parameters. The upper horizon of 
the Y1 quarry is characterized by a high 
level of basal respiration (BR), compara-
tively high fractions of organic carbon and 
nitrogen in the soil, and neutral pH values. 
Such conditions contribute to the growth 
of microorganisms, which is also reflected 
in a number of rDNA gene copies, ob-
tained by Real-Time PCR. The lower ho-
rizon, however, is relatively poor: small 
amounts of nitrogen and carbon and a low 
basal respiration. The Y2 quarry also shows 

low levels of BR and nitrogen and carbon 
levels. 
     In the Р1 quarry, there is a decrease    
in pH compared to Y1. Relatively large 
amounts of carbon and nitrogen were found 
in the P1. Low levels of nutrition compo-
nents in Р2 and Р3 quarries, might be ex-
plained by the real-time PCR results (see 
below). Data obtained are in good agree-
ment with those previously published for 
initial soils of Yakutia (Danilova et al. 
2012, Savvinov 2009, 2014). 

 
Alpha biodiversity 
 
     The alpha diversity was described using 
multiple approaches, including the classical 
Shannon indices, the number of OTE found, 
the indices that take into account the phy-
logenetic diversity of the population (PD 
Whole Tree), and the estimated number of 
species (Chao1). The results are shown in 
Table 3. 
     Alpha diversity indices were determined 
by a combination of soil and vegetation. 
Thus, the PD Whole Tree index, which is a 
measure of the phylogenetic diversity of 
populations, is significantly higher in the 
Y1.AY sample (superficial layer) than in 
other samples studied. Also, the high value 
of the Shannon index (as well as the es-
timated number of species, Chao1) appears 
to be associated with a large number of 
bacteria involved in interactions with vari-
ous plants. The lower layer of the same 
portion (Y1.C) is substantially poorer. 

     The second spot (Y2) does not exhibit 
such heterogeneity across the layers within 
the depth. Samples of Y2.AY and Y2.C do 
not differ in terms of alpha diversity. It is 
likely that the monoid cane seeding con-
tributes to the formation of a less diverse 
soil community than occurs with seeding 
by different plants. 
     The Namsky quarries (samples Р1 to 
Р3) are characterized by generally low lev-
els of alpha diversity, except for samples 
Р1.АО. This, however, is again due to the 
presence of different vegetation at the 
bottom of the quarry. Even in this case, the 
values of the PD Whole Tree, Chao1, and 
Shannon indices are less than those of the 
Y1.AY sample and are comparable to the 
variety of other soils. The diversity indices 
are consistently low in the Р2 and Р3 sam-
ples, as well as in the Р3 sample, which is 
associated with the young pine forest. 
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  pHH20 pHKCl EA HA Carbon, 
% 

Nitrogen, 
% 

BR CO2 
mg/g of 

soil/hour 
Y1.AY 5.27 4.98 0.3 0.3 0.33173 0.03937 0.050 
Y1.C 5.87 5.23 0.1 0.2 0.03728 0.01269 0.020 

Y2.AY 5.92 5.54 0.5 0.5 0.72785 0.05032 0.017 
Y2.C 6.02 5.76 0.2 0.2 0.5346 0.04135 0.015 

P2 5.76 5.54 0.1 0.2 0.03366 0.01602 0.023 
P3 5.32 5.12 0.3 0.3 0.1283 0.02718 0.027 

P1.OA 4.87 4.75 0.1 0.2 1.062 0.0715 0.016 
 
Table 2. Nutrition parameters (color represent value: from red to green). Note: pHH20- soil pH in 
water suspension, pHKCl - soil pH in salt suspension, EA - exchangeable acidity, HA - hydro-
lithical acidity, BR - basal respiration. 
 

Sample PD whole tree Chao1 Observed OTUs Shannon 
P1.AO 87.13±6.57 2499.43±341.51 1319.33±123.45 9.33±0.18 
P1.C 77.79±4.74 2191.54±36.94 1222.33±63.04 9.12±0.12 
P2.C 57.35±17.92 1043.11±417.38 661.33±229.32 6.67±1.23 
P3. AO 52.32±16.03 1253.69±468.37 720.67±246.70 7.47±1.21 
Y1.AY 105.56±0.85 2482.36±48.90 1396.00±28.93 9.58±0.06 
Y1.C 74.30±1.22 1204.94±180.85 831.67±36.67 7.84±0.66 
Y2.AY 80.66±16.67 1646.98±539.84 966.33±258.79 8.49±0.69 
Y2.C 94.10±3.40 2242.02±103.55 1194.00±60.40 9.07±0.20 

 
Table 3. Main alpha-diversity indices. Note: PD - phylogenetic distanse, Chao1 - explains 
expected number of OTUs in infinity number of reads, OTU- Operational Taxonomic Unit. Group 
of reads with really high similarity in sequences (more than 97%). The data points are means ± SD.  
 
Beta diversity  
 
     Fig. 2 A and B show the results of beta 
diversity analysis applying the weighted-
unweighted UniFrac technique (Lozupone 
and Knight 2007). 
     Although the horizons of the AO and С 
from P1 pits were similar, forming a ho-
mogenous clusters, it seems likely that the 
morphologically different horizons do not 
differ microbiologically. The structures of 
the microbial communities found in pit P3 
are similar to those of P1. The microbial 
communities of pit P2 differ from other 
communities of this group, and – according 
to the weighted and unweighted analyses – 
are mostly similar to the communities of 
the gentle horizons of pits Y1 (Y1.C). This 
similarity is likely a result of the poverty 

of the soil and the presence of only trace 
quantities of vegetation. 
     The communities of the Y1 pit soil ho-
rizons differ significantly from each other. 
The communities of the upper horizon are 
formed by a separate cluster. Such differ-
ences are likely a result of the wide variety 
of plants, presented by lower and vascular 
plants and, as a result, more active proc-
esses of metabolism. In the second pit of 
the same group (Y2), such changes were 
not detected. Therefore, the communities 
of the soil horizons do not differ from each 
other. The communities of the Y2 pit form 
an isolated cluster. It might be connected 
with monospecific overgrowing by reed 
(Phragmites australis). 
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Fig. 2. Results of Unifrac analyzes. A- PCoA of unweighted UniFrac, B - PCoA of we weighted 
UniFrac. P1, P2,P3, Y1 - sample codes, A0, AY, C - names of soil horizons. 

 
Taxonomic structure of the soil microbiome 
 
     The taxonomic structure of the commu-
nities discussed at the family level is 
shown in Fig. 3. 
     Taxonomy compostion of soil microbi-
ome is presented by normal phyla’s, typi-
cal for polar and boreal environments of 
Eurasia (Pershina et al. 2018b). The family-
level taxonomic analysis revealed differ-
ences among individual points. The quarry 
of Р1 is characterized by the presence of 
Alphaproteobacteria (represented mainly 
by the family Rizobiales) and Gammapro-
teobacteria, as well as members of Acti-
nobacteria and Acidobacteria in the up-    
per horizon (Р1.AO). Alphaproteobacteria 

con-tinue to dominate the lower horizon 
(Р1.C), together with Actinobacteria and 
Bacteroidetes (mostly Chitinophagales). 
The microbial community of Р2 is formed 
by two dominant taxomonic groups 32% 
of the community here is occupied by 
representatives of Bacilli (Baciliales), and 
22% by Gammaproteobacteria. A signifi-
cant number of Alphaproteobacteria (17%) 
and Actinobacteria (27%) are also present. 
The Р3 quarry includes a large number of 
already seen Actinobacteria (23%), Alpha-
proteobacteria (11%), and multiple Bac-
teroidetes (up to 8%). 
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Fig. 3. Main taxa in bacterial communities, family level. 
 
 
     The upper horizon (Y1) represents a 
wide variety of bacteria. In addition to 
Alphaproteobacteria and Gammaproteo-
bacteria, Deltaproteobacteria and Chloro-
flexi were also found. However, the lower 
horizon is extremely uniform; 38% of the 
community belongs to Gammaproteobac-
teria. The Y2 topsoil horizon is moderate-
ly diverse, with a preponderance of Bac-
teoidetes. The lower horizon also moder-

ately diverse, Gamma-, Alpha-, and Bac-
teroidetes are well represented.  In general, 
taxonomy diversity is lesser, that in soils 
of postmining areas of boreal zone, which 
were revealed for south taiga zone (Dmitra-
kova et al. 2008a, b). This can be result    
in different vegetation types and climatic 
conditions, as it was shown for microbi-
omes of zonal soil sequences (Pershina et 
al. 2018b). 
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Real-Time PCR  
 
     Fig. 4 shows real-time PCR data for the 
number of bacteria, archaea, and fungi in 
the samples. The largest number of bac-
teria was observed in the upper layer of   
the Y1 quarry (Y1.AY). There are slightly 
fewer bacteria in the samples from quarry 
Р1 (Р1.AO and Р1.C), and in this quarry, 
their number is relatively large in both 
horizons (P1.OA and P1.C). In other ho-
rizons, the number of bacteria is stably 
low. This well corresponds with data of 
Frouz et al. (2016) and Harantová et al. 
(2017) who revealed strong dependence of 
soil microbiome quality and diversity from 
development rate of soil profile. A similar 
situ-ation – the prevalence of organisms in 

the upper layer of the Y1, and in both 
horizons of the P1 – is observed in the 
analysis of the number of fungi and 
archaea. Only the number of archaea in the 
upper horizon of the quarry of Y2 is re-
liably distinguished: upper layer (Y2.AY) 
shows more organisms, than in the lower 
horizon (Y2.C), or the quarry Р3. The quan-
tity of arhchaea is quite different in com-
parison with initial soils of temperate cli-
mate, which are more developed and en-
riched by nutrients (Pershina et al. 2019, 
Dmitrakova et al. 2018a, b). Thus, the re-
generation potential of soil microbiota can 
be assessed as low for initial soils of cen-
tral Yakutia. 

 

 
 
Fig. 4. Quantity of archaea, bacteria and fungi in samples, by Real-Time PCR data. The data 
points are means ±SD (standard deviation). 
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Conclusions 
 
     In this study, the initial soils of cryo-
lithozone were characterized by few bac-
teria, limited microbial biodiversity, and 
reduced metabolic activity in comparison 
with initial soil of temperate climate. Be-
cause of this, the soil regeneration rate is 
slow. The variety of sites included in this 
study allowed us to characterize different 
processes of soil regeneration at different 
sites and stages of this process. Among  
the tested quarries, the Р2 quarry exhibited 
characteristics such as low nitrogen and 
carbon content, lack of vegetation, and ex-
tremely low alpha diversity indexes. Nev-
ertheless, beta diversity and real-time PCR 
data showed some heterogeneity of quarry 
samples. This is most likely due to some 
heterogeneity of the environmental micro-
niches formed in the soil and the slightly 
different composition of individual topsoil 
layers and consortium of such ecological 
niches. 
     The soil samples collected from the Р3 
quarry were also relatively poor. Regard-
ing alpha diversity, the number of bacterial 
OTE was higher than in Р2, but phyloge-
netically the communites are closer. Regard-
ing the beta diversity, samples from this 
community differed significantly from the 
other samples, possibly due to soil features 
and the taxonomic composition of bacteria 
characteristic of monoid sprouting. How-
ever, the amounts of archaea, bacteria, and 
fungi remained low. The Among the Kil-
dyam quarries, the Kildyam Р1 soil had 
the greatest diversity indices. The upper 
horizon (Р1.АО) exhibited a relatively high 
(greater than in other quarries of this group) 
content of microbial carbon and nitrogen 
(which are indicators of alpha diversity), 
as well as a substantially greater number 
of bacteria, fungi, and archaea (by hun-
dreds of times). This diversity is likely 
facilitated by diverse vegetation, including 
herbs and trees. In the lower horizon 
(Р1.С), the the indicators reached lower 
numeric values than in other horizons (the 

amount of microbial carbon and nitrogen, 
and the diversity indices, the total number 
of bacteria, archaea, and fungi). However, 
these parameters remained larger than in 
the samples of revegetated sites. This is due 
to the extremely small thickness of the up-
per horizon: most of the microbial processes 
continue in the lower horizon of the soil. 
     In Y1 quarry, substantial difference was 
found between the horizons due to higher 
rate of soil development. The upper hori-
zon of Y1.AY (0–5 cm) was rich in mi-
crobial carbon and nitrogen, as well as di-
verse. Among the tested samples, the up-
per horizon of Y1.AY (0–5 cm) had the 
most bacteria, fungi, and archaea (PCR 
data) from the overall list, and the largest 
alpha-diversity index. The lower horizon 
was extremely poor: indices of alpha- and 
beta-diversity were similar to the Р2 indi-
ces, discussed earlier. The main proportion 
(38% of all readings of 16S rDNA) was 
represented by Gammaproteobacteria fam-
ilies. This difference might be due to the 
presence of diverse, predominantly herba-
ceous plants (Onagraceae, Poaceae).  Their 
root systems are located in the upper hori-
zon of the quarry. Therefore, exchange of 
metabolites in the root-soil interface hap-
pens in the upper horizon, while the under-
lying layers remain almost unaffected. 
     The soil horizons of the Y2 quarry were 
relatively homogenous, with only minor 
differences in alpha- and beta-diversity and 
amounts of organisms detected by real-
time PCR. These are moderately active soil 
communities, with betadiversity scores that 
differed from most of the other tested soils, 
possibly due to the features of the original 
soils and monoid germination. 
     Metagenomic data obtained for the first 
time for soils of mining heaps of Eastern 
Siberia will be usefull in future for elabo-
ration the soil reclamation strategies in se-
vere Arctic conditions with taking into ac-
count original information about key mi-
crobial drivers of initial soil formation. 
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