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Abstract

The microbial composition of reclaimed disturbed soil covers may indicate the degree of
their recovery and the processes occurring in them, as well as their suitability for further use in agri-
culture. Kingisepp phosphorite quarry was developed in the 1960s, and at the end of the 1970s rec-
lamation was performed. This object is unique because its soil physical parameters were monitored
for 29 years and the reclamation was performed with the planting of three plant cultures — spruce,
larch and pine. In the area with spruce it was leveled with an addition of peaty-mineral mixture, and
in areas with larch and pine only mineral substrate without peat was added. However, the analysis of
the microbiome composition of the soil cover at the reclamation sites has not yet been carried out.
Our study showed that the structure of the studied soil microbiome did not depend on the physico-
chemical parameters of the soil, the diversity of the soil microbiome did not correlate with the main
mineral nutrients, and the dominant plant species did not significantly affect the structure of the
microbiome. The aim of the work was to study the microbiome of these sites using high-throughput
sequencing of amplicon libraries of the 16S rRNA gene, as well as to search for the connection be-
tween the microbiome composition and the type of remediation and physical and chemical parame-
ters of the soil. For three plots, descriptions of vegetation cover and soil cuts were made, and soil
samples were taken to determine their physical and chemical parameters and DNA extraction. The
granulometric composition of the samples, pH levels, substrate induced and basal respiration, as well
as the content of organic carbon, mobile compounds of phosphorus and potassium, exchangeable
ammonium and nitrates were measured. Quantity of bacteria, archaea and fungi was determined
using real-time PCR. For the analysis of microbial communities, the level of their alpha and beta
diversity was measured, their taxonomic structure was determined, as well as their relationship with
the soil biochemical parameters and vegetation cover. According to the results of the studies, the soil
parameters were similar for all plots, and the levels of basal and substrate-induced respiration were
very low (around 0.02-0.05 pg CO,/g per hour). The plot under the spruce showed a more acidic soil
extract reaction (pH 6.5) than the plots under larch and pine (pH 7.6 and 7.1, respectively). The
type of vegetation was not a sufficiently strong ecological factor and microbial communities turned
out to be close in structure. The quantitative composition of microorganisms did not differ signifi-
cantly between the three experimental plots, except for the lower content of archaea in the plot
with spruce. The level of alpha-diversity of the prokaryotic community in all three plots was also



similar, but the area under the spruce differed from others by a higher diversity of actinobacteria.
Proteobacteria, Actinobacteria and Acidobacteria phyla were dominant in all samples. The most
numerous taxon in all plots was Pseudomonas, in the plot with spruce dominated Actinobacteria,
Rhizobiaceae, Kouleothrixaceae, Ellin6529, N1423WL, with pine — Rhodoplanes and Sinobacter-
aceae, with larch — 1S-44. Pine plot was also characterized by a relative low content of Micrococ-
caceae and Ellin6075, and spruce plot — of RB41. In general, in the studied microbiomes, bacte-
ria are identified that belong to both oligotrophic slow-growing forms characteristic of stabilized
soil communities with a full carbon cycle, and to fast-growing copyotrophic, often associated with
a rhizosphere niche. In this regard, this stage of overgrowing of reclaimed soils of the Kingisepp
phosphorite deposit can be attributed to pre-climax.

Keywords: reclamation, soil microbiome, alpha and beta diversity, high throughput se-
quencing, 16S rRNA

The widespread increase in territories with disturbed soil and plant cover
which require land reclamation is an urgent environmental problem of our time.
The formed mining complexes need restoration and costly reclamation, at the
same time they are good sites for studies of soil formation and primary succes-
sion processes [1]. Such observations are important in the applied aspect, since
reclaimed soils can again acquire agricultural significance [2], and in fundamen-
tal aspects, the study of pedogenesis will allow us to approach understanding of
soil evolution.

As a rule, during restoration of ecosystems, the main attention is paid to
studying the physicochemical parameters of soils [3] or to vegetation cover [4,
5]. However, the soil microbiome remains the key factor in soil formation pro-
cesses [6, 7]. The widest understanding of the microbiome is provided by high-
throughput sequencing methods [8-10], which allow the most complete descrip-
tion of the microbial composition of samples [11]. In this case, the composi-
tion of the microbiome can vary to a significant extent depending on various
biotic and abiotic influences [12]. Soil moisture and pH are among the strong-
est factors affecting soil microbiomes [13, 14]. An important role is given to
the diversity of the vegetation cover [15-17]. In particular, we previously
showed that with a relatively small scatter in the values of physicochemical
parameters within the same soil type, the formation of a certain soil microbi-
ome profile is largely determined by the structure and composition of phytoce-
nosis [18], with differences being observed mainly at a low taxonomic level
(orders, families and genera).

Thus, the issue on how the rehabilitation of the soil cover occurs and
how its microbiome changes in this case remains relevant. At present, the for-
mation and diversity of microbial communities in disturbed territories is largely
associated precisely with the decisive role of plant communities [19]. Since the
rehabilitation of disturbed soil cover takes a long time, for soil studies it is neces-
sary to choose sites that are under long-term monitoring. An example is
Kingisepp quarry, where phosphate rock was mined in the 1960s, and mining
reclamation was carried out in the late 1970s. The uniqueness of this object is that
the monitoring of soil indicators has been carried out here for 29 years, and the
restoration was carried out using three different tree species [20]. However, no
microbial composition analysis has yet been carried out at the reclamation sites,
which would make it possible to assess the degree of restoration of the soil cover.

In the present paper, we showed that in the reclamation areas of the
Kingisepp phosphorite deposit, the structure of the soil microbiome did not de-
pend on the physicochemical parameters of the soil, the diversity of the soil mi-
crobiome did not correlate with the main mineral nutrients, and the dominant
plant species did not significantly affect the microbiome profile.

The aim of our work was profiling microbiomes of reclaimed soils and to
search for patterns that link the microbiome structure with physicochemical soil



parameters and the dominants of woody vegetation.

Materials and methods. The surveys were carried out in 2016 in quarry No.
3 of Phosphorit Production Association (Kingisepp phosphorite deposit, west of the
Leningrad Region, Kingisepp District, between Kingisepp and Ivangorod). Samples
were collected at three 20x40 m sites (Nos. 1, 2 and 3) subjected to restoration in
the 1970s. The age of the test plots was 37, 32, and 28 years, respectively. In 2014,
geobotanical descriptions of the sites were carried out according to the dominant
scheme; in 2016, studied the recent (new) soil formation was studied.

At each site, 3 soil sections were laid. When describing soil profiles, a sub-
stantive-morphological approach was used, based on the identification of soil taxa
by the totality of morphological characters. From each horizon, three probes were
taken, 100 g each, for laboratory analyzes. A 15 g sample from each upper or-
ganomineral horizon was used for microbiological analysis.

The particle size distribution was determined using the Kaczynski pipetting
method with pyrophosphate peptization of microaggregates [21], the organic carbon
content was determined by Tyurin’s method based on dichromate oxidizability
[22], and the pH of the aqueous extract was determined potentiometrically in a
soil:water ratio of 1:2.5. The concentration of mobile phosphorus and potassium
compounds was measured as per Kirsanov in TSINAO modification [23], ex-
changeable ammonium by TsSINAO method [24], and nitrates ionometrically [25].
The substrate-induced respiration (SIR, the measurement is based on the registra-
tion of additional CO, emission in response to glucose as the introduced substrate)
and basal respiration (BR, determined by the same method as SID, but without
enriching soil with glucose) was evaluated as described [26].

DNA was extracted in 4 replicates for each plot by previously developed
method [27] with glass balls of different diameters as abrasive. Soil samples were
homogenized (a Precellys 24 devise, Bertin Technologies, France). The purity and
amount of DNA in the preparation was assayed electrophoretically in 1% agarose
with 0.5 TAE buffer (DNA concentration in a sample averaged 50 ng/ml). Puri-
fied DNA was used for quantitative PCR (qPCR) and preparation of amplicon
libraries as per the instructions of the sequencing protocol (Illumina, Inc., USA).

To identify three main taxonomic groups of microorganisms in the soil,
quantitative qPCR was performed with the following primer pairs: to the 16S
rDNA fragment of bacteria — EUB338 (5-ACTCCTACGGGAGGCAGCAG-3)
and EUB518 EUB518 (5-ATTACCGCGGCTGCTGG-3') [28, 29], to the ar-
chaea 16S rDNA fragment — ARCI915f (5-AGGAATTGGCGGGGGAGCAC-
3) and ARC1059r (5'-GCCATGCACCWCCTCT-3') [30], to the fungal ITS
fragment — ITSIf (5'-TCCGTAGGTGAACCTGCGG-3') u 5.8S (5'-CGC-
TGCGTTCTTCATCG-3') [31]. gPCRmix-HS SYBR kit (Eurogen, Russia) was
used to prepare the reaction mixture according to the manufacturer’s instruc-
tions. The standards were the series of 10-fold dilutions of fragments of the 16S
rRNA gene of E. coli and H. pilori, as well as the ITS1 fragment of S. cerevisiae.
Each sample of the PCR mixture, including standards, was analyzed in tripli-
cate. The measurements were carried out on a CFX96 thermocycler (Bio-Rad,
Germany) according to the following protocol: 3 min at 95 °C; 20 s at 95 °C,
20 s at 50 °C, and 20 s at 72 °C (40 cycles). For replicates of both PCR and dif-
ferent DNA samples in a site), the mean values (M) and standard errors the
mean (XSEM) were calculated. After processing, the results were expressed as
the number of ribosomal operons per 1 g soil

In preparing libraries of 16S rRNA gene fragments for each soil DNA
sample, PCR was performed with universal primers for the variable region V4, the
F515 (5-GTGCCAGCMGCCGCGGTAA-3') and R806 (5'-GGACTACVSGG-
GTATCTAAT-3") (a T100 thermocycler, Bio-Rad, Germany) according to the



following protocol: 3 min at 95 °C; 30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C
(35 cycles) [32]. Sequencing and primary processing of data was performed (an
Illumina MiSeq instrument, (Illumina, Inc., USA) in the ARRIAM Genomic
Technologies and Cell Biology Center for Collective Use of Research Equip-
ment. Sequenced fragments of the 16S rRNA gene were processed using the
Trimmomatic [33] and QIIME [34] software. All adapter sequences were
trimmed, paired-end reads were assembled, and the quality of nucleotide se-
quences was checked. All non-bacterial and chimeric sequences were removed,
and data were normalized. Sequences with more than 97% similarity were com-
bined into operational taxonomic units (OTUs) using the de novo UCLUST-
based algorithm [35]. One sequence was selected from each OTU to compile a
set of representative sequences. The representative sequences were classified us-
ing RDP naive Bayesian rRNA Classifier program, and then aligned according
to PyNast algorithm [36], using the Green-genes coreset database [37] as a ma-
trix. After sequence alignment, distance matrices were constructed within
QIIME using the Euclidean distances.

For a comparative analysis of communities, the indices of a- and B-
diversity were calculated. a-Diversity was evaluated using species richness indices
(the number of OTUs in the sample, Chao 1 abundance index, Faith’s PD phy-
logenetic diversity index) and the Shannon index of diversity H [38-40].

The significance of differences between microbiomes by a-diversity indi-
ces was evaluated using Student’s #-test. To determine B-diversity, the Weighted
unifrac method was used, which allows one to estimate the percentage of simi-
larities/differences between all compared pairs of microbiomes [41]. The results
were analyzed using multivariate statistics (analysis of the main components)
with Emperor software [42]. A Mantel test (Pearson correlation, 100 permuta-
tions) for combined replications was performed with QIIME to assess the corre-
lation of bacterial community composition with concentration of basic soil mac-
roelements [43]. To assess the significance of differences between abundance of
individual taxa in analyzed samples, a script we wrote using the Mann-Whitney
U-test with a significance threshold of 0.05 in Python programming language
[44] was applied in addition to the QIIME software.

The paper presents the mean values of indicators (M) and their standard
errors (£SEM). The revealed differences were considered statistically significant
at p < 0.05.

Results. The Kingisepp quarry was intended for mining phosphorites con-
fined to Obolus sandstones of the Upper Ordovician over which limestones and
dolomites lie, a little above which there are Middle Devonian clays, marls,
sands, and mudstones. Lacustrine-glacial sands and sandy loams, moraine loams
and peat are the Upper Quaternary sediments deposits [3]. All these rocks to one
degree or another compose quarry dumps. The phosphorite deposit has been de-
veloped open pit since the 1960s. As a result, dump areas of different ages were
formed, on which, after several years of self-growth and spontaneous subsidence
of the rocks, mine reclamation was applied. This territory is one of the largest in
the north-west of Russia in terms of area of violation and the scale of remedia-
tion work.

During mine technical restoration at site No. 1 in 1979, after leveling the
dumps, a peat-mineral mixture (quaternary loamy-sandy rocks with an impurity
peat content of 20-30%) was applied to the blocky material, then biological re-
cultivation was used (planting of spruce seedlings). In sites No. 2 and No. 3,
after dump leveling, a mineral substrate consisting of the so-called loose rock
that does not contain peat impurities was distributed along the surface. Larches
were planted in site No. 2, and pines were planted in site No. 3.



The soils of the reclaimed sites are carbo-lithozems. In general, the main
soil parameters turned out to be similar in all sites. However, we note that the
content of mobile phosphorus and nitrates is more than 2 times higher in site
No. 2 under larch compared to similar horizons in other areas (Table 1). The
pH of the aqueous soil extract in the site No. 1 (under the spruce) is weakly
acidic, while in the rest it is slightly alkaline. As per granulometric composition,
replantozems were characterized as medium loams.

1. Soil biochemical and granulometric parameters of various phytocenoses in the

sites of long-term restoration (quarry No. 3 of PO Phosphorite, Kingisepp
phosphorite deposit, Leningrad Province, Kingisepp District, 2016)

Replantozem

Parameter

peat-mineral mixture

on mineral rock

under the spruces
37 years, site No. 1

under the larches,
32 years, site No. 2

under the pines,
27 years, site No. 3

Soil horizon type AY ( AY AY
Depth, cm 3-18 1-18 1-10
PHpwater 6.5 7.6 7.2
Corz.» % 2.0 2.4 1.9
Niotal» % 0.20 031 0.46
C/N 11.6 8.9 48
N (NHy), mg/kg 311 27.2 27.4
N (NO3), mg/kg 0.24 0.82 0.37
P (P,05), mg/kg 2043.5 4198.5 1731.5
K (K;0), mg/kg 338.3 242.7 214.7
Particle fraction, %:
<0.001 mm 15.0 22,0 24.3
<0.01 mm 33.2 36 36
0067 a | In all sites, we revealed very low rates
2 .05 of basal and substrate-induced soil respiration
2o (Fig. 1) with maximum of 0.05 pyg CO,/(g- h)
S . and minimum of 0.02 yg CO,/(g*h). Addi-
o 0.034 . .. .
2 0 tional CO, emissions were observed only in
2 site No. 2 (under larch). In general, the soils
> 001 formed on dumps under pines showed the
0- 1 2 3 least respiratory activity. It should be noted
Land sites

Fig. 1. Basal (a) and substrate-induced (b)
soil respiration of organomineral horizons
(AY) in various phytocenoses at sites of
long-term restoration (» = 3, M=*SEM,
quarry No. 3 of PO Phosphorite, Kingisepp
phosphorite deposit, Leningrad Province,
Kingisepp District, 2016). For description
of sites by type of reclamation, see the
section Materials and methods.

that there were no significant differences be-
tween the two indicators, although they are
usually observed for mature soils of climax
ecosystems.

The microbial biomass varied from
1.6+0.1 pg C g (under pines, site No. 3) to
2.4%+0.09 pg C g (under spruces, site No. 1).
The values of the microbial metabolic coeffi-

cient (the ratio of basal respiration to the
carbon content of microbial biomass) were extremely small, the maximum value of
0.021%0.002 pg CO,-C/(mg C,yic. - h) was also recorded for the soil under spruces,
the minimum 0.010+0.005 pg CO,-C/(mg Cpic. - h) for soil under larches (site
No. 2).

Right after the measures of mining recultivation were applied, self-growth
of typical explerents occurred, including Tussilago farfara L., Chamaenerion an-
gustifolium (L.) Scop., and Calamagrostis epigeios (L.) Roth. By 2014, spruce for-
est was formed in site No. 1, where we identified 11 species of higher vascular
plants, 2 ligneous and 9 grassy species, from 8 families. The total projective cover
of grassy vegetation here was 5%. In site No. 2 under larches, it reached 25%. In
total, 14 species of higher plants from 10 families, 4 ligneous and 10 grassy spe-



cies, grew in site No. 2. In site No. 3 with planted pines, 12 species of higher
plants, 3 ligneous and 9 grassy, were revealed at a total projective grass cover of
25%. Approximately the same number of species was accounted for a variety of
life forms of herbaceous plants, namely long- and short-rhizomatous plants, tap-
root plants, tap-fibrous-root plants, sod perennial grasses. As per the Shannon
index H and the inverse Simpson index 1/D (Table 2), the smallest diversity was
characteristic of the spruce forest with dead soil cover.

2. Diversity of plant communities in various phytocenoses at sites of long-term resto-
ration (quarry No. 3 of PO Phosphorite, Kingisepp phosphorite deposit, Lenin-
grad Province, Kingisepp District, 2014)

Site No. Shannon index H Inverse Simpson index 1/D Numt?er of species
persite | total
1 1.3 2.1 11
2 2.0 42 14 22
3 1.9 42 12

N ote. For description of sites by type of reclamation, see the section Materials and methods.
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Fig. 2. qPCR-based quantitation of three groups of microorganisms in soil samples from various phy-
tocenoses at sites of long-term restoration: A — bacteria, B — archaea, C — fungi (n = 4 for sites Nos.
1 and 2, n = 3 for site No. 3; 3 measurements for each repetition, M+=SEM; quarry No. 3 of PO Phos-
phorite, Kingisepp phosphorite deposit, Leningrad Province, Kingisepp District, 2016). For descrip-
tion of sites by type of reclamation, see the section Materials and methods.

gPCR analysis of abundance of three groups of microorganisms in three
test sites revealed some differences in the number of ribosomal operons of bacteria
and archaea (Fig. 2). Their counts turned out to be the largest in site No. 2 under
larch, (3.131£0.6)x108 and (2.0610.55) x 107, respectively. For bacteria this indica-
tor did not significantly differ from that in other sites, (2.731£0.67)x108 for site
No. 1 and (2.55£0.37) %108 for site No. 3, whereas for archaea it was significantly
(p < 0.05) higher than in two other sites, (0.9£0.27)x107 in site No. 1 and
(1.5240.39) x107 in site No. 3. The fungal abundance in the soil of different sites
did not statistically significantly differ, (1.88+0.26) x107 for No. 1, (1.8+0.27) x107
for No. 2, and (1.6+0.17)x107 for No. 3.

3. Diversity of soil microbiomes in various phytocenoses at sites of long-term resto-
ration (MESEM, quarry No. 3 of PO Phosphorite, Kingisepp phosphorite deposit,
Leningrad Province, Kingisepp District, 2016)

Site No. Shannon index H Faith’s PD index Chao 1 OTU number Library
coverage, %

1 9.3+0.1 171.1£9.7 2559.5+181.9 2163.8+£165.5 84.5

2 9.4%0.1 169.6+10.5 2368.8+117.8 1978.8+176.6 83.5

3 9.3+0.1 188.3£10.1 2672.31£208.7 2322.3+176.8 86.9

Note. OTU — operational taxonomic unit; n = 4 for sites Nos. 1 and 2, n = 3 for site No. 3. [lsst yuactkoB NeNe 1
u 2 n =4, nna yuactka Ne 3 n = 3. For description of sites by type of reclamation, see the section Materials and
methods.




PC2 (17.78 %) For analysis of the

S o ° o % soil microbiome of each
! 3 . 2 site, DNA was isolated in 4
°o o replicates. However, after
PC3 (4.74 %) PC1 (6239 %)

sequencing for site No. 3

Fig. 3. Comparison of B-diversity of soil metagenomes with PCoA (pine), only 3 replicates
(Principal Components Analysis of the matrix of pairwise com-
parisons constructed by the weighted unifrac method) in various were pI‘OCCSSCd. F urther’ all
phytocenoses at sites of long-term restoration: 1, 2, 3 — sites Mmeasurements for sites No.

Nos. 1, 2 and 3 (quarry No. 3 of PO Phosphorite, Kingisepp phos- | and No. 2 were in 4 rep-
phorite deposit, Leningrad Province, Kingisepp District, 2016). .. .

Axes are the projections of multidimensional data with the indi- hcates! and for section No.
cated values of the explained variation (%), the number of circles 3 in 3 repljcates.

corresponds to the number of repetitions. For description of sites The indices of o-

by type of reclamation, see the section Materials and methods. . .
diversity and the number of

microbiomes in all sites were comparable (Table 3). Figure 3 shows a B-diversity
graph representing a three-dimensional projection of data from the matrix of pair-
wise distances between the microbiomes of soil samples constructed by
weighted unifrac method. It is seen that microbiomes clearly differentiate by the site
of soil sampling.

Analysis of the diversity of the dominant bacterial phyla, Proteobacetria, Ac-
tinobacteria, and Acidobacteria, several patterns appeared (Table 4). Actinobacteria
were the most diverse in microbiomes formed under dead cover in spruce forest (site
No. 1), and the number of OTUs of this group of bacteria significantly decreased as
spruce (site No. 1) > pine (site No. 3) > larch (site No. 2).

4. a-Diversity among bacterial groups of soil microbiomes in various phytocenoses
at sites of long-term restoration (M=SEM, quarry No. 3 of PO Phosphorite,
Kingisepp phosphorite deposit, Leningrad Province, Kingisepp District, 2016)

Site No. | Shannon index H | Faith’s PD index | Chao 1 | OTU number

Actinobacteria

1 7.240.12 23.910.52 558.2+8.0a 311.9+5.1a

2 6.9£0.1b 21.910.42 379.5+23.4a 272.1+5.82

3 6.8+0.12 23.140.7b 454.0+£10.42 291.5+6.4
Proteobacteria

1 7.240.12 43.5+1.33 702.0+37.62 528.9+18.2a

2 7.7£0.12 48.110.82 742.6+31.7° 564.5+14.5b

3 7.3£0.2b 49.7+1.0b 850.61+44.3¢ 595.1+14.3a
Acidobacteria

1 6.410.12 18.610.32 343.7+16.92 275.71£5.62

2 6.0£0.3b 19.3£0.2b 389.0%16.8b 275.9+5.3b

3 6.310.4¢ 20.01+0.22 455.3121.42 293.7+15.0¢

Note. OTU — operational taxonomic unit; # = 4 for sites Nos. 1 and 2, n = 3 for site No. 3. For description of
sites by type of reclamation, see the section Materials and methods. In the columns within the taxonomic group,
the same letters (a, b, c¢) indicate statistically significant difference (p < 0.05).

Diversity of proteobacteria, on the contrary, was the highest in larch
plantings (site No. 2) and the lowest in the spruce phytocenosis (site No. 1). It
is also worth noting the reliable (p < 0.05) minimum phylogenetic diversity of
proteobacteria (Faith’s index) in the microbiome of the spruce forest, the relia-
ble maximum (p < 0.05) of the number of detected OTUs under planted pine
trees (site No. 3) and the maximum Shannon index for site No. 2 (larch) com-
pared to site No. 1. The latter may indicate the most even appearance of various
proteobacteria in the phytocenosis under the pine canopy. For members of Ac-
idobacteria phylum, the general trend of increasing diversity and abundance un-
der pine also remained (site No. 3). There were significant (p < 0.05) maxima of
the phylogenetic diversity of Acidobacteria (Faith’s index and Chao 1 index),
characterizing the maximum richness of this group in site No. 3 compared to



site No. 1.
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Fig. 4. Taxonomic profile of soil microbiome (procar-
iote phyla) in various phytocenoses at sites of long-
term restoration (quarry No. 3 of PO Phosphorite,
Kingisepp phosphorite deposit, Leningrad Province,
Kingisepp District, 2016). For each site, replicates
are combined. Phyla representing > 1% are indicat-
ed. For description of sites by type of reclamation,
see the section Materials and methods.

Analysis of the normalized 16S
rRNA gene amplicon libraries for bacteria
and archaea identified 220,910 nucleotide
sequences. The dominant phyla were Pro-
teobacteria (29.6-37%), Actinobacteria (12.8-
252%) and Acidobacteria (12.3-20.8%),
followed by members of phyla Chloroflexi

(4.6-11.8%), Planctomycetes (5.7-8.2 %), Bacteroidetes (4.9-9.2%), Verrucomi-
crobia (3.9-5.0%), Gemmatimonadetes (2.1-3.8%), Nitrospirae (0.2-1.0%); the rest
made less than 1% (Fig. 4). It is worth noting the relatively low representation
(0.1%) and low diversity of archaea from the groups Crenarchaeota and | Parvar-
chaeota]. In general, the quantitative composition of phyla in different sites was
similar, but it should be mentioned that in site No. 1 the abundance of Actino-
bacteria and Chloroflexi groups was higher compared to others, and the Acido-
bacteria were lower.

5. Heatmap of the major OUT percentage in soil microbiomes in various phytoceno-
ses at sites of long-term restoration (quarry No. 3 of PO Phosphorite, Kingisepp
phosphorite deposit, Leningrad Province, Kingisepp District, 2016)

Sllte 2N(;' OTU Phylum Class Order Family Genus
52697 Proteobacteria  Alphaproteobacteria Rhizobiales Bradyrhizobiaceae -
0881* Proteobacteria  Alphaproteobacteria Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
39913 Proteobacteria  Alphaproteobacteria Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
39246 Proteobacteria  Alphaproteobacteria Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
36288* Proteobacteria  Alphaproteobacteria Rhizobiales Rhizobiaceae -
2794  Proteobacteria  Alphaproteobacteria Sphingomonadales Sphingomonadaceae  Sphingomonas
54700 Proteobacteria  Betaproteobacteria Burkholderiales Comamonadaceae -
44729 Proteobacteria  Betaproteobacteria Burkholderiales Comamonadaceae -
0787  Proteobacteria  Betaproteobacteria Burkholderiales Comamonadaceae Delftia
18503* Proteobacteria ~ Betaproteobacteria 1S-44 - -
18585 Proteobacteria  Betaproteobacteria SC-1-84 - -
7276* Proteobacteria  Betaproteobacteria SC-1-84 - -
29307 Proteobacteria  Deltaproteobacteria  Syntrophobacterales Syntrophobacteraceae -

.:|.33418 Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae  Pseudomonas
15473* Proteobacteria Gammaproteobacteria Xanthomonadales  Sinobacteraceae -
35545 Actinobacteria  Actinobacteria Actinomycetales ~ Microbacteriaceae -
46306 Actinobacteria  Actinobacteria Actinomycetales ~ Microbacteriaceae Agromyces
18325* Actinobacteria ~ Actinobacteria Actinomycetales ~ Micrococcaceae -
32722* Actinobacteria  Actinobacteria Actinomycetales  Promicromonosporaceae Promicromonospora
37122* Actinobacteria ~ MB-A2-108 0319-7L14 - -
45581 Actinobacteria Thermoleophilia Gaiellales Guaiellaceae -
6537* Actinobacteria Thermoleophilia Gaiellales Guaiellaceae -
36062* Actinobacteria Thermoleophilia Solirubrobacterales - -
17100 Actinobacteria Thermoleophilia Solirubrobacterales Solirubrobacteraceae -

:I..6252* Acidobacteria [Chloracidobacteria]RB41 - -
9076% Acidobacteria [ Chloracidobacteria]RB41 - -
20749* Acidobacteria [Chloracidobacteria/RB41 Ellin6075 -
22604* Acidobacteria [ Chloracidobacteria]RB41 Ellin6075 -

54563 Acidobacteria

52756 Acidobacteria

Acidobacteria-6
Acidobacteria-6

iiil-15 - -
iiil-15 - -



Continued Table 5
37100 Acidobacteria Acidobacteria-6 iiil-15 - -

43517 Acidobacteria Acidobacteria-6 iiil-15 mb2424 -
4897  Chloroflexi Chlorofiexi [Roseiflexales] [Kouleothrixaceae] -
32350 Chlorofiexi Chlorofiexi [Roseiflexales] [Kouleothrixaceae] -
57060* Chloroflexi Chlorofiexi [Roseiflexales] [Kouleothrixaceae] -
23485 Chloroflexi Ellin6529 - - -
. 46192* Chloroflexi Ellin6529 - - -
11945 Bacteroidetes [Saprospirae] [Saprospirales] Chitinophagaceae -
54731 Bacteroidetes [Saprospirae] [Saprospirales] Saprospiraceae -
49979 Bacteroidetes Cytophagia Cytophagales Cytophagaceae Adhaeribacter

9879  Verrucomicrobia [Spartobacteria] [ Chthoniobacterales| [ Chthoniobacteraceae] Chthoniobacter
24870 Verrucomicrobia [Spartobacteria] [ Chthoniobacterales| [ Chthoniobacteraceae] DA101

20531 GemmatimonadetesGemm-1 - - -

27129* Gemmatimonadetes Gemmatimonadetes NI1423WL - -

28624 Planctomycetes  Phycisphaerae CCMIla — —

Note. OTU — operational taxonomic unit. OTU with a representation of > 0.5% in at least one of the options is
considered major. For each OTU, the phylum and the lowest permitted taxon are indicated. An asterisk (*) marks
OTUs, which representations differ more than 5-fold between at least a pair of sites (p < 0.05). Dashes mean that
OTU is not identified at the marked taxon level. For description of sites by type of reclamation, see the section
Materials and methods.

In total, among all replicates of the 16S rRNA gene libraries for the
three studied sites, 5760 OTUs were identified. Of these, only 45 OTUs ac-
counted for more than 0.5% of all sequences for at least one library (Table 5).
They covered all 9 of the most represented bacterial phyla. The OTU taxonomic
positions were determined mainly up to the levels of genera and families, but in
some cases only up to classes and orders. Most OTUs belonged to the phylum
Proteobacteria associated with the rhizosphere. The genus Pseudomonas which
prevailed in soils under the pine trees was the most numerous. OTUs of the Rhi-
zobiales and Sphingomonadales orders, closely associated with plants in the soil,
are also common. For one of the OTUs of the Rhizobiaceae family, the excess in
the soil under spruces was 5-fold compared to pines. Representatives of Sinobac-
teraceae are 5 times more abundant under pines than under spruces. The genus
Rhodoplanes is associated with the decomposition of wood in forest soils [45].
OTUs belonging to these orders were more often found in site No. 1, which was
recultivated earlier than the others.

The genus Delftia, on the contrary, was more characteristic of younger
replantozems in sites No. 2 and No. 3. Its appearance is associated with active
bioremediation processes in soils [46, 47]. The second most numerous OTU
group was the Actinobacteria phylum (classes Actinobacteria, Thermoleophillia and
MB-A2-108). The most numerous OTUs belonged to the families Mi-
crococcaceae and Microbacteriaceae, whose members, including the genus Agro-
myces of biodestructors [48]. Moreover, in the soils under spruces and larches
Micrococcaceae significantly (10-fold) increased compared to the soil under
pines. In site No. 1, the count of Promicromonospora actinobacteria was signifi-
cantly higher (20 times, p < 0.05) than in sites No. 2 and No. 3. Among acido-
bacteria, the Chloracidobacteria class dominated in all sites; the second largest
class was Acidobacteria-6. OTUs of the order RB41, dominant in sites No. 2 and
No. 3, are often described in metagenomes of disturbed and stressed soils [49-
51]. Among the minor phyla, OTUs of classes Chloroflexi and Ellin6529, which
dominate in site No. 1, should be noted. Bacteria of Ellin6529 class can fix at-
mospheric nitrogen [52]. Also, in site No. 1, bacteria of the genus DA101 from
Verrucomicrobia phylum prevailed.

In our study, we did not find any correlation between the soil microbi-
ome composition and soil-forming processes, in particular, the decomposition of
organic residues in the soil and their mineralization. The Mantel test with



weighted unifrac-derived community distance matrices did not reveal a statisti-
cally significant correlation of the composition of the microbiome with pH or
the main biogenic soil elements (C, N, P, and K) (Table 6).

6. Correlation of soil microbiome B-diversity with main chemical soil parameters in

various phytocenoses at sites of long-term restoration (quarry No. 3 of PO Phos-
phorite, Kingisepp phosphorite deposit, Leningrad Province, Kingisepp District,

2016))
Parameter | r | p-value
pH 0.99064 0.1638
Concentration:
C —-0.02333 1.0000
Niotal ~0.67638 0.6840
N (NHy) 0.76821 0.4973
N (NO3) 0.48269 0.8311
P (P,05) 0.08478 1.0000
K (K,0) 0.51337 0.6560

N ote. All replicates for all sites are combined. For description of sites by type of reclamation, see the section
Materials and methods.

In the phosphate rock quarry in Kingisepp district, forest communities
were formed that are typical of the taiga zone of the European Russia. The or-
ganomineral horizon of site No. 1 was more acidic which may be due to the in-
troduction of a substrate with an admixture of peat at reclamation. As per the data
on basal and substrate-induced respiration, the microbiological activity of soils is
low, which may indicate a reduced sustainability of microbial communities.

In all site we revealed a rather low a-diversity. This may be a conse-
quence of the low intensity of soil formation on crushed-stone dumps, which is
in good agreement with the earlier data for podzolic and sod-podzolic soils of
the Northwest region [53]. The indices of a-diversity were similar for microbi-
omes of all sites, while in site No. 3 (under the pine), a significant increase in
the species and phylogenetic diversity of the microbial community was recorded.
But despite the fact that for the sites the indices of a-diversity were generally
comparable, their values significantly changed for the three dominant phyla in
the soil microbiomes formed under different plant communities (see Table 4).
So, for site No. 1, a relative increase in diversity, as well as the proportion of
actinobacteria, was characteristic, while the diversity and abundance of proteo-
bacteria was maximum in pine plantings (site No. 3). Actinobacteria and proteo-
bacteria often turn out to be antagonists in a soil microbiome [54, 55]. An inter-
esting fact is that the soil in site No. 1 had the lowest pH value, although ac-
tinobacteria in most cases inhabit soils of neutral or closer to alkaline pH [56].
In the sites, most likely, it is the composition of the litter and the availability of
organic matter for microbial decomposition, which, apparently, differs due to
the uneven application of peat in different areas, have a more decisive effect on
the structure of the microbiome than pH. It is likely that the soil formed under
the spruce canopy differed from soils of other sites in organic matter of low ac-
cessibility for the microbial community. This may explain the relative increase
in the diversity and abundance of actinobacteria, most of which are hydrolytic
with oligotrophic nutrition type [57]. In site No. 3, on the contrary, the diver-
sity of higher plants and their life forms is the greatest. This suggests a wider
spectrum and a wider variety of organic substances, including readily available
ones, capable, in turn, to affect the microbiome, in particular, the copiotrophic
microorganisms, to which the majority of Proteobacteria phylum members be-
longs [58].

Taxonomic analysis we performed for the reclaimed soils showed the
formation of a microbial community characteristic of acidified sod-podzolic and



podzolic soils of the Northwest [53] with prevalence of acidobacteria of orders
RB41, iiil-15, as well as actinobacteria (Gaiellaceae and Solirubrobacteriaceae
families). The appearance of these groups, as well as a significant proportion of
bacteria from the phyla Bacteroidetes, Verrucomicrobia, and Planctomycetes (their
members are mainly oligotrophs) [59, 60], indicate the completeness of the car-
bon cycle and stabilization of the microbial community composition. However,
the observed stage, apparently, should be considered as pre-climax, since in all
analyzed communities there are many copiotrophic bacteria, in particular, pseu-
domonads (on average 5.5%) [61]. Noteworthy, proteobacteria (family Comamon-
adaceae, genus Delftia) are detected in all sites. In the literature, this microorgan-
ism is often found in communities of contaminated and technologically disturbed
soils, as well as in activated sludge microbiomes [62]. Apparently, this bacterium
takes part in the soil formation in the reclaimed sites under examination.

So, the study we undertook in the reclamation areas of Leningrad Prov-
ince (Kingisepp phosphorite deposit) did not reveal a relationship between the
structure of the soil microbiome and the physicochemical parameters of soils. In
addition, the diversity of soil microbiome does not correlate with soil concentra-
tion of the main mineral elements. The factor of the plant dominant also does
not have a significant effect on the microbiome structure. It is possible that in
the case under discussion, other environmental factors are of decisive im-
portance for microorganisms. The supposed factors may be different composition
of plant waste and litter and, as a consequence, the diversity of organic sub-
strates. Analysis of the a-diversity and taxonomic composition of microbiomes at
three test sites suggests a pre-climax stage of the soil cover development. At the
same time, the soil parameters and the high content of mineral phosphorus turn
out to be too strong abiotic factors that impede the complete restoration of the
microbiome of disturbed soils.
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