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Abstract: This metagenomics investigation of three closely adjacent sampling sites from an archaeo-
logical excavation of a pre-industrial coal mining exploration shaft provides detailed information
on the composition of the local soil bacterial communities. The observed significant differences
between the samples, reflected in the 16S r-RNA analyses, were consistent with the archaeologically
observed situation distinguishing the coal seam, the rapidly deposited bright sediment inside an
exploration shaft, and the topsoil sediment. In general, the soils were characterized by a dominance
of Proteobacteria, Actinobacteria, Acidobacteria, and Archaea, whereas the coal seam was characterized
by the highest proportion of Proteobacteria; the topsoil was characterized by very high proportions
of Archaea—in particular, Nitrosotaleaceae—and Acidobacteria, mainly of Subgroup 2. Interestingly,
the samples of the fast-deposited bright sediment showed a rank function of OTU abundances with
disproportional values in the lower abundance range. This could be interpreted as a reflection of the
rapid redeposition of soil material during the refilling of the exploration shaft in the composition of
the soil bacterial community. This interpretation is supported by the observation of a comparatively
high proportion of reads relating to bacteria known to be alkaliphilic in this soil material. In summary,
these investigations confirm that metagenomic analyses of soil material from archaeological excava-
tions can provide valuable information about the local soil bacterial communities and the historical
human impacts on them.

Keywords: soil ecology; bacterial communities; coal mining; archaeology; metagenomics; ecological
memory; human impact; extremophiles

1. Introduction

Natural soils contain a huge number of different microorganisms. Many of them are
known from genomic studies, but most soil microorganisms have not yet been cultivated [1].
The composition of soil bacterial communities is strongly dependent on chemical factors,
such as pH, salt content, usable substrates, and humidity [2–4]. In addition, noxious
substances can suppress the growth of a large number of soil microbes; these substances
include pesticides, plant fertilizers and other agrochemicals, and heavy metal ions [5–7].

It is well known that human activities have a strong effect on soil fertility and mi-
crobial composition. Industry and mining are especially strong factors, as they are often
associated with the release of soil-altering wastes. In particular, the acidic effluents from
mines, smelters, and slag deposits cause serious environmental damage [8–10]. Not only
does the damage occur directly from lowered pH, but acidification is also frequently re-
lated to increased erosion, chemical decomposition of minerals, and mobilization of toxic
metals. Potash mines release large amounts of salt, causing high levels of salinity in the soil
surrounding the mines—especially in valley areas—as well as in the rivers of the concerned
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regions. However, despite the negative impacts of human engineering activities on microor-
ganisms, such as through mining [11–14], soil fertility, and ecological robustness [15–17],
technical environments can also contribute to the microbial diversity of microbiological
populations. There are many cases of researchers reporting the discovery of new bacteria,
for example, in special technical environments. In addition to bioreactors, other special-
ized equipment settings have also been sources of newly described bacterial species and
interesting microbial metabolic features [18,19].

Mining activities can have a strong impact on the development of soils and soil
bacterial communities. This is not only relevant for active mining areas but also the
post-mining period [20]. Of particular interest is the fact that human activities not only
damage soils but can also contribute to local soil bacterial diversity. Indeed, the beta
diversity can be increased by local changes in the growth and conservation conditions of soil
bacteria [21]. Archaeology is increasingly becoming a focus of genetic investigations [22–24].
Thus, special soil bacterial communities have been reported in archaeological excavation
sites—prehistoric buildings, settlement places, and tombs [25–30]—and medieval or early
modern pre-industrial mining and smelting sites [31–34]. Despite the investigations of
soil bacterial communities on modern and historical metal mines and smelting sites, less
attention has been paid to historic coal mines. A study of US coal mines showed that the
impact of metal release from coal mines is underestimated [35].

In the frame of an archaeological program studying ancient mining places, a historical
coal mine near Bennstedt (Saalekreis, Sachsen-Anhalt, Germany) was investigated. Samples
were taken from the topsoil, a sediment layer, and the rim of the coal seam. Herein, the
results of a comparative 16S r-RNA study of the soil bacterial communities of these three
different sampling sites are reported.

2. Experimental
2.1. Excavation Site and Soil Samples

Soil samples were taken as part of an archaeological investigation of an ancient lig-
nite mining area near Bennstedt. The old exploration mining site is marked by com-
paratively small shafts perpendicular to the coal seam. After completion, the shaft hole
was backfilled comparatively quickly with bright sediment. Later, the residual depres-
sion of the shaft hole backfill was gradually filled with topsoil (brown sediment). An
overview of the construction area and the archaeological excavation site is shown in the
Supplementary Materials (Figure S1).

The sampling sites were chosen close to each other in an archaeological section of an
ancient exploration shaft (Figure 1), which was probably constructed in the second half of
the 18th century or around 1800. The sampling site is located about one kilometer northeast
of Bennstedt (GK coordinates: E 4488789/N 5706398). Two samples for independent DNA
extraction (HB57-1 and HB57-2) originated directly from the coal seam. Two other samples
were from the primary deposited bright sediment (HB58-1, HB58-2), and two further
samples (HB59-1 and HB59-2) were from the topsoil filling material of the upper part of the
residual hole trough. All samples were characterized by a rather low pH and moderate to
low electrical conductivity (Table 1). The measurements of electrical conductivity indicated
a slightly increased salt content of the coal layer in comparison with the sediments.

Table 1. pH and electrical conductivity of the sampling sites.

Depth pH Conductivity

HB57-1, HB57-2 coal seam 1.6 m 4.22 114.8 (µS/cm)
HB58-1, HB58-2 bright sediment 1.6 m 4.09 43.3 (µS/cm)
HB59-1, HB59-2 topsoil sediment 1.0 m 4.05 45.2 (µS/cm)
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Figure 1. Sampling sites. The picture shows the three different structures of an exploratory shaft
of an ancient lignite mining site. Two samples were taken from each layer (topsoil, coal seam, and
sediment). The depth and width can be estimated using the reference bars. The black and white bar
is 50 cm long in total (picture below), and the other has 5 cm per section (picture above).
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2.2. DNA Extraction, Amplification, and Labelling

DNA was isolated from the soil samples using DNeasy® PowerSoil® Pro kits (Qia-
gen, Hilden, Germany). The kits were used according to the manufacturer’s instructions.
The laboratory thermocycler Edvocycler (Edvotek, Washington, DC, USA) was used for
polymerase chain reactions (PCR). The quality of PCR products was checked by gel elec-
trophoresis with 1% agarose gels. This test was performed after each PCR. The primary PCR
products as well as the final pooled libraries were purified using the ProNex® Size-Selective
Purification System (Promega, Madison, WI, USA) according to the supplier’s protocol.

Adaptor primers supplied by Eurofins Genomics (Ebersberg, Germany), Amplicon
PCR A519F-Ad (5′ TCGTCGG-CAGCGTCAGATGTGTATAAGAGACAGCAGCMGCCGC
GGTAA 3′) and Bact_805R-Ad (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG
ACTACHVGGGTATCTAATC 3′), were used at a concentration of 100 pmol/µL. The PCR
mixtures (25 µL in total per reaction) were composed as follows: 0.5 µL of DNA isolation
eluate, 2 mM MgCl2, 200 µM dNTP mix, 0.65 Units GoTaq® G2 Hot Start DNA Polymerase,
nuclease-free water (all reagents from Promega, Madison, WI, USA), and 1 µM of each
primer. For PCR amplification, the following steps were performed: initial denaturation for
5 min at 94 ◦C, followed by 30 amplification cycles involving 30 s denaturation at 94 ◦C,
30 s primer annealing at 50 ◦C, and 30 s extension at 72 ◦C. The temperature cycles were
finished with a final extension reaction at 72 ◦C for 5 min.

The forward and reverse indexing primers used for index PCR were also supplied
by Eurofins Genomics (Ebersberg, Germany). These primers were used at a concentration
of 1.25 pmol/µL. For index PCR with a total volume of 25 µL per reaction, the following
composition was applied: 2.5 µL amplicon PCR product, 2.5 mM MgCl2, 300 µM dNTP
mix, 0.5 units GoTaq® Mdx Hot Start DNA Polymerase, nuclease-free water (all reagents
from Promega, Madison, WI, USA), and 125 nM of each of the two primers of the respective
indexing primer pair.

For index primer PCR, the following program steps were applied: initial denaturation
for 3 min at 95 ◦C, followed by 30 amplification cycles involving 30 s denaturation at 95 ◦C,
30 s primer annealing at 55 ◦C, and 30 s extension at 72 ◦C. The temperature cycles were
finished with a final extension at 72 ◦C for 5 min.

2.3. Processing of NGS Data

The obtained fastq files of forward- and reverse-aligned 16S rRNA data were first
converted to fasta format contig files and quality files (mothur (version 1.39.5)) using the
open-source Galaxy platform (https://usegalaxy.org; accessed on 19 January 2022). All
investigated datasets were characterized by high median quality scores.

The contig files were aligned to rRNA databases based on the NCBI cloud using the
SILVAngs data analysis service (https://ngs.arb-silva.de/silvangs; accessed on 21 January
2022). This allowed a detailed community analysis of previously obtained sequencing
data [36–38]. For all analyses, the preset parameter configurations of SILVAngs database
version 138.1 were applied [38].

In most cases, the sequencing data allowed assignment to taxonomic groups down to
the genus level. In some other cases, it was only possible to identify higher taxonomical
levels, such as families, orders, classes, or phyla. The lowest identified level for each
distinguished bacterial type is referred to as the Operational Taxonomic Unit (OTU). The
compositions of soil bacterial communities were based on OTUs, which means they were
based on the genera as much as possible.

2.4. Data Analyses

Different methods were used to evaluate the taxonomic data and sample-specific
abundances of OTUs.

First, the percentages of the most abundant phyla were simply compared with a bar
chart. The associated plot included an automatic normalization of the read counts. Bar

https://usegalaxy.org
https://ngs.arb-silva.de/silvangs
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charts were also used to plot the absolute read counts reflecting the different abundances
of specific OTUs in various samples.

On the one hand, the correlation of abundances when considering the complete data
sets was represented by binary logarithmic correlation plots. These allowed the comparison
of sample pairs on the basis of the individual abundances of all detected OTUs by plotting
these abundances with one sample as the x-axis and the other as the y-axis. On the other
hand, correlation coefficients were calculated for all sample pairs. The complete table can
be found in Table S1.

Since double logarithmic correlation plots give a better impression of the relationship
between pairs of samples than linear plots, normalized logarithmic abundance values were
included in some analyses. These normalized abundance r-values are expressed as the ratio
of the individual read counts N to the total read count of a sample Nsum:

r = log10 (1 + 106 × N/Nsum) (1)

In these graphs, the complete populations in the bacterial communities are compared
according to the magnitude of abundances. In this way, the correlations between more and
less abundant OTUs are presented in a common picture.

The distribution of OTUs in the different samples was also investigated by principle
component analyses (PCAs). The corresponding two-dimensional plots illustrate the
similarities and dissimilarities of samples very clearly.

Finally, rank diagrams were also used for a general comparison of the distribution of
abundances in each sample. In this approach, all OTUs in a sample were ranked according
to their number of reads. The differences in the distribution of OTU abundances could be
readily illustrated by these plots, which represent the data sets as normalized rank plots.

The difference between the bright sediment communities and the other samples was
illustrated by rank-difference plots between the real and theoretical ideal distribution
of abundances. Therefore, the logarithmic rank plots were approximated by a linear
function reflecting the overall exponential character of the abundance distribution. This
approximation is given by the following equation:

N0 = e a×k or ln (N0) = a × k (2)

where N0 describes the (theoretical) number of reads for each OTU corresponding to its
position k in the rank order. The coefficient a depends on the ratio of the total number of
reads to the OTUs.

3. Results and Discussion
3.1. Comparison of Sampling Sites According to the Bacterial Soil Community at Phylum Level

All samples contained a significant amount of Archaea and were characterized by com-
paratively high levels of Proteobacteria and Acidobacteria. The topsoil showed a particularly
high content of Archaea and Acidobacteria. The highest proportion of Proteobacteria was
found in the samples from the coal seam (HB57-1 and HB57-2).

Even stronger differences were observed in some other phyla (Figure 2). Thus, the coal
seam samples were characterized by a significant proportion of Myxococcota. By contrast,
the bright sediment and topsoil samples contained less Myxococcota but a considerable pro-
portion of Firmicutes. Both topsoil samples examined had significantly lower proportions of
Verrucomicrobia than the coal seam and bright sediment samples. All the phyla mentioned
were typical of soil samples. However, their different ratios in the sample content reflected
characteristic differences in the respective bacterial communities in the soil.
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Figure 2. Stacked column plot of percentage distribution of the soil microbiome at phylum level.
Each sample, including duplicate sample locations, is shown in a separate column. The 12 most
dominant phyla are named. Low-abundance representatives are summarized in others.

3.2. Rank Profiles of OTU Abundances

The analysis of soil bacterial community composition at the OTU level provided
much more information about the characteristics of the three closely adjacent but distinct
microbial habitats. The sequencing data supplied between 252 and 281 OTUs with at
least one read in each of the six samples; between 119 and 161 OTUs had at least 10 reads.
Greater differences in the number of reads per sample were observed in OTUs with a large
number of reads. By contrast, only 8 and 10 OTUs with more than 1000 reads were found
in the topsoil (HB59-1 and HB59-2); 21 OTUs with more than 1000 reads were found in
the coal seam samples (HB57-1 and HB57-2). The two samples of bright sediment yielded
19 and 31 OTUs with more than 1000 reads.

The distribution of OTU abundances was compared using normalized rank plots
(Figure 3). They illustrated that, on the one hand, the topsoil was characterized by a
few OTUs with a very high number of reads (inset in Figure 3). On the other hand, the
samples of bright sediment filling the shaft (HB58-1 and HB58-2) were characterized by
comparatively high abundances of less frequent OTUs. The frequency distribution of OTUs
from the coal seam samples was between that of the other two pairs of samples. Plots of the
empirically identified rank function and the linearly approximated plots of the logarithmic
rank diagrams are shown in the Supplementary Materials (Figure S2). The most abundant
OTUs were over-represented in all samples compared with this linear function. On the
one hand, these most abundant OTUs represented the most active bacteria in the soil. On
the other hand, the decreasing number of reads in the rank order referred to less active
or dormant bacteria, which may have been more active in the past. It is assumed that the
continuous decrease in the number of reads, closely following the exponential ranking
function for the less abundant OTUs, is the standard case.



Environments 2022, 9, 115 7 of 19

Figure 3. Normalized rank plots (inset: normalized frequencies of the top ten OTUs for each sample).
The y-axis is a logarithmic scale. It shows the relative frequency (y-axis) of the ranked OTUs from
low read counts (lower rank, x-axis) to high read counts (upper rank, x-axis). Therefore, the rank
around 230 represents the most frequent OTU from the NGS analysis. However, for each sample, this
may mean a different species.

The differences between the ranking functions became clearer by plotting the ratio of
empirical and theoretical numbers in the ranking (Figure 4). The plots show the very high
importance of the most abundant OTUs of the topsoil samples (Figure 4e,f). In addition,
they very clearly display an overrepresentation in the group of less abundant OTUs in the
samples from the bright sediment (Figure 4c,d), which was not found in the other soils.
It is remarkable that this overrepresentation of less abundant species in samples HB58-1
and HB58-2 was combined with a lower overrepresentation of the most abundant OTUs.
It is discussed here that the specific shape of this function should not be considered as an
occasional abundance distribution; rather, it is the consequence of a specific history of the
soil bacterial community. The positive deviation in the frequency distribution of the less
abundant OTUs found in the bright sediment could have been caused by a massive change
in the environmental conditions in the past. One possible reason could have been the quick
relocation of soil material with highly active OTUs to a less suitable new environment. An
obvious reason for this change could be the rapid filling of the shaft hole after its delivery.
This interpretation would mean that the characteristic maxima in Figure 4c,d indicate that
the soil material was relocated in an event that took place more than 200 years ago.

3.3. Comparison of Sampling Sites by Special OTUs

In this section, the abundances of the individual OTUs are regarded. They were
compared either by the absolute number of reads N or by the normalized logarithmic
value r (Equation (1), Section 2.4).
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Figure 4. Abundance ratio plots in rank order illustrating the deviation of empirically identified abun-
dances from an ideal exponential function with the rank-dependent value N0 related to Equation (2):
(a) sample HB57-1 (coal seam), (b) sample HB57-2 (coal seam), (c) sample HB58-1 (bright sediment),
(d) sample HB58-2 (bright sediment), (e) sample HB59-1 (top soil), (f) sample HB59-2 (top soil).

The typical OTUs that were present in all samples included Kryptoniaceae, Thermo-
plasmata, Cupriavidus, and Candidatus Micrarchaeum (Figure S3). The Kryptoniaceae had
particularly high read numbers in the coal seam samples. The phylum Kryptonia is as-
sociated with high-temperature habitats, in particular geothermal springs [39]. The coal
seam samples showed the highest content of Kryptoniaceae, whereas this OTU was less
abundant in the topsoil. Thermoplasmata are also extremophile organisms. They are a group
of archaea lacking a cell wall that exhibit both thermophilic and acidophilic properties.
Interestingly, one representative was isolated from a coal mine [40]. Cupriavidus is known to
be a very heavy metal-tolerant genus and is typically found in anthropogenically influenced
environments and under harsh conditions [41]. Microarchaea have also been recorded in
material from a mine; they are found in acidic environments and exhibit both thermophilic
and acidophilic properties [42].

In addition to the OTUs mentioned above, the archaea family Nitrosotaleacea was
highly abundant in the samples from Bennstedt. In contrast to Kryptonia, the highest
content of Nitrosotaleacea was observed in the topsoil samples (Figure S4). Acidisphaera,
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Anaerococcus, and Micrarchaea CG1-02-32-21 were highly abundant in the bright sediment
but less abundant or absent in the coal seam and the topsoil (Figure 5). In addition to these
bacteria, an uncultured genus of Sulfobacillaceae and Haemophilus were typical of the bright
sediment (Figure 6a). By contrast, the OTUs Candidatus Paracaedibacter, Methylovirgula,
Ehrlichia, Azospirillum, and Arcobacter were more abundant in the coal seam but less abun-
dant in the other samples (Figure 6b). Methylovirgula is a methylotrophic aerobic bacterium
of the family Beijerinkiaceae, isolated from beech wood [43]. Azospirillum is an aerobic or
microaerophilic bacterium typically associated with plant roots and can promote plant
growth by nitrogen fixation [44]. Members of the groups Paracaedibacter [45] and Ehrlichia
are known as intracellular parasites [46].

Figure 5. Logarithmic abundances (r-values, see Equation (2) in Section 2.4) of special OTUs dis-
tinguishing the bacterial communities of the three different sampling sites: (a) Cupriavidus and
Acidisphaera; (b) Micrarchaeales CG1-02-32-21 and Anaerococcus.
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Figure 6. Examples of OTUs (absolute read numbers) distinguishing between the soil types (sampling
points): (a) OTUs exclusively or preferably found in shaft-filling bright sediment; (b) OTUs exclusively
or preferably found in the coal seam.

The general similarity or dissimilarity between the bacterial communities was well
reflected by the correlation plots of OTU abundances. As expected, the sample pairs from
the same sampling site showed high similarity in the abundances of each OTU (Figure 7a,b),
corresponding to correlation coefficients of 0.913 (HB57-1 and HB57-2), 0.890 (HB58-1 and
HB58-2), and 0.9997 (HB59-1 and HB59-2). The correlation coefficients between the different
sampling sites (Figure 7c,d) were much lower, e.g., 0.332 between HB57-1 and HB59-1 and
0.324 between HB57-1 and HB59-2 (see also Supplementary Table S1).

The bacterial communities of the coal seam are clearly dominated by the uncultured
Gammaproteobacteria group KF-JG30-C25 (Figure 8a). This OTU represented 31,914 (HB57-1)
and 25,465 reads (HB57-2)—27% and 22% of all reads, respectively (Figure 8a). A fur-
ther 34,089 reads (29%, HB57-1) and 30,712 reads (27%, HB57-2) concerned the OTUs
Kryptoniaceae, Acidobacteria Subgroup 2, phylum group WP-2, an uncultured genus of
Diplorickettsiaceae, and Nitrosomonadaceae MND1. This means that these six OTUs were
responsible for more than half of all DNA reads for the investigated bacterial 16S r-RNA. All
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these OTUs were uncultured and thus have not been studied in detail to date. Kryptoniaceae
are also present in the other samples from Bennstedt but are not very abundant in samples
from other places.

Figure 7. Correlation diagrams of OTU abundances for selected pairs of samples. (a) correlation of
the both coal seam samples HB57-1 and HB57-2, (b) correlation of the both samples of bright sediment
HB58-1 and HB58-2, (c) correlation between the coal seam sample HB57-1 and the bright sediment
sample HB58-1, (d) correlation between the coal seam sample HB57-1 and the top soil sample HB59-1.

The samples from the bright sediment are dominated by Nitrosotaleaceae, with 13,055
(HB58-1) and 16,719 reads (HB58-2) corresponding to 14% and 10% of all reads, respectively
(Figure 8b). The Gammaproteobacteria group KF-JG30-C25 represented 6.8% and 5.9% of
all reads, respectively. The topsoil was dominated by Nitrosotaleaceae and Acidobacteria
subgroup 2. Sample HB59-1 yielded 40,207 reads of Nitrosotaleaceae (41% of total reads), and
HB59-2 yielded 47,902 reads (41% of total reads). This OTU is probably related to a group of
acidophilic ammonia-oxidizing bacteria [47]. The Gammaproteobacteria group KF-JG30-C25
represented 9.3% and 8.6% of all reads in the topsoil samples, respectively (Figure 8c).

Besides the abovementioned OTUs, there were several others that were moderately
or less abundant but exclusive to samples from one sampling site. These types are shown
for all three soil types in Figure 9. There were several OTUs from groups known to be
associated with animals in the coal seam samples, including Ehrlichia, Arcobacter, Ruminococ-
cus, Protoclamydia, and Pasteuria (Figure 9a). Nitrolancea is known for its nitrite-oxidizing
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activity [48], and Paludibaculum [49] and Pelosinus [50] are known for their ability to reduce
Fe(III). Deinococcus is famous for its extraordinarily high radiation resistance [51].

Figure 8. Selected species with high abundance. This column chart shows the members of the most
dominant OTUs from the three sampling sites: (a) coal seam, samples HB57-1 and HB57-2; (b) bright
sediment, samples HB58-1 and HB58-2; (c) topsoil, HB59-1 and HB59-2.
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Figure 9. Exclusively observed OTUs (number of reads) for the three sampling sites: (a) coal seam
(HB57-1 and HB57-2), (b) bright shaft filling sediment (HB58-1, HB58-2), and (c) topsoil sediment
(HB59-1, HB59-2). The bars represent the sum of both samples of each sample pair.
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The set of OTUs exclusively present in the bright sediment samples was marked by a
mixture of anaerobic and aerobic bacteria. Surprisingly, among these OTUs were several
bacteria related to species for which a more or less alkaliphilic character has been reported.
This fact seems to contradict the low measured pH (about 4.1). Preferred neutral to
alkaline growth conditions have been described for Paenarthrobacter [52], Cephaloticoccus [53],
Frondihabitans [54], and the thermophilic bacteria Enhydrobacter [55] and Tepidiphilus [56].
The exclusive appearance of these OTUs seemed to correlate with the special character
of the rank order function (Figures 3 and 4) and could have been caused by the former
relocation of soil material—possibly associated with a pH change in the environment of
these organisms.

Similar to the coal seam samples, a relationship to animals was also described for some
exclusively identified OTUs in the bright sediment samples. This concerns Cephaloticoccus
(an ant gut isolate), Porphyromonas, Brachybacterium isolated from poultry litter [57]; Oligella
isolated from urine [58]; and Haemophilus, which grows preferentially in blood.

The group of OTUs found exclusively in topsoil (HB59-1 and HB59-2) was charac-
terized by a comparatively high ratio of anaerobic to aerobic bacteria. This could be
related to the high content of organic residues in the humus sediment. In particular, strains
of the three most abundant OTUs in this group, Oxobacter [59], Ruminiclostridium, and
Thermoactinomyces [60,61] are reported to be anaerobic.

Even more than in the other samples, species with reported thermophilic character
were found in the topsoil. In addition to Thermoactinomyces, these included Fonticella,
Herbinix [62], Hungateiclostridiaceae [63], and Desulfurispora [64]. Fonticella [65] and Solibacil-
lus are known to be halotolerant organisms [66,67]. In this regard, Desulfurispora [64] is also
interesting because of its sulfate-reducing activity, and Ammoniphilus is interesting because
of its ammonia-dependent metabolism [68].

The different characteristics of the three sampling sites were also well-reflected by
the principle component analysis (PCA), considering all OTUs represented with at least
100 (Figure 10a,c) or 10 reads (Figure 10b,d). The sample pairs from the three sampling
sites were close to each other for the first two principal components (PC1 and PC2). The
high similarity between the two samples from sampling site HB59 (topsoil) was also
confirmed by the third and fourth principal components. By contrast, samples HB57-1
and HB57-2 from the coal seam showed high differences in PC3 and PC4, indicating some
inhomogeneity in the bacterial community composition. It has to be remarked that samples
HB58-1 and HB58-2 were very low in PC2, and samples HB59-1 and HB59-2 were low in
PC4. By contrast, the differences in PC3 and PC4 for HB57-1, HB57-2, HB58-1, and HB58-2
were in the same order of magnitude as the differences between the sample groups in PC1
and PC2.

Comparing the three sampling sites, the bright sediment was characterized by the
highest number of exclusive OTUs. These samples were distinguished from the others
by a group of bacteria related to higher pH. The highest proportion of animal-related
species was found in the exclusive OTUs of the coal seam. The exclusive OTUs found in
the topsoil were characterized by high proportions of anaerobic and thermophilic species.
Conversely, the most abundant OTUs of each sampling site were also highly abundant in
the other samples; the groups of exclusively identified OTUs can be regarded as certain
“signature-like” bacterial community patterns characteristic of the soil types concerned.



Environments 2022, 9, 115 15 of 19

Figure 10. PCA for the six investigated samples, HB57-1, HB57-2, HB58-1, HB58-2, HP59-1, andHB59-
2, from the three sampling sites (topsoil, coal seam, and shaft-filling sediment). The PCA data are
shown for the sets of OTUs with more than 10 and more than 100 reads: (a) plot of first and second
principle component for OTUs with more than 100 reads, (b) plot of first and second principle
component for OTUs with more than 10 reads, (c) plot of third and fourth principle component for
OTUs with more than 100 reads, (d) plot of third and fourth principle component for OTUs with
more than 10 reads.

4. Conclusions

The 16S r-RNA analyses of three investigated sampling sites on the archaeological
excavation section in a pre-industrial coal mining area proved the specific characteristics
of the contained soil bacterial communities. Although the sampling sites were only a few
decimeters apart, the pH of all three sampling sites was very similar, and the electrical
conductivity was moderate for all samples, the composition of soil microorganisms showed
considerable differences. The specific characteristics of soil bacterial communities corre-
sponded to the different appearances of the soil and the local situations observed during
the archaeological excavation.

Two findings were particularly interesting: first, the distribution of OTU abundances,
and second, the presence of bacterial species described as alkaliphilic in the bright sedi-
ment filling the lower part of the investigated exploration shaft. It is proposed that these
observations should be interpreted as a consequence of the fast relocation of soil material
during the refilling of the shaft about two centuries ago.
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Community Profiling and Bacterial Metabolic Activity of Technosols as an Effect of Soil Properties following Land Reclamation:
A Case Study from the Abandoned Iron Sulphide and Uranium Mine in Rudki (South-Central Poland). Agronomy 2020, 10, 1795.
[CrossRef]

https://www.mdpi.com/article/10.3390/environments9090115/s1
https://www.mdpi.com/article/10.3390/environments9090115/s1
http://doi.org/10.1007/BF01574690
http://doi.org/10.1093/femsec/fiw149
http://www.ncbi.nlm.nih.gov/pubmed/27387909
http://doi.org/10.1007/s13205-021-02904-7
http://www.ncbi.nlm.nih.gov/pubmed/34249597
http://doi.org/10.1371/journal.pone.0221355
http://www.ncbi.nlm.nih.gov/pubmed/31483804
http://doi.org/10.1007/s00253-010-2695-z
http://doi.org/10.1128/aem.62.9.3424-3431.1996
http://www.ncbi.nlm.nih.gov/pubmed/16535406
http://doi.org/10.1128/AEM.00294-14
http://www.ncbi.nlm.nih.gov/pubmed/24727268
http://doi.org/10.1038/ismej.2013.242
http://www.ncbi.nlm.nih.gov/pubmed/24430486
http://doi.org/10.1016/j.envpol.2017.06.056
http://www.ncbi.nlm.nih.gov/pubmed/28688926
http://doi.org/10.3389/fmicb.2017.01756
http://doi.org/10.3390/su11123393
http://doi.org/10.3390/environments2030295
http://doi.org/10.3390/environments9010011
http://doi.org/10.3390/agronomy10111795


Environments 2022, 9, 115 17 of 19

15. Bartelt-Ryser, J.; Joshi, J.; Schmid, B.; Brandl, H.; Balser, T. Soil feedbacks of plant diversity on soil microbial communities and
subsequent plant growth. Perspect. Plant Ecol. Evol. Syst. 2005, 7, 27–49. [CrossRef]

16. Jones, S.E.; Lennon, J.T. Dormancy contributes to the maintenance of microbial diversity. Proc. Natl. Acad. Sci. USA 2010,
107, 5881–5886. [CrossRef] [PubMed]

17. Aanderud, Z.T.; Jones, S.E.; Fierer, N.; Lennon, J.T. Resuscitation of the rare biosphere contributes to pulses of ecosystem activity.
Front. Microbiol. 2015, 6, 24. [CrossRef] [PubMed]

18. Barns, S.M.; Cain, E.C.; Sommerville, L.; Kuske, C.R. Acidobacteria Phylum Sequences in Uranium-Contaminated Subsurface
Sediments Greatly Expand the Known Diversity within the Phylum. Appl. Environ. Microbiol. 2007, 73, 3113–3116. [CrossRef]
[PubMed]

19. Lewis, K.; Epstein, S.; D’Onofrio, A.; Ling, L. L Uncultured microorganisms as a source of secondary metabolites. J. Antibiot. 2010,
63, 468–476. [CrossRef]

20. Luo, Z.; Ma, J.; Chen, F.; Li, X.; Hou, H.; Zhang, S. Cracks Reinforce the Interactions among Soil Bacterial Communities in the
Coal Mining Area of Loess Plateau, China. Int. J. Environ. Res. Public Health 2019, 16, 4892. [CrossRef] [PubMed]

21. Köhler, J.M.; Kalensee, F.; Günther, P.M.; Schüler, T.; Cao, J. The Local Ecological Memory of Soil: Majority and Minority
Components of Bacterial Communities in Prehistorical Urns from Schöps (Germany). Int. J. Environ. Res. 2018, 12, 575–584.
[CrossRef]

22. Warinner, C.; Herbig, A.; Mann, A.; Yates, J.A.F.; Weiß, C.L.; Burbano, H.A.; Orlando, L.; Krause, J. A Robust Framework for
Microbial Archaeology. Annu. Rev. Genom. Hum. Genet. 2017, 18, 321–356. [CrossRef]

23. Philips, A.; Stolarek, I.; Kuczkowska, B.; Juras, A.; Handschuh, L.; Piontek, J.; Kozlowski, P.; Figlerowicz, M. Comprehensive
analysis of microorganisms accompanying human archaeological remains. GigaScience 2017, 6, 1–13. [CrossRef]

24. Lenehan, C.E.; Tobe, S.S.; Smith, R.J.; Popelka-Filcoff, R.S. Microbial composition analyses by 16S rRNA sequencing: A proof of
concept approach to provenance determination of archaeological ochre. PLoS ONE 2017, 12, e0185252. [CrossRef]

25. Xu, J.; Wei, Y.; Jia, H.; Xiao, L.; Gong, D. A new perspective on studying burial environment before archaeological excavation:
Analysing bacterial community distribution by high-throughput sequencing. Sci. Rep. 2017, 7, 41691. [CrossRef] [PubMed]

26. Chernysheva, E.; Korobov, D.; Borisov, A. Thermophilic microorganisms in arable land around medieval archaeological sites in
Northern Caucasus, Russia: Novel evidence of past manuring practices. Geoarchaeology 2017, 32, 494–501. [CrossRef]

27. Margesin, R.; Siles, J.A.; Cajthaml, T.; Öhlinger, B.; Kistler, E. Microbiology Meets Archaeology: Soil Microbial Communities
Reveal Different Human Activities at Archaic Monte Iato (Sixth Century BC). Microb. Ecol. 2016, 73, 925–938. [CrossRef] [PubMed]

28. Sabin, S.; Yeh, H.-Y.; Pluskowski, A.; Clamer, C.; Mitchell, P.D.; Bos, K.I. Estimating molecular preservation of the intestinal
microbiome via metagenomics analyses of latrine sediments from two medieval cities. Philos. Trans. R. Soc. B 2020, 375, 0576.
[CrossRef] [PubMed]

29. Köhler, J.M.; Beetz, N.; Günther, P.M.; Möller, F.; Schüler, T.; Cao, J. Microbial community types and signature-like soil bacterial
patterns from fortified prehistoric hills of Thuringia (Germany). Community Ecol. 2020, 21, 107–120. [CrossRef]

30. Wan, S.; Xia, M.; Tao, J.; Pang, Y.; Yu, F.; Wu, J.; Chen, S. Metagenomics Analysis Reveals the Microbial Communities, Antimicrobial
Resistance Gene Diversity and Potential Pathogen Transmission Risk of Two Different Landfills in China. Diversity 2021, 13, 230.
[CrossRef]

31. Wegner, C.-E.; Liesack, W. Unexpected Dominance of Elusive Acidobacteria in Early Industrial Soft Coal Slags. Front. Microbiol.
2017, 8, 1023. [CrossRef] [PubMed]

32. Köhler, J.M.; Kalensee, F.; Günther, P.M.; Cao, J. Searching for Rare Type Associations in Bacterial Communities from Ancient
Copper Mining Areas in The East Harz Region (Germany). Asp. Min. Miner. Sci. 2018, 2, 1–14. [CrossRef]

33. Köhler, J.M.; Kalensee, F.; Cao, J.; Günther, P.M. Hadesarchaea and other extremophile bacteria from ancient mining areas of the
East Harz region (Germany) suggest an ecological long-term memory of soil. SN Appl. Sci. 2019, 1, 839. [CrossRef]

34. Singer, D.; Herndon, E.; Zemanek, L.; Kortney, C.; Sander, T.; Senko, J.; Perdrial, N. Biogeochemical controls on the potantial for
long-term contaminated leaching from soils developing on historical coal mine spoil. Soil Syst. 2021, 5, 3. [CrossRef]

35. Schumann, P.; Kalensee, F.; Cao, J.; Criscuolo, A.; Clermont, D.; Köhler, J.M.; Meier-Kolthoff, J.P.; Neumann-Schaal, M.; Tindall, B.J.;
Pukall, R. Reclassification of halobacterium glacieicola as Occultella glacieicola gen. nov., comb. Nov, of Haloactinobacterium album
as Runana alba comb. nov, with an emended description of the genus Ruania, recognition that the genus names Haloactinobacterium
and Ruania are heterotopic synonyms and descrption of Occultella aeris sp. nov., a halotolerant isolate from surface soil sampled at
an ancient copper smelter. Int. J. Syst. Evol. Microbiol. 2021, 71, 004769.

36. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

37. Klindworth, A.; Pruesse, E.; Schwee, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]
[PubMed]

38. Yilmaz, P.; Parfrey, L.-W.; Yarza, P.; Gerken, J.; Pruesse, E.; Quast, C.; Schweer, T.; Peplies, J.; Ludwig, W.; Glockner, F.O. The SILVA
and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 2014, 42, D643–D648. [CrossRef] [PubMed]

39. Eloe-Fadrosh, E.A.; Paez-Espino, D.; Jarett, J.; Dunfield, P.; Hedlund, B.P.; Dekas, A.E.; Grasby, S.E.; Brady, A.L.; Dong, H.;
Briggs, B.R.; et al. Global metagenomics survey reveals a new bacterial candidate phylum in geothermal springs. Nat. Commun.
2016, 27, 10476. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ppees.2004.11.002
http://doi.org/10.1073/pnas.0912765107
http://www.ncbi.nlm.nih.gov/pubmed/20231463
http://doi.org/10.3389/fmicb.2015.00024
http://www.ncbi.nlm.nih.gov/pubmed/25688238
http://doi.org/10.1128/AEM.02012-06
http://www.ncbi.nlm.nih.gov/pubmed/17337544
http://doi.org/10.1038/ja.2010.87
http://doi.org/10.3390/ijerph16244892
http://www.ncbi.nlm.nih.gov/pubmed/31817220
http://doi.org/10.1007/s41742-018-0116-9
http://doi.org/10.1146/annurev-genom-091416-035526
http://doi.org/10.1093/gigascience/gix044
http://doi.org/10.1371/journal.pone.0185252
http://doi.org/10.1038/srep41691
http://www.ncbi.nlm.nih.gov/pubmed/28169321
http://doi.org/10.1002/gea.21613
http://doi.org/10.1007/s00248-016-0904-8
http://www.ncbi.nlm.nih.gov/pubmed/27966037
http://doi.org/10.1098/rstb.2019.0576
http://www.ncbi.nlm.nih.gov/pubmed/33012229
http://doi.org/10.1007/s42974-020-00017-4
http://doi.org/10.3390/d13060230
http://doi.org/10.3389/fmicb.2017.01023
http://www.ncbi.nlm.nih.gov/pubmed/28642744
http://doi.org/10.31031/AMMS.2019.02.000543
http://doi.org/10.1007/s42452-019-0874-9
http://doi.org/10.3390/soilsystems5010003
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.1093/nar/gks808
http://www.ncbi.nlm.nih.gov/pubmed/22933715
http://doi.org/10.1093/nar/gkt1209
http://www.ncbi.nlm.nih.gov/pubmed/24293649
http://doi.org/10.1038/ncomms10476
http://www.ncbi.nlm.nih.gov/pubmed/26814032


Environments 2022, 9, 115 18 of 19

40. Darland, G.; Brock, T.D.; Samsonoff, W.; Conti, S.F. A Thermophilic, Acidophilic Mycoplasma Isolated from a Coal Refuse Pile.
Science 1970, 170, 1416–1418. [CrossRef] [PubMed]

41. Janssen, P.J.; Van Houdt, R.; Moors, H.; Monsieurs, P.; Morin, N.; Michaux, A.; Benotmane, R.; Leys, N.; Vallaeys, T.;
Lapidus, A.; et al. The Complete Genome Sequence of Cupriavidus metallidurans Strain CH34, a Master Survivalist in Harsh
and Anthropogenic Environments. PLoS ONE 2010, 5, e10433. [CrossRef]

42. Baker, B.J.; Comolli, L.R.; Dick, G.J.; Hauser, L.J.; Hyatt, D.; Dill, B.D.; Land, M.L.; Verberkmoes, N.C.; Hettich, R.L.; Banfield, J.F.
Engimatic, ultrasmall, uncultivated Archaea. Proc. Natl. Acad. Sci. USA 2010, 107, 8806–8811. [CrossRef] [PubMed]

43. Vorobev, A.V.; DeBoer, W.; Folman, L.B.; Bodelier, P.L.E.; Doronina, N.V.; Suzina, N.E.; Trotsenko, Y.A.; Dedysh, S.N. Methylovirgula
ligni gen. nov., sp. nov., an obligately acidophilic, facultatively methylotrophic bacterium with a highly divergent mxaF gene. Int.
J. Syst. Evol. Microbiol. 2009, 59, 2538–2545. [CrossRef] [PubMed]

44. Tarrand, J.J.; Krieg, N.; Dobereiner, J. A taxonomic study of the Spirillum lipoferum group, with descriptions of a new genus,
Azospirillum gen. nov. and two species, Azospirillum lipoferum (Beijerinck) comb. nov. and Azospirillum brasilense sp. nov. Can J.
Microbiol. 1978, 24, 967–980. [CrossRef]

45. Midha, S.; Rigden, D.J.; Siozios, S.; Hurst, G.D.D.; Jackson, A.P. Bodo saltans (Kinetoplastida) is dependent on a novel Paracaedibacter-
like endosymbiont that possesses multiple putative toxin-antitoxin systems. ISME J. 2021, 15, 1680–1694. [CrossRef] [PubMed]

46. Lu, M.; Tang, G.; Ren, Z.; Zhang, J.; Wang, W.; Qin, X.; Li, K. Ehrlichia, Coxiella and Bartonella infections in rodents from Guizhou
Province, Southwest China. Ticks Tick-Borne Dis. 2022, 13, 101974. [CrossRef] [PubMed]

47. Lehtovirta-Morley, L.E.; Stoecker, K.; Vilcinskas, A.; Prosser, J.I.; Nicol, G.W. Cultivation of an obligate acidophilic ammonia
oxidizer from a nitrifying acid soil. Proc. Natl. Acad. Sci. USA 2011, 108, 15892–15897. [CrossRef] [PubMed]

48. Sorokin, D.Y.; Vejmelkova, D.; Lücker, S.; Streshinskaya, G.M.; Rijpstra, W.I.C.; Sinninghe Damsté, J.S.; Kleerbezem, R.;
van Loosdrecht, M.; Muyzer, G.; Daims, H. Nirolancea hollandica gen nov., sp. nov., a chemolithoautotrophic nitrit-oxidizing
bacterium isolated from a bioreactor belonging to the phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 2014, 64, 1859–1865.
[CrossRef] [PubMed]

49. Kulichevskaya, I.S.; Suzina, N.E.; Rijpstra, W.I.C.; Damsté, J.S.S.; Dedysh, S.N. Paludibaculum fermentans gen nov., sp. nov., a
facultative abaerobe cpable of dissimilatory iron reduction from subdivision 3 of acidobacteria. Int. J. Syst. Evol. Microbiol. 2014,
64, 2857–2864. [CrossRef] [PubMed]

50. Shelobolina, E.S.; Nevin, K.P.; Blakeney-Hayward, J.D.; Johnsen, C.V.; Plaia, T.W.; Krader, P.; Woodard, T.; Holmes, D.E.;
VanPraagh, C.G.; Lovely, D.R. Geobacter pickeringii sp. nov., Geobacter argillaceus sp. nov. and Pelosinus fermentans gen. nov. sp.
nov., isolated from subsurface kaolin lenses. Int. J. Syst. Evol. Microbiol. 2007, 57, 126–135. [CrossRef]

51. Mattimore, V.; Battista, J.R. Radioresistance of Deinococcus radiodurans: Functions necessary to survive ionizing radiation are also
necessary to survive prolonged desiccation. J. Bacteriol. 1996, 178, 633–637. [CrossRef] [PubMed]

52. Busse, H.-J. Review of the taxonomy of the genus Arthrobacter, emendation of the genus Arthrobacter sensu lato, proposal to
reclassify selected species of the genus Arthrobacter in the novel genera Glutamicibacter gen. nov., Paeniglutamicibacter gen. nov.,
Pseudoglutamicibacter gen. nov. and Pseudoarthrobacter gen nov., and emended description of Arthrobacter roseus. Int. J. Syst. Evol.
Microbiol. 2016, 66, 9–37. [PubMed]

53. Lin, J.Y.; Russsel, J.A.; Sanders, J.G.; Wertz, J.T. Cephaloticoccus gen. nov., a new genus of ‘Verrucomicrobia’ containing two novel
species isolated from Cephalotes ant guts. Int. J. Syst. Evol. Microbiol. 2016, 66, 3034–4040. [CrossRef] [PubMed]

54. Zhang, L.; Xu, Z.; Patel, B.K.C. Frondicola australicus gen. nov., sp. nov., isolated from decaying leaf litter from a pine forest. Int. J.
Syst. Evol. Microbiol. 2007, 57, 1177–1182. [CrossRef] [PubMed]

55. Staley, J.T.; Irgens, R.L.; Brenner, D.J.; Pichinoty, F.; De Barjac, H.; Mandel, M.; Asselineau, J. Enhydrobacter aerosaccus gen. nov., sp.
nov., a Gas-Vacuolated, Facultatively Anaerobic, Heterotrophic Rod. Int. J. Syst. Bacteriol. 1987, 37, 289–291. [CrossRef]

56. Manaia, C.; Nogales, B.; Nunes, O. Tepidiphilus margaritifer gen. nov., sp. nov., isolated from a thermophilic aerobic digester. Int. J.
Syst. Evol. Microbiol. 2003, 53, 1405–1410. [CrossRef]

57. Collins, M.D.; Brown, J.; Jones, D. Brachybacterium faecium gen. nov., sp. nov., a Coryneform Bacterium from Poultry Deep Litter.
Int. J. Syst. Bacteriol. 1988, 38, 45–48. [CrossRef]

58. Rossau, R.; Kersters, K.; Falsen, E.; Jantzen, E.; Segers, P.; Union, A.; Nehls, L.; De Ley, J. Oligella, a New Genus Including Oligella
urethralis comb. nov. (Formerly Moraxella urethralis) and Oligella ureolytica sp. nov. (Formerly CDC Group IVe): Relationship to
Taylorella equigenitalis and Related Taxa. Int. J. Syst. Bacteriol. 1987, 37, 198–210. [CrossRef]

59. Krumholz, L.R.; Bryant, M.P. Clostridium pfennigii sp. nov. Uses Methoxyl Groups of Monobenzenoids and Produces Butyrate. Int.
J. Syst. Bacteriol. 1985, 35, 454–456. [CrossRef]

60. Kurup, V.R.; Barboriak, J.J.; Fink, J.N.; Lechevalier, M.P. Thermoactinomyces candidus, a new species of thermophilic actinomycetes.
Int. J. Syst. Bacteriol. 1975, 25, 150–154. [CrossRef]

61. Mutschlechner, M.; Lackner, N.; Markt, R.; Salvenmoser, W.; Dunlap, C.A.; Wagner, A.O. Proposal Thermoactinomyces mirandus
sp. nov., a filamentous, anaerobic bacterium isolated from a biogas plant. Antonie Van Leeuwenhoek 2021, 114, 45–54. [CrossRef]
[PubMed]

62. Koeck, D.E.; Ludwig, W.; Wanner, G.; Zverlov, V.; Liebl, W.; Schwarz, W. Herbinix hemicellulosilytica gen. nov., sp. nov., a
thermophilic cellulose-degrading bacterium isolated from a thermophilic biogas reactor. Int. J. Syst. Evol. Microbiol. 2015,
65, 2365–2371. [CrossRef]

http://doi.org/10.1126/science.170.3965.1416
http://www.ncbi.nlm.nih.gov/pubmed/5481857
http://doi.org/10.1371/journal.pone.0010433
http://doi.org/10.1073/pnas.0914470107
http://www.ncbi.nlm.nih.gov/pubmed/20421484
http://doi.org/10.1099/ijs.0.010074-0
http://www.ncbi.nlm.nih.gov/pubmed/19622650
http://doi.org/10.1139/m78-160
http://doi.org/10.1038/s41396-020-00879-6
http://www.ncbi.nlm.nih.gov/pubmed/33452479
http://doi.org/10.1016/j.ttbdis.2022.101974
http://www.ncbi.nlm.nih.gov/pubmed/35662068
http://doi.org/10.1073/pnas.1107196108
http://www.ncbi.nlm.nih.gov/pubmed/21896746
http://doi.org/10.1099/ijs.0.062232-0
http://www.ncbi.nlm.nih.gov/pubmed/24573161
http://doi.org/10.1099/ijs.0.066175-0
http://www.ncbi.nlm.nih.gov/pubmed/24867171
http://doi.org/10.1099/ijs.0.64221-0
http://doi.org/10.1128/jb.178.3.633-637.1996
http://www.ncbi.nlm.nih.gov/pubmed/8550493
http://www.ncbi.nlm.nih.gov/pubmed/26486726
http://doi.org/10.1099/ijsem.0.001141
http://www.ncbi.nlm.nih.gov/pubmed/27154284
http://doi.org/10.1099/ijs.0.64560-0
http://www.ncbi.nlm.nih.gov/pubmed/17551025
http://doi.org/10.1099/00207713-37-3-289
http://doi.org/10.1099/ijs.0.02538-0
http://doi.org/10.1099/00207713-38-1-45
http://doi.org/10.1099/00207713-37-3-198
http://doi.org/10.1099/00207713-35-4-454
http://doi.org/10.1099/00207713-25-2-150
http://doi.org/10.1007/s10482-020-01497-0
http://www.ncbi.nlm.nih.gov/pubmed/33215328
http://doi.org/10.1099/ijs.0.000264


Environments 2022, 9, 115 19 of 19

63. Zhang, X.; Tu, B.; Dai, L.-R.; Lawson, P.A.; Zheng, Z.-Z.; Liu, L.-Y.; Deng, Y.; Zhang, H.; Cheng, L. Petroclostridium xylantilyticum
gen. nov., sp. nov., a xylan-degrading bacterium isolated from an oilfield, and reclassification of clostridial cluster III members
into four novel genera in a new Hungateiclostridiaceae fam. nov. Int. J. Syst. Evol. Microbiol. 2018, 68, 3197–3211. [CrossRef]
[PubMed]

64. Kaksonen, A.H.; Spring, S.; Schumann, P.; Kroppenstedt, R.M.; Puhakka, J.A. Desulfurispora thermophile gen. nov., sp. nov., a
thermophilic, spore-forming sulfate-reducer isolated from a sulfidogenic fluidized-bed reactor. Int. J. Syst. Evol. Microbiol. 2007,
57, 1089–1094. [CrossRef]

65. Fraj, B.; Ben Hania, W.; Postec, A.; Hamdi, M.; Ollivier, B.; Fardeau, M.-L. Fonticella tunisiensis gen. nov., sp. nov., isolated from a
hot spring. Int. J. Syst. Evol. Microbiol. 2013, 63, 1947–1950. [CrossRef] [PubMed]

66. Rheims, H.; Frühling, A.; Schumann, P.; Rohde, M.; Stackebrandt, E. Bacillus silvestris sp. nov., a new member of the genus Bacillus
that contains lysine in its cell wall. Int. J. Syst. Bacteriol. 1999, 49, 795–802. [CrossRef]

67. Krishnamurthi, S.; Chakrabarti, T.; Stackebrandt, E. Re-examination of the taxonomic position of Bacillus silvestris Rheims et al.
1999 and proposal to transfer it to Solibacillus gen. nov. as Solibacillus silvestris comb. nov. Int. J. Syst. Evol. Microbiol. 2009,
59, 1054–1058. [CrossRef] [PubMed]

68. Zaitsev, G.M.; Tsitko, I.V.; Rainey, F.A.; Trotsenko, Y.A.; Uotila, J.S.; Stackebrandt, E.; Salkinoja-Salonen, M.S. New aero-
bic ammonium-dependent obligately oxalotrophic bacteria: Description of Ammoniphilus oxalaticus gen. nov., sp. nov. and
Ammoniphilus oxalivorans gen. nov., sp. nov. Int. J. Syst. Bacteriol. 1998, 48, 151–163. [CrossRef] [PubMed]

http://doi.org/10.1099/ijsem.0.002966
http://www.ncbi.nlm.nih.gov/pubmed/30124399
http://doi.org/10.1099/ijs.0.64593-0
http://doi.org/10.1099/ijs.0.041947-0
http://www.ncbi.nlm.nih.gov/pubmed/23024143
http://doi.org/10.1099/00207713-49-2-795
http://doi.org/10.1099/ijs.0.65742-0
http://www.ncbi.nlm.nih.gov/pubmed/19406792
http://doi.org/10.1099/00207713-48-1-151
http://www.ncbi.nlm.nih.gov/pubmed/9542085

	Introduction 
	Experimental 
	Excavation Site and Soil Samples 
	DNA Extraction, Amplification, and Labelling 
	Processing of NGS Data 
	Data Analyses 

	Results and Discussion 
	Comparison of Sampling Sites According to the Bacterial Soil Community at Phylum Level 
	Rank Profiles of OTU Abundances 
	Comparison of Sampling Sites by Special OTUs 

	Conclusions 
	References

