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ARTICLE INFO ABSTRACT
Keywords: Burial mounds represent a challenge for microbiologists. Could ancient buried soils preserve
Kurgan microbiomes as they do archaeological artifacts? To investigate this question, we studied the soil

Burial mound

microbiome under a burial mound dating from 2500 years ago in Western Kazakhstan. Two soil
Dark-chestnut soil

profile cuts were established: one under the burial mound and another adjacent to the mound

Microbiome . . .

) . surface steppe soil. Both soils represented the same dark chestnut soil type and had the same
High throughput sequencing X ; K ‘ X . K X
Diagenesis horizontal stratification (A, B, C horizons) with slight alterations. DNA samples isolated from all

16s rRNA horizons were studied with molecular techniques including qPCR and high throughput
sequencing of amplicon libraries of the 16S rRNA gene fragment. The taxonomic structure of the
microbiome of the buried horizons demonstrated a deep divergence from ones of the surface,
comparable to the variation between different soil types (representatives of the soil types were
included in the survey). The cause of this divergence could be attributed to diagenetic processes
characterized by the reduction of organic matter content and changes in its structure. Corre-
sponding trends in the microbiome structure are obvious from the beta-diversity pattern: the A
and B horizons of the buried soils form one cluster with the C horizons of both buried and surface
soil. This trend could generally be designated as ‘mineralization’. Statistically significant changes
between the buried and surface soils microbiomes were detected in the number of phylogenetic
clusters, the biology of which is in the line of diagenesis. The trend of ‘mineralization’ was also
supported by PICRUSt2 functional prediction, demonstrating a higher occurrence of the processes
of degradation in the buried microbiome. Our results show a profound shift in the buried
microbiome relatively the “surface” microbiome, indicating the deep difference between the
original and buried microbiomes.
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1. Introduction

Buried soils (or paleosols) are formed by a spontaneous or purposeful deposition of natural [1-3] or artificial material over surface
soil. Soils buried under the material of natural origin are found on narrow slopes [3], river terraces [2,4], under peatlands [1] or in
cryoturbated soils [5]. Paleosols are often used for paleo-archaeological reconstructions. Objects for reconstructing environmental
conditions are found in soils buried under man-made structures, such as archaeological layers of ancient dwellings [6], earthworks [7,
8] and burial mounds (or kurgans) [9-13]. The comprehensive study of buried soils allows us to discover information about climate
dynamics, vegetation, and other bioclimatic conditions [9,10,14,15] as well as to confirm the age of archaeological objects [16]. Such
investigations often include a variety of methodological techniques, including the analysis of physical, chemical, and morphological
properties such as pH, content of soluble salts, calcic and gypsum formations [9,10,17], common pool and available forms of carbon
and nitrogen [5,18], elemental composition [19], humus content [9,10], mineral composition of clay fraction [20], and analysis of
sporo-pollen and phytoliths [19].

The soil burial process is followed by a decrease in the effect of environmental factors such as fresh organic matter input and
oxygen-enriched air. Along with shifts in thermic and water soil regimes, these changes significantly affect the abundance and
structure of the microbiome [3,21,22] which is the most reactive and labile fraction of the soil system [23-26]. Investigations of buried
soils often include assessment of the microbiome parameters using different methods of classic microbiology, which include: culti-
vation with selective media [1,21,27], microbiome stimulation with activity evaluation [2,9,12,17,27], estimation of the total mi-
crobial biomass [2,6,10,17,27] or the total abundance [28], estimation of trophic coefficients [5,10,12,16] and enzymatic activity [1,
5,61, accounting viable microorganisms with microscopy [27]) and molecular biology methods (analysis of membrane-associated
DGDT [4], TRFLP [11,27] and DGGE analysis [2], quantification of marker gene copies [5,7,8,14] and high-throughput sequencing
[5-7,18,29].

Microbial communities of paleosols are considered to be partially preserved, this provides some information about environmental
conditions at the time of burial [2,9,22,27,30]. For example, according to radiocarbon analysis, the age of microbial biomass for the
humic horizon of buried chestnut soil corresponds to the time of its burial [31]. Despite the decrease in microbial abundance and
diversity [5,27] some total patterns such as profile stratification by morphology [9,21] and microbial abundance [8] or the trophic and
taxonomic structure [3,7,9,32], are preserved in buried soils for a long time. On the other hand, the burial process is followed by
diagenesis [33] with a loss in the quantity of organic matter [3,7,10,16] in the soil and its structural transformation [9]. Shifts in
environmental conditions induce the accumulation of survival structures, such as spores and nanoforms [27], along with shifts in the
trophic structure [1,5,10,12] and imbalance in soil microbial processes and pathways [21]. In addition, the high rates of soil respi-
ration [3,9,21] and the size of active microbial biomass [10] indicate microbial activity under burial conditions. Diagenetic processes
are highly intensive for the first 100-300 years of burial and then the decrease in soil organic matter slows down and the soil system
becomes more stable [21,22].

There is no clear answer as to how the microbiome data of buried soils can help in the reconstruction of environmental conditions at
the time of burial. Comparative analysis of buried soil and the adjacent surface soil of the same soil type (formed by similar soil-
forming factors) is the classical approach in this case. There are previous researches on such soil pairs, including soil chro-
nosequences, which used them to infer the environmental dynamics in a broader timespan [9,10,27,33].

The aim of our research was to assess and assign common and different features of the structures of prokaryotic communities of
dark chestnut soil buried under a mound from 500 B.C. (the age was established by archaeological artifacts) and the adjacent dark
chestnut surface soil. A comparative analysis of the prokaryotic communities of different soil types formed in distinct bioclimatic
conditions was performed to better characterize the burial process and to scale observed divergence.

2. Materials and methods
2.1. Sampling location

Soil samples were collected during the archaeological survey of the Segizsay I (Lebedevka) burial complex, consisting of 20
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Fig. 1. Schematic picture of the burial mound, the buried and surface soil cuts.
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kurgans, located at the flat surface of a watershed upland, 9 km south-west of Segizsay, Western Kazakhstan. Soil buried under Kurgan
No 1 was excavated in 2018 close to the base of the upland and used in the current study. The burial place dates back to the end of the
VI century - the middle of the V century BC, corresponding to the Scythian-Sarmatian period of the early Iron Age [34]. The buried soil
presented in the current analysis was located at the side of a young woman’s grave. Inside the burial place the following objects were
found: a stone credence table, a tiny clay vessel, a bronze mirror, a glass flacon, a glass chaplet, a moulded clay crock, and sheep bones.
Photographs of the kurgan and artifacts are attached in Figure S1. The climatic environment of Western Kazakhstan during that period
was comparable to the current relatively humid conditions [35] with about 300-330 mm of average annual precipitation [9]. There are
two contrary opinions about the climate continentality of that period. Some researchers assert a higher continentality rate, while
others contend that the climate was milder [35].

Samples of paleosol were taken from under the burial place (embankment height 1.3 m); surface soil located on a mild slope was
chosen as a modern analogue (Fig. 1). Both soils were classified as dark chestnut carbonate on Cretaceous rocks (Kastanozems [36]),
with high carbonate content and increased humus content. The descriptions of the soil profiles and vegetation are given in the File S1.

Soil material was sampled from each horizon in 5 replicates, placed in envelopes, delivered to a laboratory within 24 h, and then
stored at —20 °C until further analysis.

2.2. Carbon and nitrogen content

Total carbon content was determined titrimetrically by the Tyrin wet oxidation method (bichromatic) with Nikitin modifications
[37]. The water-soluble carbon content was measured in an aqueous extract with soil:water proportion equal to 1:5 [37]. The con-
centration of organic carbon in extracts was measured by wet oxidation with a sulphochromic mixture (0.04 n) and further spec-
trophotometric analysis on an ‘Ultraspec’ device («LKB», Switzerland; A = 340 nm) [38].

Total nitrogen was measured on an automatic nitrogen analyser (Boshu, Switzerland) with the Kjeldahl method [39].

All measurements were performed only for the A and B horizons of the surface and buried soil.

2.3. pH and electroconductivity

The pH was measured in soil suspension in the proportion soil:distilled water 1:2.5. The suspension was shaken for 4 h, after which
the pH was measured with METTLER TOLEDO Seven Compact pH-meter and electroconductivity was measured in the same suspension
with STARTER 300C device.

2.4. DNA extraction and purification

DNA extraction and purification were performed with a NucleoSpin Soil kit (MACHEREY-NAGEL, Germany) in accordance with the
manufacturer’s guidance. For DNA extraction SL1 lysis buffer and 150 mkl of enhancer were added to 0.25 g of soil. For homoge-
nization, a Precellys 24 machine (Bertin technologies, France) was used (6000 rpm: 2 x 30").

2.5. Quantitative analysis of bacterial DNA

For the quantitative analysis of bacterial DNA, Real-Time PCR was performed. Universal primers to the prokaryotic 16s rRNA gene
were EUB338 - ACTCCTACGGGAGGCAGCAG/EUB518 - ATTACCGCGGCTGCTGG [40]. A range of ten-fold dilutions of 16S rRNA E.
coli was used as a standard. PCR was performed in three technical replicates using the qPCR mix-HS SYBR kit (Evrogen, Russia)
mixture, in accordance with the manufacturer’s guidance on a CFX96 Real-Time PCR Detection System (BIO-RAD, USA) device using
the protocol: 95 °C - 3'; 95 °C - 20”, 50 °C - 20", 72 °C - 20" (40 cycles); final melt curve generation.

2.6. High throughput sequencing and further data analysis

The library preparation for sequencing included amplification of the target fragment of the variable region V4 of the 16S rRNA gene
using universal primers (515F - GTGCCAGCMGCCGCGGTAA/806R - GGACTACVSGGGTATCTAAT) [41] together with linkers and
unique barcodes. PCR was performed on a T100 Thermal Cycler (BIO-RAD Laboratories, USA) in 15 pL of a reaction mixture containing
0.5 units of Q5® High-Fidelity DNA Polymerase (New England BioLabs, USA), 1X Q5 Reaction Buffer, 5 pM of each primer, 3.5 mM
dNTP (Evrogen, Russia) and 1-10 ng of DNA template. The PCR program included the stage of denaturation at 94 °C - 1/, amplification
of the product during 35 cycles (94 °C - 30”, 50 °C - 30", 72 °C - 30"”), and final elongation at 72 °C - 3. Further sample preparation and
sequencing were carried out in accordance with Illumina protocol (“’16S Metagenomic Sequencing Library Preparation™) on an
[llumina MiSeq device (Illumina Inc., USA) using a MiSeq Reagent Kit v3 (600 cycles) with pair-end reading (2 x 300 b) (Illumina Inc.,
USA).

The pre-processing of the obtained data included primer sequences removal using the cutadapt program [42] with further
denoising, joining paired reads, and chimera removal using the dada2 software package [43] implemented in the R software envi-
ronment (at the stage of quality filtering truncation length of forward and reverse reads was 200 b). A naiive Bayesian classifier,
implemented in the dada2 package and trained using the SILVA 132 database [44], was used for taxonomic classification of the
obtained ASV (amplicon sequence variant) sequences. Further processing was carried out within the QIIME2 package [45] and the
plugins implemented in it. This included the construction of a phylogenetic tree using the SEPP algorithm [46] (fragment insertion on
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the SILVA database reference tree with further truncation of branches not presented in the set of our ASVs), calculation of alpha and
beta diversity, and prediction of the functional properties of the community in the PICRUSt2 program [47]. To assess alpha diversity,
we used the indices of diversity reflecting phylogenetic diversity (Faith PD), the degree of evenness (Shannon), and dominance
(inverted Simpson). The ggviolin and stat_compare_means functions from package ggpubr [48] were used to compare alpha-diversity
indices and plot violinplots (comparison was performed with Wilcox test with Benjamini-Hochberg p-value adjustment).

The weighted UniFrac metric [49] was used for the estimation of beta diversity. Microbiomes of different horizons of the surface
and buried soils were compared.

To scale the differences between buried and control chestnut soils, microbiome data for some contrasting soil types, each repre-
sented by A horizon (Table 1: chernozem [50], sod-podbur, grey-humus soil [51]), were included in the beta-diversity analysis. The
soils for this comparison were taken from different projects in our laboratory and for this reason, are represented in different numbers
of replicates. The geographic location of these soils is presented at Fig. 2.

PAST 2.7 program was used for cluster analysis of horizon group centroids for the buried and surface soils.

The adonis2 test (PERMANOVA, R environment) on the weighted UniFrac-based matrices was used to study the stability of the
horizon structure during the burial period. The adonis2 test was applied to the set of horizons of each soil sample separately in order to
assess differentiation through the whole profile. The differentiation of the microbiome structure between different horizons of both
surface and buried soils was assessed. Retention of differentiation was accepted if the adonis2 test returns a significant effect for factor
“horizon”.

The phyloseq [52] and DESeq2 [53] packages in the R environment were used to obtain more details for the burial-dependent
differentiation of “homologous” horizons of the surface and buried soils. DESeq2 performs a Wald test to test the null hypothesis
that the LFC (log2-fold change) between groups is 0 and provides a p-value and a corrected p-value (Bejamini-Hochberg adjustment)
for the resulting statistics. Using this approach we identified a group of phylotypes (level of ASV) with a significant shift in abundance
(p-value after Benjamini-Hochberg adjustment <0.1) and constructed corresponding phylogenetic trees consisting of these phylotypes
(ggtree package [54] was used). To construct these trees, we pruned a SEPP-generated tree in phyloseq with function prune_taxa.

To assess functional shifting during the burial we used the PICRUSt2 pathway abundance prediction. Only pathways with a sig-
nificant shift in abundance were used for further interpretation (Kruskal-Wallis Rank Sum Test, p-value after Benjamini-Hochberg
adjustment <0.1, R environment).

Raw sequences are available in the SRA under PRINA649708 accession number (“SRA: PRINA649708").

3. Results

Sequencing resulted in 21,500 to 111,319 raw reads per sample (mean 46,736). The mean reads count per sample after chimera
removal was 28,542. The minimal number of reads per sample after data pre-processing was 10,987. This number was used as a
threshold value in further data rarefaction, which is the default normalization strategy for alpha and beta-diversity estimation in the
QIIME2.

3.1. Beta-diversity analysis

Some representatives of other soil types in the comparative analysis (chernozem, grey-humus soil, sod-podbur) were included to
assess the differentiation and scale of the difference between the buried and surface soils. An analysis of the A horizons of different soil
types based on weighted UniFrac shows how much the buried soil diverges from the surface soil (Fig. 3). The difference between the A
horizons of the buried and surface soils is comparable to the difference between the A horizons of the different soil types.

Table 1
Description of the samples included in the analysis.
Soil Horizons  C total, % N total, % WRB 2014 Location Short description
classification
Buried dark- A 0.47 + 0.079 + Kastanozem 50°07'43.4" N, 54°01’39.9" E soil under the burial mound
chestnut 0.011 0.002
B 0.43 + 0.073 +
0.007 0.001
C - -
Surface dark- A 0.9 + 0.014 0.144 + Kastanozem 50°07'43.4" N, 54°01'39.9" E soil near the burial mound
chestnut 0.002
B 0.52 + 0.095 +
0.007 0.006
BC - -
C - -
Chernozem A - - Chernozem 51°01'41.6"” N, 40°43'39.3" E  edge of a field, 50 years
fallow
Sod-podbur A - - Umbrisol 59°3925.1” N, 31°22/23.3" E  cone forest
Grey-humus A - - Arenosol 53°29'43.80" N, 49°20'56.44”  cone forest
E




A.A. Kichko et al. Heliyon 9 (2023) 17208

65°N

60°N

mbrisol (sod-podb
&

©
e
B 55°N -
H
8
ArenosoMgray-humus soil)
. ,
°
Chernozem
50°N 4
buried and surface Kastanozems (dark-chestnut soils
45°N —L T

25°E 30°E 35°E 40°E 45°E
longitude

Fig. 2. The geographic location of soils included in the comparative analysis with different soil types.
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Fig. 3. Difference between the A horizons of the buried and surface dark-chestnut soils in the context of differences between different soil
types. Buried d-ch stands for buried dark-chestnut soil, surface d-ch - surface dark-chestnut soil, grey-hym - grey-humus soil.

A more detailed further analysis compares only the buried and surface soils. Prior to performing an analysis of microbiomes, total
carbon and nitrogen analyses were performed. Data from this analysis is available in Table 1. An almost twofold decrease in total
carbon and nitrogen in the buried A horizon was detected and there was almost no decrease in the B horizon Besides total C and total N
the EC, pH, C/N, C water-soluble and fraction of C water-soluble in C total were measured (see S2 Table). Data for electroconductivity
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(EC) shows the B horizon has traces of salinity (1.294 mS/cm) and pH 7.5 (minimal value relative to the rest) (S2 Table). The highest
pH was characteristic for the buried A horizon - 8.3. C/N values were approximately equal for the A and B horizons of both soils.

The profile structure of the buried soil has similar morphological properties to dark chestnut soils in terms of horizontal stratifi-
cation with distinct A, B, and C horizons. Notably surface soil has a transitional horizon BC which is absent in the buried soil. For details
on the soil profile descriptions, please refer to S1 File.

A microbiome analysis shows that while the horizon structure is stable, the microbiome structure had undergone significant
changes. Beta-diversity between horizons of the buried and surface soils based on the weighted UinFrac metric is shown in Fig. 4. It
shows the “sequential transition” of surface soil horizons (A, B, BC) through buried A and B horizons to the mineral C horizons (of both
soils). The Adonis2 (PERMANOVA) tests were performed separately for each soil, they show profile differentiation by microbiome
structure (measured by weighted UniFrac) with R? of 0.63 and 0.65 for the surface and buried soils, respectively, with a p-value of
0.001.

3.2. Quantitative analysis of bacterial 16s rRNA

Quantitative analysis of bacterial 16s rRNA shows a substantial decrease in bacterial abundance in all buried horizons compared
with corresponding horizons of the surface soil (Fig. 5). The A horizon demonstrates a 1.8-fold decrease, the B horizon a 15.7-fold
decrease (6.5-fold in comparison to the BC horizon of the surface soil) and the C horizon shows a 2.7-fold decrease.

A minimal decrease was seen in the A horizon (1.8-fold) and a maximal one in the B horizon (15.7 and 6.5-fold compared with the B
and BC horizons of the surface soil) (Fig. 5). Both soil profiles demonstrated a gradual decrease in bacterial abundance with an increase
of depth.

3.3. Alpha-diversity analysis

Comparison of alpha diversity indices of pairs of homologous horizons (buried and surface) shows significant shifts only for B
horizons (Fig. 6). The buried B horizon is characterized by a decrease in evenness (Shannon index and inverted Simpson indices). The
plot of comparison between all horizons is attached in the supplement (S2 Figure).

3.4. Taxonomic structure of the microbiomes

The microbiomes of the surface and buried soils were dominated by eight phyla which represent at least 1% of the community in
any of the given horizons: Actinobacteria, Proteobacteria, Firmicutes, Thaumarchaeota (Archaea), Chloroflexi, Acidobacteria, Bacteroidetes,
Verrucomicrobia and Planctomycetes (Fig. 7). Actinobacteria is one of the main phyla for both the surface and buried soils, it represented
35%-68% of the total community and included 1677 identified phylotypes (ASVs). The difference between the surface and buried soil
microbiomes is also noticeable within the class of Actinobacteria (S3 Fig).

The surface soil has a higher abundance of Thaumarchaeota. The buried soil stands out for its presence of Verrucomicrobia and a
higher proportion of Bacteroidetes in the A horizon. It also has a higher proportion of Proteobacteria, Firmicutes, Acidobacteria, and
Chlorofiexi in the A and B horizons. Remarkably the C horizons of both soils demonstrate an increase in the proportion of Proteobacteria
and Firmicutes.

A comparative analysis of the surface and buried soil microbiomes shows a significant difference in the taxonomic structure even at
the phylum level (the most shifts were determined for Proteobacteria, Verrucomicrobia, Acidobacteria, Actinobacteria, Chloroflexi, Bac-
teroidetes, and Thaumarchaeota). Structural changes in the microbiome show complex patterns. While actinobacteria keep a dominant
position in the buried microbiome; the structure of this group is reorganized at a more subtle taxonomic level. Moreover, the
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Fig. 4. Beta-diversity (PCoA based on weighted UniFrac metric), differentiation between the buried and surface soil horizons.
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taxonomic structure of dominants in the microbiome differs significantly at the level of individual phylotypes for horizons A. Nitro-
sosphaera was dominant in both the soils but was represented in the buried and surface soils by different subgroups (Fig. 8).

A more detailed analysis of changes in taxonomic structure was performed at the level of separate phylotypes with the DESeq2
package.

3.5. Phylogenetic structure of differentially abundant parts of the microbiome

Burial also clearly affects minor taxa and the general picture is quite complex. To cover all the phylotypes with significant shifts in
abundance, we performed the differential abundance test DESeq2 and constructed a phylogenetic tree with those phylotypes. A
distinctive feature of the burial process was the formation of separate clades with negative or positive dynamics in burial conditions
(S1 Fig 4, Fig 5). Those distinctive clades were considered as ‘markers’ of the burial process (at least for dark-chestnut soil).

Microbial markers of the burial process in the A horizon can be considered to be: 1) a decreased abundance of representatives of
Gaiella, Rubrobacterales (Actinobacteria) and Candidatus Nitrososphaera (Archaea), 2) specific shifts in the composition of some
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taxonomical affiliation at the class (or phylum in some cases) level. Bar plots (both left and right sides) show the relative abundance of these
phylotypes in buried (coral, left) and surface (cyan, right) dark-chestnut soils.

unclassified bacteria, 3) a higher proportion of proteobacteria, and 4) an increased abundance of Microtrichales (Acidimicrobiia),
Bacillales (Firmicutes), Thermomicrobiales, Caldilineales (Chlorofiexi), Sphingobacteriales (Bacteroidetes), and Verrucomicrobia (S4 Fig).

The burial process in the B horizons was accompanied by a decrease in the abundance of representatives of Gaiella and Candidatus
Nitrososphaera, with the addition of Solirubrobacteriales and Frankiales. An increase in diversity and abundance of some actinobacteria
(Acidimicrobiia, Propionibacteriales, Micromonosporales, Euzebyales), Firmicutes (Bacilli), Chloroflexi (mostly Thermomicrobiales), Acid-
obacteria (Subgroup 6), Proteobacteria (particularly Tistrellales). Shifts in the phylogenetic structure of some unclassified actinobacteria
as well as some unclassified bacteria were also observed (S5 Fig).

3.6. Difference in the ‘functional structure’ (PICRUSt2 analysis)

Since features of the diagenetic process were more pronounced for the A horizon (decrease in total carbon and nitrogen), we tried to
infer the functional structure of the A horizon with the PICRUSt2 package and trace corresponding features in the functional profile
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differences. Differential abundance analysis (DESeq2) on the PICRUSt2 data shows significant shifts in abundance for 55 inferred
pathways, with 18 pathways related to organic degradation (S1 Table). 14 of them are more abundant in the buried soil, and 4 - in the
surface soil. More detailed information on the PICRUSt2 results is attached in the supplement (table of pathways with significant shifts
in abundance for the A horizons).

Notably, a cluster analysis of centroids (weighted UniFrac) shows a grouping of microbiomes of the A and B horizons of the buried
soil with the C horizons (the horizon of the soil-forming rock). This is in accordance with the PICRUSt2 data, as mineralization is the
consequence of degradation (Fig. 9).

Indirect indicators of retention of biogenic nutrient cycles were observed during the burial. For the nitrogen cycle as an example,
we observed the presence of potential nitrogen-fixers (Bacillus, Frankiales - surface; Bacillus, Clostridia - buried), nitrifiers (Nitrospirae,
Candidatus Nitrososphaeria - surface; Nitrolancea, Nitrospirae, Candidatus Nitrososphaeria - buried), and denitrifiers (Gaiella - surface;
Candidatus Alisiosphaera, Gaiella - buried) in the microbiomes of both the surface and buried soil.

4. Discussion

The object of this investigation is soil buried under a kurgan 2500 years ago. This research aimed to compare the microbiomes of
nearby surface soil and its “buried” version to understand the changes in microbial community that have occurred over a sufficiently
long time. The burial causes a radical change in providing soil horizons with water and nutritional substances. So, although buried soil
preserved horizontal stratification comparable to the surface soil, the “buried microbiome” changed significantly, which is described
by diagenesis.

Changes in the properties of buried soils associated with diagenesis (decreased thickness and increased density of the Al horizon
due to reduction of fresh organic matter input and the pressure of the burial rock, decreased content of biophilic elements (primarily, C,
N), etc.) [8,55,56] substantially transform the ecological conditions of existence and functioning of the soil microbial complex [27,57,
58]; and, generally, diagenetic processes affect mostly the upper, humus, Al horizon. Our study shows that, even though the profile
structure characteristic of a typical chestnut soil (S1 File) is preserved, the genetic horizons of the buried soil under study showed
significant shifts in the composition, structure, and functioning of the microbiomes. Thus, changes in the trophic, air, and water re-
gimes led to a decrease in the number of bacteria in the buried soil horizons, with the maximum decrease in the mineral horizons of the
buried soil (the number of copies of ribosomal operons of the 16 S rRNA gene decreased by more than an order of magnitude in the B
horizon of the buried soil as compared to that in the surface soil (Fig. 3). The decrease in microbial biomass in soils during burial has
been reported in many studies as a consequence of decreased input of fresh organic matter combined with its mineralization and
increased oligotrophic regime in buried soil horizons compared to surface soil [8,27,57].

The amount of organic matter in soils during their burial sharply and significantly decreases in the first 200 years, subsequently
stabilizing at 30-40% since burial [56,59]. The preservation of trace amounts of humus in the upper horizon of the buried soil may
contribute to the relatively greater buffering of its physicochemical properties compared to the underlying horizons, which may
explain the less sharp decrease in the abundance of prokaryotes in the Al horizon of the buried soil (Fig. 3). These factors may also
explain the observed less dramatic decrease in the Al horizon of the buried chestnut soil in total diversity, as determined by com-
parable values of alpha diversity indices (Fig. 6).

No correlation in the scale of the decrease in the A and B horizons of the bacterial abundance (5.1 and 15.6-fold, respectively
(Fig. 3)) and C and N content (by a factor of 2 in both horizons (Table 1)) may be partially explained by the presence of most mi-
croorganisms in the mineral horizons mainly in the form of dormant, non-functioning spores, as well as by the influence of other
environmental factors and physical and chemical conditions in the mineral horizons on prokaryote activity, which could remain
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beyond the scope of the current investigation.

The higher values of the biophilic element content in the A horizon of the buried soil may explain, in connection with its high
biological potential (in comparison with the mineral horizons), the absence of differences in the values of diversity indices in it and the
upper horizon of the surface soil. Meanwhile, the differences in the values of the diversity indices of the B-horizon were more pro-
nounced, with a significant decrease in the B horizon of the buried soil (Fig. 6). A sharp decrease in the biomass, including its
functionally active part, was diagnosed for paleosoils of southern Russia confined to the range of chestnut and solonetz soils [60]; this
difference was significantly increased in higher-aged buried soils (4000 and 2000 years). Since these soils are dated at approximately
2500 years, this may explain significant degradation transformations in the structure of both the genetic mineral horizons of the buried
soil and its microbial community.

Despite the generally close values in the total values of biodiversity, the observed decreases in the total amount of nutrients, in
particular, C and N, as well as the changes in the aeration regime occurring during burial, contributed to shifts in the composition of the
buried soil microbiomes as well, which was expressed in predominant clustering of the buried soil microbiomes, including the A
horizon, with the mineral horizons of surface soils. The general trend of “mineralization” was also a characteristic of the functional
structure of the buried soil microbiome overall: the reconstruction of the potential functional community structure demonstrated the
predominance of degradation processes in the buried soil compared to the surface soil (S1 Table). This, along with the negative dy-
namics of carbon and nitrogen in the buried soil (Table 1) and the results of cluster analysis (Fig. 9), is generally consistent with the
concept of soil diagenesis. The latter assumes a gradual mineralization of soil organic matter and demonstrates a gradual shift of the
“buried” communities towards the microbiome of mineral horizons. It is worth noting that not only the age, but also the embankment/
mound height, can influence the intensity of transformation of the ecological environment of buried soils. Thus, in Chernysheva et al.
(2013) [60] it was shown that the soil buried under the 90 cm mound showed a sharper decrease in the value of microbial biomass
(both total and substrate-induced) compared to the surface soil, as well as the soil buried under the 44 cm mound. The 130 m mound
height in our study could be a significant factor influencing highly the physicochemical parameters of the buried chestnut soil,
determining the specificity of the taxonomic and functional structure of its microbiome.

4.1. Comparative analysis of taxonomic structure (differentially abundant part) of the prokaryotic community of buried and surface
chestnut soil

The observed changes in the microbiome structure are characteristic of buried soils [1,21] and are associated with an increase in
the number of microorganisms resistant to adverse environmental conditions. Many of these bacteria have an oligotrophic nutritional
type, high hydrolytic activity, the ability to nanoform, spore formation, and anaerobic respiration. Members of Acidobacteria which are
abundant in the ‘buried’ B horizon are oligotrophs [61-64], able to live in soils with low salinity [65]. Bacilli detected throughout the
buried profile are known as spore-forming bacteria, capable of surviving periods of drought [66] or salting [67], adapting to frequent
changes in redox conditions [68], hydrolyzing hard-to-access substances in anaerobic conditions [5,32], and fixing nitrogen. Chlor-
oflexi are known as anaerobic hydrolytic bacteria [5], capable of surviving in nutrient scarcity [61] and using CO; as an energy
substrate [69]. The representatives of the genus Nitrolancea (Chloroflexi) are nitrifiers [69]. Proteobacteria are well-known as active
hydrolytics [1]. Representatives of Candidatus Alisiosphaera (Alphaproteobacteria) are abundant in the buried B horizon and can
consume nitrites and nitrates in the anaerobic environment [70].

The phylum Actinobacteria is widely represented in both soils. Its representatives are well-known ‘universals’ with variable
metabolic pathways [71] that can consume complex polymers [1,71]. They are resistant to low temperatures [5] and moisture
fluctuations [72].

Some actinobacteria were associated more with the surface soil. For example, representatives of the genus Rubrobacteriaceae which
are thermophiles and resist radiation and drought [73,74] were abundant in the A horizon of the surface soil. Members of Frankiales are
nitrogen-fixing [75] amphimicrobion [73], and its presence in the B horizon can be linked to spore-formation [73], which impacts
long-term survival in deeper soil layers. Gaiella and Solirubrobacteraceae are more typical for the surface soil and are known as
non-spore-forming bacteria. Representatives of the genus Gaiella are sensitive to pH variations and are denitrifiers, reducing nitrate to
nitrite [73]. Representatives of Micromonosporaceae are more typical for the B horizon of the buried soil. These bacteria can hydrolyze
complex carbohydrates (lignin, chitin, cellulose, pectin) and are known as utilisers of plant residues. The fact that Micromonosporaceae
was discovered in cryogenic soils [73] is evidence of its ability to survive in a poor-of-labile-nutrient, low-competitive environment.

Interestingly Verrucomicrobia, associated with soil carbon flux [3], are abundant in the surface B and buried A horizons. This data
contradicts some metagenomic-based research [7,8,21,33] where a decrease of Verrucomicrobia was determined during burial. Since
buried soils can often maintain relatively high humidity [76], and taking into account the greater confinement of this group of bacteria
to less arid conditions [77], we assume their presence can be explained by comparatively more humid conditions of the buried A and
surface B horizons.

In our research, there were indicated markers of the burial process (at least for chestnut soils). The A horizon was characteristic of
1) a decrease in abundance of representatives of Gaiella, Rubrobacterales (Actinobacteria) and Candidatus Nitrososphaera (Archaea), 2)
specific shifts in the composition of some unclassified bacteria, 3) a higher proportion of proteobacteria, and 4) an increased abun-
dance of Microtrichales (Acidimicrobiia), Bacillales (Firmicutes), Thermomicrobiales, Caldilineales (Chlorofilexi), Sphingobacteriales (Bac-
teroidetes), and Verrucomicrobia (S4 Fig).

The B horizon demonstrated a decrease in the abundance of representatives of Gaiella and Candidatus Nitrososphaera, with the
addition of Solirubrobacteriales and Frankiales. An increase in diversity and abundance of some actinobacteria (Acidimicrobiia, Pro-
pionibacteriales, Micromonosporales, Euzebyales), Firmicutes (Bacilli), Chloroflexi (mostly Thermomicrobiales), Acidobacteria (Subgroup

10



A.A. Kichko et al. Heliyon 9 (2023) 17208

6), Proteobacteria (particularly Tistrellales). Shifts in the phylogenetic structure of some unclassified actinobacteria as well as some
unclassified bacteria were also observed (S5 Fig).

Probably, the analysis of certain groups of microorganisms, or the processes carried out by them, associated with a specific function
of the soil microbial community - the transformation of organic matter, plant nutrition, etc., rather than the analysis of general
microbiome parameters would be more informative for the tasks of paleoecological reconstructions.

It is worth noting that, of course, our study has several significant limitations. They are associated with the peculiarities of the
methods of analysis we used. First of all, this limitation is related to the analysis of total soil DNA. For this reason, we cannot judge the
physiological status of the microorganisms identified. Are they living forms, dormant, dead, or is it just DNA left over from these
microorganisms (eDNA)? Soil RNA analysis is needed to address this question. The second question is, to what extent this analysis can
reconstruct the historical microbiome? Given the pronounced influence of diagenetic processes and the trend to mineralization, which
may have significantly altered the original microbiome, we consider it unlikely that conclusions can be drawn about the historical
microbiome based on metagenomic data for the buried soil. Although it has been showed that even in 100-year-old archival soils stored
in dry collections, important components of the historical microbiome can be identified, especially for soils with high humus content
[14]. A very interesting continuation of this study would be an attempt to isolate the cultured microbiome with subsequent analysis of
changes in the genome of corresponding microorganisms relative to their modern relatives. This would make it possible to understand
adaptational processes not only at the level of taxonomical structures of full microbiomes but also through comparative evolutional
genomics.

5. Conclusions

The interpretation of the ‘buried’ microbiome data is challenging. On the one hand, buried soil keeps evolving in the same soil
environment such as climate conditions and parent rock material, and preserves a lot of features of the natural dark-chestnut soils. On
the other hand, the burial process significantly changes the air, thermal, water, and nutritional soil regimes. The dominance of mi-
crobial decomposition of soil organic matter (soil organic matter diagenesis) is observed in the buried soil. Additionally, these pro-
cesses occur over an extended period, and we cannot make conclusions about their dynamic, only detect their consequences. This
means that the microbiome data is a ‘one-time stamp’ of 2500-year of the burial dynamics and shows a detailed but hard-to-formalize
snapshot of that process with shifts at the various phylogenetic levels in the different microbial groups. In summary, we conclude that
the burial process causes changes in the soil environment and affects the upper A and B horizons, rather than the parent rock material.
Microbial communities of the buried soil gradually mineralize the soil organic matter and undergo a complex, presumably long-term
and sequential, structural shift and a decrease in the total biomass.

Considering this we do not believe that microbiomes of soils buried under kurgans can be used as a source of information for paleo
archaeological reconstructions. Rather the identification of the specific soil and microbiome features of the buried soils can describe
the degree and course of microbiome shifts during the long-term burial, as well as assess the functional shifts linked to the diagenetic
processes.
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