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Abstract
Microbial communities in tomb soil change during archaeological excavation, and these changes can accelerate the deterioration of buried heritage. In this study, a high-throughput sequencing method was used to analyze the soil microbial diversity of tomb M88 from the Sujialong Cultural Property after careful excavation in the laboratory. The phylum of Proteobacteria, Acidobacteria and Ascomycota predominated in the tomb soil, and the dominant genera, Pseudarthrobacter, Penicillium, and Cladosporium, showed the potential to degrade residual relics in the tomb soil. These findings will help to explore the process of microbial degradation in buried heritage during long-term archaeological excavation and improve careful excavation procedures in the laboratory for further conservation. Additionally, numerous plant species were identified in the tomb soil, and most of the plants belonged to the native vegetation species. However, the identified dominant species, Glycine, Angelica, and Hippophae, should be from residual heritage rather than native species, which may provide clues for the study of funeral customs and cultural exchange in the Zeng State.
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Introduction
Numerous archaeological and cultural heritage is preserved in the soil, particularly in the tombs. It is known that burial conditions, especially microorganisms in the soil, play a crucial role in the deterioration of archaeological heritage [1–6]. Research on the degradation of buried heritage caused by microorganisms has been reported [3–6], but most of these studies focus on excavated heritage, such as textiles and woods. Only a few studies focused on the microorganisms in tomb soil [1, 2], and samples in these studies were collected prior to the excavation. This is because the tombs generally maintain an environment cut off from the external environment [1]. During excavation, the burial environment changes, and microorganisms from the external environment can infiltrate and alter the microbial communities in the tomb soil [1, 6]. These studies overlook the fact that excavation usually lasts for a long time, which means that the buried heritage cannot be excavated and preserved immediately. The original microbial community in the soil will be contaminated by introduced environmental microorganisms, and the growth of the invading microorganisms may accelerate the deterioration of cultural heritage [7], but few studies have investigated this process.
The identification of microbial communities is now commonly carried out by high-throughput sequencing, and this method is also used to recognize archaeological plant remains [8–13]. Kistler et al. [8] reported that high-throughput sequencing could retrieve ancient plant communities from small amounts of bulk sediment samples spanning a long-time period, and that the species of desiccated, waterlogged, or charred archaeological plant remains could also be identified with this method [11–13].
Careful excavation in the laboratory, in which the soil containing the tomb is extracted and excavated in the laboratory, is becoming popular in archaeological excavation because of its advantages in recovering more data on the funerary rituals of the time and preserving fragile buried cultural heritage. However, careful excavation usually takes longer than traditional excavation, which means that the cultural heritage may suffer more deterioration caused by soil microorganisms. The tomb M88, which was also called Mi Ke tomb based on the tomb owner, used in this study is an example of careful excavation in the laboratory. It was excavated from the Sujialong Cultural Property, Jingshan county, Hubei province, China in 2016 and belonged to the Zeng State (sixth century BC). Numerous tiny jades were found in the coffin area, and there were some bronzewares found between the coffin and the outer coffin. In order to collect more information about the tomb and protect excavated relics, the soil mass of the coffin area was extracted from the tomb and transferred to the laboratory of the Institute of Cultural Heritage, Shandong University in 2017. Frequent water spraying to prevent soil mass from drying out and a relatively stable environment encourage the invasion and growth of exogenous microorganisms. The high humidity of soil usually promotes the growth of microorganisms, which can accelerate the degradation of buried cultural heritage [14]. It is not yet known which specific species are supported by these conditions or whether they pose a risk to residual relics in the soil.
Within this research, we identified the microbial communities in the tomb M88 soil using high-throughput sequencing. The aim of this study was to clarify the distribution and diversity of the microbial community in tomb soil after long-term excavation, and then to explore the influence of microorganisms on the degradation of residual heritage. In addition, various plants and residual heritage of plant origin are present in the tomb, we also wanted to identify theses items from the data of high-throughput sequencing. These findings would inform future improvements in laboratory excavation, and provide some new clues to the study of the funerary system of the Zeng State.
Materials and methods
Site description and soil sampling
The tomb M88 is located in the south of the Sujialong Cultural Property, which contains many Zeng State tombs. All the tombs in the area are at a shallow depth from the surface, the maximum depth from the surface to the bottom of the tomb is about 200 cm. After a year of archaeological excavation, the coffin area of tomb M88 was excavated. Then, the soil mass of the coffin area, with a volume of 220 × 101 × 40 cm (Additional file 1: Fig. S1), was removed and transferred to the laboratory of the Institute of Cultural Heritage, Shandong University for careful excavation over a period of 3 years (2017–2020). During this period, the soil mass was maintained in a humid environment through spraying water to prevent cracking. Nine soil samples were collected in July 2020. The sampling sites are shown in Fig. 1. Soil samples L1, L2, L3, R1, R2, and R3 were symmetrically shaped and contained no visible residual sediments related to the tomb. The six samples were collected at a depth of 3 cm to avoid contamination with environmental microorganisms. Samples were also collected from residual relics, as follows: sample H was collected from the predicted location of the occupant’s headwear (the head area of the tomb owner), sample S was collected from a relic with an obvious fabric imprint (Fig. 2), and sample P contained material with paper-like consistency and appearing as stripes (Fig. 3).
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Fig. 1The planform of the soil mass of the tomb M88. a The real condition of the soil; b the position of the sampling sites
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Fig. 2The microstructure of the sample S. The red bar is 200 μm
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Fig. 3The microstructure of the sample P. The red bar is 250 μm


Molecular analyses
DNA extraction was carried out with 0.5 g of soil sample using a HiPure Soil DNA Kit (Magen, Guangdong, China) according to the manufacturer’s instructions. High-throughput sequencing was conducted by GENEWIZ (Jiangsu, China). The V3 and V4 hypervariable regions of prokaryotic 16S rDNA were selected for the generation of amplicons, which were subjected to subsequent taxonomic analysis, with amplicon regions amplified using the forward primer “5′-CCTACGGRRBGCASCAGKVRVGAAT-3′” and the reverse primer “5′-GGACTACNVGGGTWTCTAATCC-3”. The ITS2 hypervariable region of eukaryotic ITS rDNA was targeted to generate amplicons for subsequent taxonomic analysis, with the ITS2 region amplified using a forward primer containing the sequence “5′-GTGAATCATCGARTC-3” and a reverse primer containing the sequence “5′-TCCTCCGCTTATTGAT-3”. PCR reactions were performed in triplicate in a 25 µL mixture containing 2.5 µL of TransStart Buffer, 2 µL of dNTPs, 1 µL of each primer and 20 ng of template DNA. DNA library concentrations were validated and quantified using a Qubit 3.0 Fluorometer (Thermo Fisher, USA), and each was then adjusted to a concentration of 10 nM. DNA libraries were multiplexed and loaded on an Illumina MiSeq according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). Paired-end sequencing was performed followed by image analysis and base calling, which were conducted using the Control Software provided with the instrument.
The QIIME data analysis package was used for 16S and ITS rRNA data analysis. The forward and reverse reads were joined and assigned to samples based on barcodes and truncated by cutting off the barcode and primer sequence. Quality filtering of joined sequences was performed and sequences that did not fulfill the following criteria were discarded: sequence length > 200 bp, no ambiguous bases, mean quality score ≥ 20. The sequences were then compared to sequences in the reference database (RDP Gold database) using the UCHIME algorithm to detect chimeric sequences, followed by their exclusion from further analysis.
The remaining sequences were grouped into operational taxonomic units (OTUs) using the clustering program VSEARCH (1.9.6) against the Silva database for 16 S sequences and the UNITE ITS database (https://​unite.​ut.​ee/​) for ITS sequences based on a 97% sequence identity cut-off threshold. The Ribosomal Database Program (RDP) classifier, which predicts the taxonomic category down to the species level, was used to assign taxonomic categories to all OTUs using a confidence threshold of 0.8. Unclassified sequences identified using the Silva and UNITE databases were also aligned against the NCBI database. The sequences with more than 97% sequence identity were downloaded, and a phylogenetic tree was constructed using MEGA-X for further identification. Alpha diversity indices, such as the ACE, Shannon, Chao1 and Simpson indices, were calculated to assess the community diversity and enrichment of microorganisms. Beta diversity was calculated using weighted and unweighted UniFrac analysis. Based on Bray-Curtis distances and results of principal coordinates analysis (PCoA), unweighted pair group method with arithmetic mean (UPGMA) clustering trees were constructed for the different samples. Raw sequences were deposited in the NCBI Sequence Read Archive (SRA) database (accession numbers: SAMN20587851, SAMN20587867, SAMN20587868, SAMN20587885, SAMN20587886, SAMN20587899, and SAMN20587922 - SAMN20587924).
Characterization analysis
Based on the close distance of the samples L2 and R2 from the visible residual sediments, only L1, L3, R1, and R3 were selected to analyze the tomb soil pH to avoid the influence of the residual sediments. The four samples were dried to constant weight and ground with a mortar and pestle. The pH measurement was performed with reference to the international standard [15]. However, the weight of each dried sample could not meet the minimum requirements of the pH measurement, so, L1 and R1, which were relatively similar, were mixed, as well as L3 and R3. One gram of mixed soil and 5 g of H2O were stirred for 60 min and allowed to stand for 90 min. Next, pH electrodes (Mettler Toledo S210-K, Swiss Confederation) were inserted into the supernatant, and the pH value was recorded. The pH of each sample was measured three times, and the soil used to cover the soil mass during transport was selected as the control.
We observed all samples visually, but only the samples S and P showed the imprint of residual heritage, so the two samples were analyzed by microscopic techniques to determine the micromorphological characteristics of the residual heritage. The micro-morphological characteristics of samples S and P were observed using an Ultra-Depth Three-Dimensional Microscope, DVM6 (Leica, Germany). They were then analyzed with a Renishaw inVia Confocal Raman Microscope (UK) at 532 and 785 nm excitation wavelength with an exposure time of 10 s/spectrum over five accumulations. Sample P was also examined by scanning electron microscopy (SEM) using a Quattro S device (Thermo Fisher, USA) equipped with a backscattered electron detector (BSED) and an energy-dispersive spectroscopic (EDS) probe. Each specimen was analyzed in low-vacuum mode using an accelerating voltage of 5 kV for SEM and 15 kV for EDS.
Results
Characteristics of tomb M88 soil
The pH values of the tomb soil were close to neutral, with mean pH values of 7.21 (mixed sample of L1 and R1), 6.78 (mixed sample of L3 and R3), and 7.28 (control sample).
Sample S exhibited an obvious plain weave-like structure of variable density (Fig. 2), and our previous study confirmed it was consisting of silk, which indicating that it was derived from fabric [16]. Sample P also exhibited surface imprinting, but no silk fibroin was detected in this sample, and the imprint pattern resembled the natural texture of plants rather than the structure of fabric (Fig. 3). The backscatter electron image (Additional file 1: Fig. S2) and the distribution of elements (Additional file 1: Fig. S3) both indicated the consistency of the structural components throughout the sample. High C and O content in the sample suggested that the sample was mainly composed of organic compounds. These results of microscopy techniques suggested that the residues in sample P were of plant origin. The enrichment of Hg and S in the red spots and the Raman characteristic peaks at 250 cm−1 and 342 cm−1 indicated that the red material consisted of cinnabar, while the white areas were composed of Al and Si, which indicated that these areas could be kaolin (Additional file 1: Fig. S4).
General analyses of microbial community diversity
A total of 1,320,926 valid sequence reads remaining after chimera removal were obtained from the nine samples, yielding a total of 438,358 OTUs from 16 S rDNA sequences and 718,573 OTUs from ITS rDNA sequences. Within individual samples from the total set of nine samples, the numbers of OTUs within 16 S rDNA sequences ranged from 23,248 to 71,743 per sample, while the OTU numbers for ITS rDNA sequences ranged from 42,998 to 118,627 per sample. Good’s coverage threshold was more than 97% for all samples, indicating that most of the diversity was captured. Community richness and diversity were evaluated for the nine samples using alpha diversity index-based analysis based on the Chao1, ACE, Shannon and Simpson indices (Additional file 1: Table S1). The results showed that the number of eukaryote species was lower than that of prokaryote species in each sample. Notably, sample H, P and S exhibited the higher degree of prokaryotic richness than other samples, which suggested that the residual relics promoted the growth of different bacteria. However, the structure of eukaryotic in the samples was not similar with that of prokaryotic, which may be caused by the different types and amounts of residues in different samples.
Next, community similarity was evaluated for the different samples using beta diversity indices such as PCoA (Additional file 1: Fig. S5) and a UPGMA clustering tree (Additional file 1: Fig. S6). L2 had a specific diversity compared with other samples in prokaryotic community, while R1, R3, L1, and L3 and R2, S, H, and P could be clustered into two groups based on the prokaryotic community similarity. The eukaryotic community composition of sample H was the most different from the nine samples, samples L2 and R3 had similar eukaryotic communities, and all other samples shared a similar eukaryotic group.
Distribution and diversity of organisms in the tomb soil mass
Prokaryote sequences identified in the nine samples and their relative abundances are shown in Fig. 4. Most sequences of prokaryotic populations comprising the communities of all samples were derived from bacteria of the following phyla (Fig. 4a): Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Nitrospirae, Chloroflexi, and Firmicutes. Proteobacteria was the most abundant phylum in all samples (except L2), with percentages of all phyla per sample of 56.79% (L1), 26.21% (L2), 75.99% (L3), 82.73% (R1), 73.19% (R2), 75.86% (R3), 63.64% (H), 74.76% (P), and 78.41% (S). Acidobacteria was the major phylum in L2 (58.02%) and the second major phylum in six other samples (L1, L3, R1, R2, P, and S) where it ranged in prevalence from 5.77 to 20.44%. Meanwhile, Actinobacteria, Bacteroidetes, and Firmicutes also comprised a large proportion of community phyla, with averages of 3.96%, 5.02%, and 3.01% in the nine samples, respectively.
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Fig. 4Distribution patterns of prokaryotic phyla (a) and genera (b) in the samples


The prokaryotic populations at the genus level are shown in Fig. 4b. Unclassified bacteria comprised the majority of species, accounting for 17.36- 59.92% of species in the nine communities. Cupriavidus was detected in all samples and was the most abundant genus in L1, L3, R2, P, and S, accounting for 13.72%, 20.75%, 19.15%, 16.25%, and 11.21% of genera, respectively, but only 0.03% in H. Rhodanobacter was the major genus in R1 (20.6%) and was also widely distributed among the other samples (except for L2 and H). Escherichia-Shigella was the dominant genus in sample H (13.16%) and the second most predominant group in P (7.37%) and S (7.22%). Candidatus-Koribacter and Candidatus-Solibacter were the major genera in L2 (11.44% and 7.35%, respectively), while Pseudarthrobacter, Bradyrhizobium, Variovorax and Aeromonas were the main genera in single samples such as L1 (13.04%), R3 (16.97%), R1 (10.63%), and R2 (18.5%), but were present in low abundance in the other samples.
The identified eukaryote sequences and their relative abundance levels in samples are shown in Fig. 5. Ascomycota, Streptophyta, and Ochrophyta were the dominant phyla, which together had an average abundance of 92.73%. Ascomycota was the most common fungal phylum detected in L2 (76%), R3 (87.79%), and H (56.17%), but in the other samples, the plant phylum Streptophyta predominated, accounting for 78.85% (L1), 78.75% (L3), 57.06% (R1), 79.13% (R2), 77.09% (P), and 55.63% (S) of phyla detected in the samples. Ochrophyta was detected in six samples, accounting for 11.49% (L1), 11.88% (L3), 19.61% (R1), 12.14% (R2), 12.62% (P), and 47.76% (S) of phyla detected in samples. The fungal phylum Basidiomycota was detected in seven samples, but it was only abundant in L2 (6.57%) and H (6.76%).
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Fig. 5Distribution patterns of eukaryotic phyla (a) and genera (b) in the samples


Additionally, the eukaryotic population profile at the genus level is shown in Fig. 5b. Unclassified genera were enriched in samples L2, R3 and H, with an average abundance of 17.94% as compared to 5.77% in the other samples, while no eukaryotic genus was common to all samples. Lecanicillium was the most dominant fungal genus in L2, R3 and R1, accounting for 18.56%, 75.73%, and 8.21%, respectively. Penicillium was the second major genera in L2 (13.35%) and R3 (7.05%), and it was the predominant genera in H (9.68%). The most representative eukaryotic groups detected in the other samples were those of plants, especially Bistorta and Potentilla, which were enriched in six samples as follows: L1 (27.12% and 13.03%, respectively), L3 (23.21% and 11.88%, respectively), R1 (9,73% and 19.62%, respectively), R2 (20.36% and 12.14%, respectively), P (26.45% and 12.86%, respectively) and S (8.43% and 37.98, respectively). In addition, Geranium, Saussurea, Hippophae, Sibbaldianthe and Hedysarum were also detected in the six samples. Notably, Glycine (19.07%), and Angelica (12.66%) were detected in H but comprised only a small proportion of genera in the other samples.
Discussion
Environmental factors related to the deterioration of the buried heritage in tomb M88
Tombs in the Zeng State generally contain the body of the owner and various funerary materials, such as the commonly encountered mineral cinnabar, textiles derived from the tomb owner’s clothing (including silk and hemp fabric) and coffin cover material (wood brushed with raw lacquer), and other related items [17, 18]. The deterioration of the buried heritage depends on factors associated with the burial environment, such as the soil pH, moisture and microorganisms present at the grave site [2, 3, 19–22]. The tomb M88 was found in Hubei province, where the soil is thought to be acidic, but we found that the pH of the tomb soil that was transferred to the laboratory was neutral, as reported previously for soil from cultivated fields in Hubei province [23]. Thus, our result indicated that soil pH played a minor role in residual relic deterioration in the present case. In order to prevent cracking of the tomb soil mass, we frequently sprayed water on the surface to moisten the burial soil. It is known that water affects soil decomposition by influencing the activity of soil microorganisms [14]. A moist environment would promote the growth of microorganisms in tomb M88. In addition, the water spray introduced the environmental microbes from air and water into the tomb soil. This drove changes to the microbial community in the tomb soil and the development of new dominant strains would cause further damage to the residual heritage [7]. This implied that microorganisms might be the main factor to accelerate the degradation of buried heritage in tomb M88 and high humidity conditions may indirectly drive relic deterioration by supporting microbial growth.
Distribution and diversity of microorganisms in tomb M88
Importantly, the profiles of bacterial communities among the nine samples revealed relationships with sampling sites (Fig. 1b and Additional file 1: Fig. S6a). For example, microbial community profiles at the edges of the soil mass (L1, L3, R1 and R3) differed from profiles associated with the H, P, and S relic samples, which harbored obvious archaeological residues. The R2 sampling site was in close proximity to the P and S sampling sites, which may have explained why these samples yielded similar bacterial community profiles. The phylum Firmicutes was identified only in the H, P and S samples, which contained relic residues. Most of the bacteria genera (in this study Aeromonas, Escherichia-Shigella, Klebsiella, Kurthia and Raoultella) belonging to this phylum are conditional pathogens that can cause respiratory and intestinal diseases in humans [24, 25]. During careful excavation in the laboratory, excavators need to be in close contact with the soil mass, and these microorganisms may enter the human body through the skin or respiratory tract. It suggested that excavators should take greater precautions when excavating the residual heritage. Pseudarthrobacter was also enriched in the above samples (H, P, S, and R2). Pseudarthrobacter is known to excrete dextranase, an enzyme than can degrade polysaccharides such as cellulose, an important component of plant [18]. Numerous residual heritage in tomb M88 is plant origin, for example, the coffin, plant layers in sample P, and some recorded hemp fabric [17, 18]. It suggested that Pseudarthrobacter could accelerate the degradation of these heritage by disrupting the plant structure during excavation. heritageCupriavidus, which is known for its ability to resist toxic heavy metals, is normally associated with sites harboring high concentrations of heavy metals [3, 26–28]. Here, this genus was detected in most samples (except for H, L2 and R3), and its detection likely resulted from the diffusion of copper ions from bronzeware artifacts into the tomb soil as numerous bronzewares were excavated in the tomb.
Interestingly, although the numbers of identified fungal sequences were lower than the numbers of identified bacterial sequences in the samples, the total numbers of ITS OTU sequences greatly exceeded the numbers of 16S OTU sequences, and the profiles of eukaryotic communities indicated they were much more diverse than prokaryotic communities. Hypervariable regions of ITS sequences are often used to identify plants [29], so, the ITS OTUs can be composed of both fungi and plants. Fungal DNA was only detected in high concentrations in the L2, R3 and H samples, which was likely related to the physical heights of the sampling sites; the tomb plan depicted in Fig. 1 did not occupy a single plane, with sample H collected at a greater height than the other samples, while R3 was collected from the lowest site. L2 lay at the edge of the soil mass, and the plant matter in this sample may have been lost. Thus, some samples may have lacked plant-based material, leading to the abundance of fungi.
With regard to sequences associated with specific fungal phyla, Ascomycota phylum sequences were predominant among the nine samples, and Penicillium, Lecanicillium, Cladosporium, Pseudogymnoascus, and Blumeria genera-associated sequences were predominant in most of the samples. Organisms belonging to these genera are relevant in that they have been shown to be prevalent in the soil and air of the tomb environment [21, 22, 30]. In addition, previous studies showed that Penicillium and Cladosporium were associated with the deterioration of cultural relics, such as textiles, wood, lacquer and bone [5, 31–33], and thus, these fungi may pose a threat to residual heritage in tomb M88.
To sum up, Proteobacteria, Acidobacteria and Ascomycota were the dominant phylum in the soil of tomb M88, but no one genus was dominant in all samples. Pseudarthrobacter, Penicillium and Cladosporium were predominant in the samples with residual heritage, and these microorganisms could accelerate the degradation of the residual heritage through metabolites such as enzymes and acids. Isothiazolinone is a biocide with a wide antimicrobial spectrum. Previous study reported that isothiazolinone was effective against most dominant microorganisms present in tomb M88 [34], and this biocide was also added to the sprinkler system to inhibit the growth of microorganisms in the excavation site of Nanhai no. 1 Shipwreck [35]. It suggested that biocides such as isothiazolinone could be added to water during moisturizing treatment to prevent the biodeterioration of residual heritage in tomb soil.
Distribution and diversity of plants in tomb M88
Most M88 tomb soil samples were enriched with plant-derived content (> 75%), except for samples H (33.72), L2 (13.97%), and R3 (0.27%). Potentilla, Bistorta, Saussurea, Sibbaldianthe, Poa, Euphrasia and Euphorbia were the main plant genera identified in this study. Li et al. reported that these species were also widely deposited in the soil from the Qujialing archaeological site (6000–300 a. BP), which was located less than 70 km away from the M88 tomb [36]. And these plants are common in the area today. The tomb was exposed for a long period of time during excavation, and the distance between the tomb and the surface was small, modern plants, especially roots or pollen, may have infiltrated. So it is difficult to distinguish whether these identified plants belonged to ancient or modern plants.
In addition, some plants not belonging to this region were identified in the tome soil, and there was also no possibility of human contamination during the excavation. Most samples were enriched with Hippophae, especially the sample S which contained visible traces of residual silk. This plant species usually lives in relatively dry areas, including areas within north, northwest and southwest China [37]. However, Hubei is a region in central China that has always had abundant rainfall (even in ancient times), implying that Hippophae was brought to the tomb site from other regions. Currently, Hippophae is an ingredient used to make yellow dye [38], a fact that aligns with our findings that Hippophae was the most abundant DNA detected in silk residues of tomb M88. This suggested that Hippophae was used to dye the clothes of the tomb owner. Nevertheless, there is no existing documented record describing the use of Hippophae to make dye in ancient China, warranting additional research to investigate this possibility. Next, Geranium sequence representation in P exceeded that of the other samples. When considered together with SEM results showing that sample P had a paper-like structure composed of plant leaves, this suggested that Geranium leaves were the major constituent of sample P. We also found that Glycine and Angelica were only dominant in the head area of the grave owner. Some plants or artifacts based on these genera were usually used to cover on the grave owner or the coffin based on the funerary system of the Zeng State [17, 18]. These findings may provide some new archaeological information for the study of the tomb.
Conclusion
Here, we analyzed the microbiome profiles of the soil of tomb M88, which was carefully excavated in the laboratory. Proteobacteria, Acidobacteria and Ascomycota were the most dominant microorganisms in the tomb soil, and  Pseudarthrobacter, Penicillium and Cladosporium, the dominant genera in the microbial community, have the ability to accelerate the biodeterioration of residual heritage. The humid environment created by the moisturizing treatment promoted the growth of these microorganisms, which suggested that some biocides should be added to the spray water during the future carful excavation in the laboratory. In addition, the identification of plants might provide valuable archeological clues to the funerary system and cultural exchange.
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