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Abstract: In this study, microbial community structures were analyzed in a 5-meter-long 

sediment core collected from Tennessee, USA, to reveal the diversity and ecological roles of 

underground microorganisms. Using advanced molecular biology techniques, we classified 

the microorganisms in the samples and analyzed their distribution in different sedimentary 

layers. The results show that the microbial communities have obvious stratified distribution 

characteristics and are closely related to the physical and chemical properties of the sediments. 

This study improves our understanding of subsurface microbial ecology. 
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1. Introduction 

1.1. Importance of subsurface ecosystem 

Subsurface sediments are not only significant as geologic formations beneath the Earth’s surface but 

also play a crucial role in environmental microbiology. Research indicates that these sediments serve 

as important reservoirs for microbial diversity and functional potential. Microbes within these 

sediments can utilize a variety of organic and inorganic substances for energy metabolism and 

nutrient cycling[1]. These microbial communities are not only vital to subsurface ecosystems but also 

have profound impacts on global biogeochemical cycles. 

Further studies show that microbes in subsurface sediments can survive and thrive under extreme 

environmental conditions, such as high temperatures, pressures, and nutrient limitations[2]. 

Additionally, these microorganisms may play a key role in the cycling of subsurface methane and 

sulfur, affecting the release of methane into groundwater and the atmosphere[3]. Therefore, research 

on microbial communities in subsurface sediments is essential for understanding both the structure 

and function of subsurface ecosystems and their implications for global carbon, nitrogen, and sulfur 

cycles. 

1.2. The role of underground microorganisms in subsurface ecosystem 

Subsurface microorganisms occupy a unique niche within subsurface sediment ecosystems, where 

they play indispensable roles in maintaining the health and stability of these environments. These 
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microorganisms, often thriving in extreme and isolated conditions, are the engines driving 

biogeochemical cycling and overall ecosystem dynamics. 

As emphasized by Orcutt et al.[2], subsurface microbes exhibit remarkable adaptability, 

flourishing in challenging environments characterized by high temperatures, intense pressures, and 

limited nutrient availability. Their resilience and metabolic versatility enable them to utilize a wide 

range of organic and inorganic compounds, facilitating crucial nutrient cycling processes such as 

carbon fixation, nitrogen fixation, and sulfur oxidation-reduction reactions. 

The significance of these microorganisms extends beyond the confines of the subsurface. Their 

metabolic activities, particularly those involved in methane production and consumption, as well as 

sulfur cycling, have profound impacts on global biogeochemical cycles[3]. For instance, methane-

producing microbes (methanogens) contribute to the global methane budget, a potent greenhouse gas, 

while sulfate-reducing bacteria play a critical role in the sulfur cycle, influencing the solubility and 

mobility of sulfur compounds in the subsurface. 

Moreover, the diversity and functional capabilities of subsurface microorganisms hold the key to 

understanding the complex interactions within these ecosystems. Their roles in nutrient cycling, 

energy transformation, and the degradation of organic matter are integral to maintaining the balance 

and productivity of subsurface environments. 

In summary, subsurface microorganisms constitute a vital component of subsurface sediment 

ecosystems, shaping their biogeochemical characteristics and influencing global cycles. Elucidating 

their diversity, metabolic capabilities, and ecological niches is essential for a comprehensive 

understanding of subsurface ecology and its broader implications for the Earth system. 

1.3. Research objectives and questions 

The purpose of this study is to explore the distribution characteristics and ecological functions of 

underground microorganisms in the subsurface sediment ecosystem by analyzing the microbial 

community structure in the subsurface sediment cores in Tennessee, USA. The main objectives of the 

study include: 

To reveal the diversity and abundance distribution of microorganisms in subsurface sediments. 

Determine the taxonomic characteristics of microbial communities in different sedimentary layers. 

To evaluate the relationship between microbial community structure and physicochemical 

properties of sediments. 

To investigate the possible ecological functions and biogeochemical cycles of subsurface 

microorganisms in surface ecosystems. 

2. Materials and methods 

2.1. Sample collection and procession 

Sediment core samples were meticulously gathered from a Tennessee location in the United States, 

employing sterile methods to preserve the microbial ecosystems present across the sediment strata. 

The core, spanning five meters in length, was meticulously divided into six discrete strata, each 

corresponding to a precise depth bracket: 0.1-0.9 meters, 0.9-1.5 meters, 1.5-2.4 meters, 2.4-3.0 

meters, 3.0-4.0 meters, and 4.0-4.6 meters. These strata were designated as "FRC306_01" to 

"FRC306_06" for uniformity in sample identification. Subsequently, the samples were hermetically 

sealed within airtight containers and conveyed to the laboratory under stable temperature conditions 

to avert any disruption to the microbial communities that might arise from environmental fluctuations 

during transportation [1]. 
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2.2. Microbial DNA extraction and sequencing 

DNA extraction from the sediment samples was performed using commercially available kits, 

following the manufacturer's protocols. This process involved cell lysis, DNA purification, and 

quantification. The quality and integrity of the extracted DNA were assessed using spectrophotometry 

and agarose gel electrophoresis, which are standard methods in molecular biology for evaluating 

DNA concentration and purity [2]. 

Amplicon libraries targeting the 16S rRNA gene were constructed from the purified DNA. The 

16S rRNA genes from bacteria and archaea were amplified using PCR with specific primers designed 

to target these genes. The amplicons were then purified, quantified, and sequenced using Illumina's 

high-throughput sequencing platform, which allows for the simultaneous analysis of a large number 

of DNA sequences, providing a comprehensive view of the microbial community composit ion [3]. 

2.3. Data analysis methods 

The original sequencing data undergo quality control steps, including removal of low-quality 

sequences, host contamination, and chimeras, to ensure the accuracy of subsequent analyses. High-

quality sequence data is manipulated through bioinformatics software such as QIIME2 or Mothur. 

Taxonomic analysis: Taxonomic annotation of 16S rRNA gene sequences using the Ribosomal 

Database Project (RDP) or SILVA database. Sequences were assigned to corresponding bacterial or 

archaea groups by similarity search. 

Community structure analysis: Using methods such as principal component analysis (PCA) or non-

metric multidimensional scaling analysis (NMDS) to explore differences in microbial community 

structure between different samples. 

Association analysis of environmental factors: Correlation analysis of microbial community data 

with physical and chemical properties of sediments (such as pH, organic matter content, nitrogen 

content, etc.) to assess the impact of environmental factors on microbial community structure. 

Taxonomic Analysis: The 16S rRNA gene sequences were annotated using the Ribosomal 

Database Project (RDP) or SILVA database, which are comprehensive resources for microbial 

taxonomy based on 16S rRNA gene sequences. These sequences were compared to the databases to 

assign them to their corresponding bacterial or archaeal groups [5]. 

Abundance Statistics: The relative abundance of different microbial groups in each sample was 

estimated using sequence counts obtained from sequencing. Statistical software such as R or Python 

was used for data visualization, which allowed for the graphical representation of the abundance 

distribution of microbial communities across different depth layers [6]. 

Community Structure Analysis: Multivariate statistical methods, such as principal component 

analysis (PCA) or non-metric multidimensional scaling (NMDS), were employed to explore 

differences in microbial community structure between samples [7]. 

Association Analysis of Environmental Factors: Correlation analysis was performed between 

microbial community data and the physical and chemical properties of sediments, including pH, 

organic matter content, and nitrogen content. This analysis aimed to assess the impact of 

environmental factors on microbial community structure and to identify key factors influencing 

community composition [8]. 
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3. Results 

3.1. Microbial community structure of the sediment cores 

 

Figure 1: Relative abundances of microorganisms at the phylum level 

The microbial community of the sediment core shows a distinct vertical stratification structure, which 

is closely related to the physicochemical gradient of the sediment. At shallower layers, such as 0.1-

0.9 m depth, the microbial communities may be dominated by aerobic bacteria, which are involved 

in the initial decomposition process of organic matter. As depths increase, such as 0.9-1.5 m and 1.5-

2.4 m, the oxygen concentration in the sediment decreases and anaerobic bacteria begin to dominate, 

carrying out processes such as sulfate reduction or methanogenesis. At deeper levels, such as 2.4-3.0 

m, 3.0-4.0 m, and 4.0-4.6 m, the microbial community may consist of specific anaerobic bacteria that 

are adapted to extreme anaerobic conditions. 

Microbial communities in sediment cores are composed of a variety of phyla, including but not 

limited to Acidobacteria, Chloroflexi, Proteobacteria, Actinobacteria,  and Crenarchaeota and 

Euryarchaeota in Archaea (Figure 1). These microorganisms play different roles in the ecosystem, 

such as the decomposition of organic matter, nitrogen cycle, sulfur cycle and other key ecological 

processes. 

In such a network map(Figure 3), we can infer the diversity and complexity of the microbial 

community. For example, clusters of green nodes may represent microbial communities in the 3.0 to 

4.0 million base pairs (mbs), while clusters of orange nodes may represent communities in the 4.0 to 

6.0 mbs range. These color-coded clusters show a high degree of correlation within the microbiome, 

as well as the interactions between the different communities. 
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3.2. The distribution of microbial abundance across different sedimentary layers 

 

Figure 2: Relative abundances of microorganisms at the order level atdifferent depths 

This chart (Figure 2) shows the relative abundance of various microbial classes at different depths. 

The X-axis of the chart labels multiple specific classes of organisms, each of which is represented by 

a different color. The Y-axis represents depth, ranging from 0-1 mbs to 4.0-4.65 mbs. The colored 

dots are distributed in different sizes along these axes, with the size of each dot representing the 

relative abundance of the category at a particular depth. There are legends of categories and relative 

abundance at the bottom of the chart. 

In our analysis of sediment cores at different depths, we found vertical patterns of microbial 

abundance and diversity. Microbial abundance was generally higher in the shallower sediments, 

which may be related to the higher organic matter content and oxygen penetration in these horizons. 

Organic matter is an important source of energy for microbial growth, while oxygen is necessary for 

the survival of many aerobic microorganisms. Therefore, the improvement of these conditions is 

conducive to the reproduction and activity of microorganisms. 

In contrast, the abundance of microbes was significantly reduced in the deeper sediments. This 

may be due to the lower availability of nutrients in the deeper sediments, as well as the lack of oxygen. 

Under these conditions, microorganisms may need to rely on other energy sources, such as nitrates, 

sulfates, or iron ions, for anaerobic metabolism. In addition, microorganisms in deep sediments may 

have longer generation times, resulting in their relatively low abundance. 

It should be highlighted that particular microbial communities, including Acidobacteria, exhibit a 

significant presence within distinct sedimentary strata. This occurrence likely underscores the 

adeptness of these microorganisms to particular environmental niches, such as their resilience to 

acidic conditions or nutrient-depleted settings. These microscopic entities likely fulfill crucial 

ecological roles within the profundity of sediments, engaging in the sluggish degradation of organic 

matter or conducting energy metabolism in oxygen-deprived environments. 
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3.3. Relationships between microbial communities and environmental factors 

Further analysis revealed a correlation between microbial community structure and the geochemistry 

of sediments. For example, pH was significantly positively correlated with the abundance of certain 

bacterial groups, while organic matter content was correlated with the abundance of archaea 

communities. In addition, microorganisms from the phylum Nitrospira increased in abundance in 

sedimentary layers with high nitrate and nitrite content, suggesting that they may play an important 

role in the nitrogen cycle process. Through multiple regression analysis, we identified key 

environmental factors that influence the structure of microbial communities and explored how 

together they shaped the microbial ecosystem in cavern sediments. 

 

Figure 3: Map of the co-occurrence network 

4. Discussion 

4.1. Ecological significance of stratified distribution of microbial communities 

The microbial communities in the subsurface sediment cores show obvious stratified distribution, 

which may be closely related to the material circulation and energy flow in the sediments. In the 

shallower sediments, microbial diversity and abundance are higher, which may be related to more 

input of organic matter, higher oxygen penetration and temperature change. These conditions 

promoted the metabolic activities of microorganisms, which in turn affected the functions and 

services of the cave ecosystem. In contrast, the microbial communities in the deep sediments may 

have adapted to the low-energy environment, and they may have been involved in slow organic matter 

degradation processes, such as anaerobic respiration and fermentation[11]. 

4.2. The function of subsurface microorganisms in subsurface ecosystems 

Underground microorganisms play a variety of roles in subsurface ecosystems. By breaking down 

organic matter, they provide energy and nutrients to the ecosystem and support the foundation[12]of 

the subsurface biome. In addition, certain microbial groups such as Nitrospira play a key role in the 
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nitrogen cycle by oxidizing nitrite to produce nitrates, which in turn affect nutrient access to plants 

and the chemical composition of groundwater. These microbial processes not only maintain the 

stability of subsurface ecosystems, but also have an impact on surface ecosystems and human 

activities. 

4.3. Mechanisms of interaction between microbial communities and subsurface environment 

The structure and function of the microbial community are affected by various physical and chemical 

factors in the subsurface environment. For example, the pH value, organic matter content, water status 

and mineral composition of sediments may affect the distribution and activity[13] of microorganisms. 

Through correlation analysis and multiple regression models, we were able to identify key 

environmental factors that influence microbial community structure and speculate on how they shape 

community structure by influencing microbial metabolic pathways. In addition, interactions between 

microbial communities, such as symbiosis, competition, and predation relationships, may also 

influence their niches and evolution. 

4.4. Environmental Adaptation of Subsurface Microorganisms 

The environmental adaptation of subsurface microbial communities is crucial for their survival and 

reproduction, as these microscopic organisms inhabit a world far removed from the surface, where 

conditions can be harsh and unpredictable. Studies have shown that subsurface microorganisms 

possess remarkable capabilities to adapt to various environmental stresses, such as extreme 

temperatures ranging from the scorching heat of hydrothermal vents to the freezing cold of polar ice 

caps, immense pressures that would crush most surface life forms, and nutrient limitations that 

challenge their ability to obtain the essential elements required for growth and metabolism. These 

adaptations are fundamental for their roles in subsurface ecosystems, where they play pivotal roles in 

nutrient cycling, biodegradation, and even in the formation of mineral deposits [14]. 

For instance, consider the thermophilic bacteria that thrive in the hot springs of Yellowstone 

National Park. These microorganisms have evolved to not only survive but to flourish in water 

temperatures that exceed the boiling point. Their cellular machinery, including enzymes and proteins, 

is adapted to function optimally at these high temperatures, a feature that has significant implications 

for biotechnological applications, such as the development of heat-stable enzymes for industrial 

processes. 

Similarly, piezophilic (pressure-loving) microbes, found in the deep ocean trenches, have adapted 

to withstand pressures exceeding 1,000 atmospheres. These organisms have unique cell membrane 

compositions and protein structures that prevent them from being crushed by the immense pressure. 

Their existence challenges our understanding of life's limits and provides insights into the potential 

for life on other planets or moons with similarly extreme conditions. 

Nutrient limitations are another environmental stress that subsurface microbes have mastered. In 

environments where essential nutrients like nitrogen, phosphorus, and sulfur are scarce, these 

microbes have developed efficient strategies for nutrient acquisition and recycling. Some can fix 

atmospheric nitrogen into a usable form, while others can solubilize and utilize phosphorus from 

minerals. These adaptations are not only crucial for the survival of the microbes themselves but also 

for the broader ecosystem, as they contribute to the cycling of these vital elements. 

Moreover, the ability of subsurface microbes to form biofilms and consortia allows them to survive 

in environments where individual cells might not. These communities can share resources, provide 

mutual protection, and even communicate through chemical signals, coordinating their activities for 

the benefit of the group. This social behavior is particularly important in nutrient-poor or otherwise 

challenging environments, where cooperation can mean the difference between life and death. 
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In conclusion, the environmental adaptation of subsurface microbial communities is a testament 

to the resilience and versatility of life. These adaptations are not only crucial for the survival and 

reproduction of the microbes themselves but also play a critical role in maintaining the health and 

function of subsurface ecosystems. As our understanding of these hidden worlds deepens, it becomes 

increasingly clear that subsurface microbes are not just survivors but active participants in shaping 

the conditions of their environment, with implications that extend far beyond their immediate 

surroundings [14]. 

4.5. Metabolic Functions of Subsurface Microbial Communities 

Subsurface microorganisms play a significant role in biogeochemical cycles. They are involved in 

the decomposition of organic matter, nutrient cycling, and the production and consumption of 

greenhouse gases, impacting global carbon, nitrogen, and sulfur cycles [14]. 

4.6. Biomarkers of Subsurface Microbial Communities 

The structure and function of subsurface microbial communities can be characterized by biomarkers. 

These biomarkers can help us understand the ecological functions and environmental responses of 

subsurface microorganisms [15]. 

4.7. Conservation and Management of Subsurface Microbial Communities 

The conservation and management of subsurface microbial communities are essential for maintaining 

the health and stability of subsurface ecosystems. This requires a comprehensive consideration of the 

diversity, ecological functions, and environmental responses of subsurface microbial communities 

[17]. 

Microbial communities in the subsurface environment, which include bacteria, archaea, fungi, and 

other microorganisms, play a crucial role in nutrient cycling, biodegradation, and the maintenance of 

soil structure. These microorganisms can break down organic matter, recycle nutrients, and even 

influence the chemical composition of groundwater. For instance, certain bacteria can convert toxic 

heavy metals into less harmful forms, while others are involved in the nitrogen cycle, transforming 

nitrogen into forms that plants can use. 

The diversity of these microbial communities is vast and complex. Each microbe species 

contributes uniquely to the ecosystem, and their interactions can be intricate and interdependent. For 

example, some bacteria form symbiotic relationships with plant roots, aiding in nutrient absorption 

while receiving carbohydrates in return[18]. This intricate web of life is sensitive to changes in the 

environment, such as alterations in pH, temperature, or the introduction of pollutants. 

Understanding the ecological functions of these communities is vital for their conservation. 

Microbes can act as indicators of environmental health, as changes in their populations or activities 

can signal disturbances in the ecosystem. For example, a decline in the population of certain bacteria 

that are efficient at breaking down oil could indicate that an oil spill has occurred, and these microbes 

are being overwhelmed. 

Environmental responses of subsurface microbial communities to changes such as climate change, 

pollution, and human activities must also be considered. These responses can range from shifts in 

microbial populations to changes in metabolic activities. For example, increased temperatures due to 

global warming could lead to the proliferation of thermophilic microbes, potentially altering the 

nutrient dynamics of the ecosystem. 

Conservation efforts must be multifaceted, involving the protection of habitats, the prevention of 

pollution, and the restoration of disturbed areas[18]. Management practices should be informed by 

scientific research that monitors microbial diversity and function. For example, land-use planning can 
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incorporate buffer zones to protect natural microbial habitats from agricultural runoff or urban 

development. 

In addition, bioremediation techniques can be employed to harness the natural abilities of microbes 

to clean up contaminated sites[19]. This involves stimulating microbial activity through the addition 

of nutrients or oxygen, or by adjusting environmental conditions to favor the growth of 

microorganisms that can break down pollutants. 

Education and public awareness are also key components of conservation and management 

strategies. By informing the public about the importance of subsurface microbial communities, we 

can foster a greater appreciation for these unseen ecosystems and encourage responsible behavior that 

minimizes negative impacts. 

In conclusion, the conservation and management of subsurface microbial communities are critical 

for the sustainability of our planet's subsurface ecosystems. By understanding and protecting these 

communities, we can ensure that they continue to provide essential services that support life on 

Earth[20]. Future research should focus on developing innovative approaches to monitor, protect, and 

restore these vital microbial communities, thereby contributing to the overall health of our 

environment. 

5. Conclusion 

5.1. Main fundings of the study 

Microbial communities showed significant stratification in different depth layers of subsurface 

sediments, which may be related to the available organic matter and the vertical distribution of 

electron acceptors in the sediments. 

The diversity and abundance of microbial communities are strongly influenced by the 

geochemistry of sediments, especially environmental factors such as organic matter content, pH and 

nitrate concentration. 

Subsurface microorganisms play a variety of potential ecological roles in subsurface ecosystems, 

including decomposers of organic matter, agents of nutrient cycling, and shapers of cave morphology. 

These findings provide a new perspective for understanding the role of subsurface microorganisms 

in subsurface ecosystems and lay a foundation for further research. 

5.2. Implications for the conservation and management of subsurface ecosystems 

The findings of this study have important implications for the conservation and management of 

subsurface ecosystems: 

Conservation strategies for karst cave ecosystems should take into account the complexity of 

subsurface microbial communities and their responses to environmental changes, especially in the 

face of global climate change and human disturbances. 

In order to maintain the health and stability of cave ecosystems, it is necessary to protect and 

restore the physical and chemical properties of sediments, which are essential for the survival and 

functioning of subsurface microorganisms. 

Future conservation efforts should include monitoring of microbial community structure and 

function in sediment cores, which can provide important information for assessing the health of 

subsurface ecosystems. 

5.3. Future research direction 

This study reveals the basic characteristics of subsurface microbial communities, but also points out 

potential directions for future research: 
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Further studies are needed on the metabolic functions of subsurface microbial communities and 

how they influence the ecological processes of subsurface ecosystems by participating in different 

biogeochemical cycles. 

Using advanced technologies such as metagenomics and single-cell genomics, it is possible to gain 

a more complete understanding of the genetic diversity and potential functions of subsurface microbes, 

especially for those microbial taxa that have not yet been cultured. 

Explore the interactions between subsurface microbial communities and subsurface biomes, and 

how these interactions work together to influence the structure and function of subsurface ecosystems. 

Comparative analysis of microbial communities in different geographic regions and different types 

of subsurface ecosystems will help reveal the geographic distribution patterns and environmental 

adaptability of microbial communities. 

In conclusion, this study not only improves our understanding of subsurface microbial 

communities in subsurface, but also provides an important scientific basis for the protection and 

sustainable management of subsurface ecosystems. Future studies will continue to deepen our 

understanding of subsurface microbial ecology and provide more support for the conservation of 

subsurface ecosystems worldwide. 
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