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Introduction: Coal represents a significant natural resource in our world, and 
its quality and commercial value is primarily determined by its heating capacity. 
Numerous scientists worldwide have attempted to explore the impact of various 
environmental factors on coal rank, yet their conclusions are often inconsistent.

Methods: In this study, the Illumina MiSeq sequencing approach was used to 
analyze the bacterial community from a low-rank coal mine as well as a high-
rank mine. Moreover, we investigated the relationship between the physical and 
chemical properties of the coal and the bacterial composition.

Results: Overall, we found that the high-rank coal exhibited higher heating value 
but higher total sulfur and lead levels. Considering the community of bacteria, the 
abundances of Phascolarctobacterium and Anaerostipes were highly elevated in 
the high-rank coal group. Most interestingly, the Anaerostipes abundance was 
correlated with coal quality positively. Additionally, the co-occurrence network 
of the bacterial community in the high-rank coal group showed much higher 
complexity. The bacterial functional potential predictions indicated elevated 
levels of phosphoenolpyruvate carboxykinase ATP, succinate dehydrogenase 
fumarate reductase flavoprotein subunit, and methylenetetrahydrofolate 
dehydrogenase NADP methenyltetrahydrofolate cyclohydrolase pathways.

Conclusion: This study revealed that high-rank coal had more complicated co-
occurrence network and elevated Anaerostipes abundance, which may suggest 
a potential biological pathway that can be explored to enhance coal quality.
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1 Introduction

During the recent decades, there has been a significant increase in global energy 
consumption, with over 40% of the growth being generated by India and China 
(Tollefson, 2017). Currently, coal is the dominant energy source in China due to its 
abundant reserves. As the world’s primary resource, coal is primarily evaluated based on 

OPEN ACCESS

EDITED BY

Yiran Dong,  
China University of Geosciences Wuhan, 
China

REVIEWED BY

Bingjun Liu,  
Anhui University of Science and Technology, 
China
Nuraly Akimbekov,  
Al-Farabi Kazakh National University, 
Kazakhstan

*CORRESPONDENCE

Jianmin Xu  
 Xujianmin_sxsm@hotmail.com  

Siyu Guo  
 tammy_lee@stu.xjtu.edu.cn

†These authors have contributed equally to 
this work

RECEIVED 08 July 2024
ACCEPTED 26 August 2024
PUBLISHED 05 September 2024

CITATION

Zou H, Tian M, Xu J, Li G, Chen H, 
Yang J, Ling P, Shen Z and Guo S (2024) 
Distinct bacterial signature in the raw coal 
with different heating value.
Front. Microbiol. 15:1459596.
doi: 10.3389/fmicb.2024.1459596

COPYRIGHT

© 2024 Zou, Tian, Xu, Li, Chen, Yang, Ling, 
Shen and Guo. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 05 September 2024
DOI 10.3389/fmicb.2024.1459596

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1459596&domain=pdf&date_stamp=2024-09-05
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1459596/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1459596/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1459596/full
mailto:Xujianmin_sxsm@hotmail.com
mailto:tammy_lee@stu.xjtu.edu.cn
https://doi.org/10.3389/fmicb.2024.1459596
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1459596


Zou et al. 10.3389/fmicb.2024.1459596

Frontiers in Microbiology 02 frontiersin.org

its calorific capacity when determining its quality. High-quality 
coal resources are typically characterized by high heating capacity 
and are thus highly desirable. Conversely, low-quality coal with 
lower heating capacity has remained a challenge for scientists 
seeking to utilize and convert it into a better energy source (Park 
et al., 2021; Thomas and Fariborz, 2000).

The coal is a complex mixture where parameters such as 
volatile matter, moisture, sulfur, and ash have complicated effects 
on the coal quality. To address these challenges, scientists 
worldwide have conducted extensive research to make coal clean 
and safe for use. They have made every effort to investigate the 
effects of various properties on coal rank using both experimental 
and numerical simulation methods, but the findings are ambiguous 
(Borowski and Ozga, 2020; Li S. et al., 2020; Zhai et al., 2022; Zhou 
et al., 2020).

Recent studies have implied that the bacterial community may 
be related to the coal quality. For example, there were some studies 
explored the function and diversity of bacterial community in 
biogenic coal-bed methane with different coal ranks (Guo et al., 
2012). Robbins et al. (2016) found a significant negative correlation 
between rank and bacterial diversity, that is, bacterial diversity 
decreased significantly as rank maturity increased. These studies 
provide primary evidences linking the bacterial community to the 
coal rank.

The bacterial diversity contribute significantly to ecosystem 
structure due to their high diversity and variability, where 
subsurface bacterial communities degraded coal components to 
form coal properties (Wang et al., 2019). Further study has shown 
that the bacteria are responsible for the formation of coal and 
methane in coal mines, as they consume coal methoxyl and also 
produce methane (Lloyd et al., 2021). The fixed carbon content is 
a key indicator of coal rank, and the bacteria are considered to 
be  involved in carbon-fixing process. Several studies have 
established that Proteobacteria played important roles in 
eutrophication, since it is linked to high carbon utilization and 
critical to the carbon cycle (Xu et al., 2023).

Additionally, it has been widely accepted that the coal quality is 
mainly affected by physical and chemical factors during the coal 
formation stage. However, the bacterial community are also involved 
in this process. The biotransformation of coal by methanogenic 
microorganisms is bound to cause changes in the physical chemistry 
properties of coal, which may ultimately led to altered coal quality 
(Dong et  al., 2024). All these studies suggest that the bacterial 
community may be also involved in coal ranking.

In this study, coal samples were collected in a representative coal 
mine with relative higher heating value and a representative coal mine 
with lower heating value, respectively. The objective of this study was 
to examine the relationship between the bacterial community 
structure and coal quality. To achieve this, the industrial parameters, 
several heavy metals, and the characteristics of the bacterial 
community were tested in the coal samples. Additionally, the 
interaction between the coal matrix, heavy metals, and bacterial 
community were also analyzed. This study had the following specific 
objectives: (1) characterize the heavy metal and bacterial profiles in 
coal samples from different rank coal mines; (2) explore the potential 
relationships between environmental parameters and the bacterial 
community in the coal samples; (3) determine the key factors that 
influence coal rank.

2 Methods

2.1 Coal samples collection

The study site is located in an area with abundant coal 
resources. Sampling was conducted in two separate mining areas 
located in the western part of Xianyang city, Shaanxi province. The 
coal seams from these two coal mines have mid-high heating 
values and low-mid ash contents, low-mid sulfur contents, 
mid-high volatile matter contents, extremely low phosphorus 
contents, and rich oil content. These coals can be used for power 
generation, gasification, liquefaction, coal water slurry coal, and 
other purposes.

The heating value is a key indicator to evaluate the coal quality, 
then we employed the heating value to group the samples. A total of 
23 samples of freshly extracted coal were collected from coal mines by 
the professionals. The coal samples (n = 10) from the Mengcun mining 
area located in Changwu district were identified to have lower heating 
values and assigned to the low-rank coal group, while the coal samples 
(n = 13) from the Xiaozhuang mining area located in Binzhou district 
were identified to have higher heating values and assigned to the high-
rank coal group.

All the coal samples selected were prepared as the following steps. 
Firstly, the coal samples were taken by the professionals through using 
the core drilling machine (XY-6B, Wuxi Prospecting Machinery 
General Factory), then divided into two separate parts and stored in 
airtight containers. One part was for physicochemical properties and 
elemental analysis, and the other one part was for bacterial community 
analysis. Secondly, all the samples were processed as small blocks 
(smaller than 2cm3) and then crushed to a particle size of less than 
0.5 mm and then further analyses following the Chinese standard GB 
474–2008. To ensure that the coal samples did not become 
contaminated with other bacteria in the environment, the samples 
were prepared in an anaerobic and aseptic chamber by using a 
bur-style coffee grinder and then a mortar and pestle. Thirdly, the 
samples used for bacterial community test were frozen using liquid 
nitrogen and stored in sterile EP tubes at −80°C.

2.2 Physicochemical properties and 
elemental analyses

The heating value was evaluated following the Chinese standard 
GB/T 213–2008: A certain amount of every sample (0.9 g-1.1 g) is 
completely burned in an airtight vessel (oxygen bomb) under the 
condition of the existence of excess oxygen. The heat released from the 
burning coal is absorbed by a certain amount of water, and then the 
rise in water temperature is used to calculate the heating value of the 
sample. The samples were analyzed based on the Chinese standard 
GB/T 212–2008 for basic parameters such as water, ash, and volatile 
matter. The samples were also analyzed according to the Chinese 
standard GB/T 214–2007 for total sulfur, Chinese standard GB/T 
3558–2014 for chlorine content and Chinese standard GB/T 4633–
2014 for phosphorus content. Additionally, the samples were tested by 
X-ray diffraction in the low-temperature ash residues for heavy metals 
concentrations as described (Saha and Roychowdhury, 2023). The 
methane concentrations were measured by using Shimadzu GC-2014 
gas chromatograph (Shimadzu, Japan) following the instructions.
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2.3 DNA extraction of the coal samples and 
sequencing

We extracted DNA from coal samples following the manufacturer’s 
protocol using a DNA Extraction Kit. A NanoDrop instrument was 
used for quality verification of the extracted DNA. For further 
processing, DNA was diluted to 1 ng/μL and stored at −20°C. The V3 
and V4 variable regions of the 16S rRNA gene were amplified by using 
universal primers. Agencourt AMPure XP beads were employed to 
purify the amplicons, and a Qubit dsDNA assay kit was used to 
quantify them. In order to sequence the purified amplicons, equal 
amounts were pooled. Using the Illumina Miseq platform, the 
sequencing analysis was conducted.

2.4 Bioinformatics and statistical analysis of 
the sequencing data

In accordance with Zhang’s et  al. (2016) description, raw 
sequencing data was quality-controlled. To determine representative 
sequences, quality-controlled sequences were clustered and sorted by 
decreasing abundance using UPARSE. During this process, singletons 
were omitted. UPARSE was used to remove chimeric sequences from 
OTUs and classify them based on 97% similarity. Using the RDP 
Classifier, every sequence of the 16S rRNA gene was compared with 
the RDP database using a 70% confidence threshold. In order to 
determine the diversity of samples, QIIME calculated a nonparametric 
Shannon-Wiener diversity index. To visualize UniFrac dissimilarity. 
For detecting differential abundances between two groups, Lefse was 

employed. The PCoA plots and all bars were generated with R. A 
network analysis was conducted based on the bacteria found in at least 
half of the samples as described previously (Sun et al., 2019). The 
correlation networks were constructed in Gephi software by using 
robust correlations.

2.5 Statistical analysis

In this study, IBM SPSS version 19.0 was used to analyze the data. 
Means and standard errors of the means (SEMs) were calculated. The 
difference between the two groups was determined by an independent 
samples t-test. A p-value of less than 0.05 was considered 
statistically significant.

3 Results

3.1 Coal-rank related parameters

Multiple sites within the mining area were sampled to eliminate 
the effects of other factors, including the climate, mining area scale 
and management. By using this approach, mining areas can 
be  characterized in terms of the diversity of their bacterial 
communities. All samples were collected from the sites indicated in 
Supplementary Figure S1.

The heating value and tar yield of the collected samples were shown 
in Figure  1. The samples in the high-rank coal group had a higher 
heating value (Figure 1A), higher carbon sequestration capacity, and 

FIGURE 1

Heating value, Tar Yield and other coal rank related parameters between the two groups. (A) Heating Value. (B) Carbon sequestration. (C) Ash content. 
(D) Water content. (E) Volatile matter. (F) Tar Yield. (G) Carbocoal yield. *p  <  0.05.
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lower ash content compared with the samples in the low-rank coal group 
(Figures  1B,C), p < 0.05. Both groups had similar water and volatile 
matter contents (Figures 1D,E), p > 0.05. However, the tar yield in the 
high-rank coal group was much lower compared with the low-rank coal 
group (Figure 1F), p < 0.05, although they have similar carbocoal yield 
levels (Figure 1G), p > 0.05. There is no doubt that the physicochemical 
properties of coal are dependent on coal rank, and with the increase of 
metamorphism degree there is a tendency for heating value to rise (Li 
X. et al., 2020). However, all these data showed that there is no obvious 
relationship between heating value and coal metamorphism degree, and 
they may be also affected by complex physicochemical properties and 
other environmental factors.

3.2 Chemical elements and heavy metal 
contents

To further explore the potential factors affecting coal rank, the 
concentrations of certain chemical elements in the raw coal, including 
total sulfur, fluorine, phosphorus, and chlorine were determined and 
are shown in Supplementary Figure S2A. In terms of the 
environmental pollutants in the raw coal, compared with the low-rank 
coal, the high-rank coal samples contained more sulfur, p < 0.05; 
Additionally, the heavy metals, including vanadium, gallium, thorium, 
uranium, germanium, arsenic, and lead were also determined and are 
shown in Supplementary Figure S2B. There was a higher concentration 
of lead in the high rank coal group, p < 0.05; The other heavy metals, 
however, did not differ between the groups, p > 0.05. Similarly, also in 
the clean coal, there were no significant differences in the 
concentrations of chemical elements and heavy metals between the 
two groups, p > 0.05; however, the total sulfur content was higher and 
methane level was lower in the high-rank coal than those in the 
low-rank coal group, p < 0.05, as shown in Supplementary  
Figure S2C. Considering the concentrations of chemical elements and 
heavy metals, the results suggest that coal rank is more dependent on 
other environmental factors.

3.3 Bacterial community analysis

Methane levels in coal samples are influenced by the bacterial 
community, and considering the diversity of methane between the two 
groups, we sought to explore the bacterial community characteristics 
furtherly. In terms of bacterial composition, the Principle Coordinates 
Analysis (PCoA) plot showed no significant difference between the 
two groups (Figure  2A). Similarly, the two groups did not differ 
significantly in terms of bacterial diversity based on the Shannon 
index (Figure 2B). Heatmaps of the key OTUs revealed that there were 
some differences between the two groups, including the abundance of 
the OUT173 (Brevundimonas), OTU211 (Chryseobacterium), OTU91 
(Phascolarctobacterium), and 12 other OTUs (Figure 2C).

To further observe the divergence in the bacterial community, 
we compared the relative abundance of all the bacterial genus, we found 
that the relative abundance of Phascolarctobacterium and Anaerostipes 
were largely higher in the high-rank coal group, but the relative 
abundance of Brevundimonas was lower in the high-rank coal group, 
p < 0.05 (Figure 2D). According to the linear discriminant analysis of 
effect size (Lefse) analysis, bacterial taxa with higher abundances in the 
high-rank coal group primarily originated from the family of 

Acidaminococcaceae, in contrast, the lower abundance bacteria mainly 
originated from the class of Betaproteobacteria (Figure 2E).

3.4 Micro-ecological network feature of 
the environmental bacteria

A bacterial co-occurrence network can provide insight into 
patterns and relationships among bacteria. In order to identify how 
bacteria from the different groups co-occurred, the genus-level 
network of the two groups were constructed. The networks showed 
that the high-rank coal group had a more complicated micro-
ecological network (V/E = 157/1308) compared with the low-rank coal 
group (V/E = 124/559), as shown in Figures 3A,B. As the heating value 
of the samples increased in the high-rank coal group, the network of 
bacterial interactions showed an increasing trend. It is the first study 
to apply a symbiotic network of coal bacterial community to 
understand symbiotic relationships in different rank coal.

3.5 Interaction between bacterial 
community and physicochemical 
parameters

To identify correlations between the environmental bacteria with 
different abundance and given indicators, including heating value, 
carbon sequestration, ash content, total sulfur in raw coal and refined 
coal, CH4 and tar yield. Most importantly, there was a positive correlation 
between Anaerostipes abundance and heating value, but a negative 
correlation between Anaerostipes abundance and ash content (p < 0.05), 
but not between any other indicators (p > 0.05), as shown in Figure 4A; 
also, the Brevundimonas abundance was negatively correlated with the 
ash content (p < 0.05), indicating that Anaerostipes may be potentially 
key factors improving the coal quality, as shown in Figure 4B. However, 
no significant relationship was found between the Phascolarctobacterium 
and given indicators, p > 0.05, as shown in Figure 4C.

Afterwards, bacteria may play their roles in coal formation through 
the functional genes located in the bacterial DNA. Based on phenotypic 
and gene function predictions, different bacteria exhibited similar 
functions and phenotypes. PICRUSt is a database that matches the 
metabolism of prokaryotic microorganisms and is widely used to predict 
the functions of environmental bacteria. We found that the genes related 
to phosphoenolpyruvate carboxykinase ATP, succinate dehydrogenase 
fumarate reductase flavoprotein subunit and methylenetetrahydrofolate 
dehydrogenase NADP methenyltetrahydrofolate cyclohydrolase showed 
high abundance in the high-rank coal group, suggesting their roles in 
carbon circulation and energy storage, as shown in Figure 4D. These 
metabolic pathways play important roles in cell synthesis, decomposition 
and metabolism. Therefore, the increased metabolism pathway might 
be another mechanism of energy immobilization.

4 Discussion

The physicochemical parameters were commonly regarded to be key 
indicators of environmental quality, including the soil, various water 
bodies, rocks and oils, as they can shape the environmental structure. In 
addition to mediating ecosystem functioning through biogeochemical 
processes, the bacterial community has been found to be very important 
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to ecosystem stability. Recently, it has been found that plant matter may 
be  transformed into coal on geologic time scales by deep biosphere 
communities, and methoxyl abundance may affect coal-bed methane 
production. This study found that the bacterial community varied in the 
bacterial community and eco-system network between the different rank 
coal groups. Through this perspective, we can improve the coal quality 
and uncover the role of bacteria in coal formation.

Environmental factors have been documented to influence bacterial 
community composition and diversity. It has been shown that coal mine 
drainage can reshape the complex biochemical processes and then the 
bacterial community in the coal environment (Zhou et  al., 2023). 
Meanwhile, other studies reported that surface mining activities had led 
to deterioration of local and regional environmental quality, among 
which the metals Na and B had strong negative impact on main bacterial 

profiles. Conversely, the PH, Ca, K, and Fe concentrations were 
positively correlated with bacterial composition (Hamidovic et  al., 
2020). In addition, several studies have explored the connection of the 
heavy metal contents to the bacterial abundance in soils. Although these 
studies have recognized the close relationship between environmental 
factors and coal formation, they have mainly focused on the impacts of 
coal processing on the environment. Nevertheless, whether the bacterial 
community affects coal quality has received little focused investigation.

In this study, the Phascolarctobacterium and Anaerostipes were 
significantly increased. It has been widely accepted that the 
physicochemical parameters are key indicators affecting coal quality by 
shaping the environmental structure. Most importantly, the 
Phascolarctobacterium (Shigeno et al., 2019; Watanabe et al., 2012; Wu 
et al., 2017) and Anaerostipes (Bui et al., 2014; Kadowaki et al., 2023; Lee 

FIGURE 2

Bacterial community analysis of the two groups. (A) PCoA analysis plots of Bray–Curtis dissimilarity between the two groups. (B) Shannon diversity 
scores. (C) Heatmap of key OTUs. (D) Altered bacterial community with different abundance at the genus level. (E) Lefse analysis of bacterial 
abundance between the two groups. n  =  10 in the low-rank coal group; n  =  13 in the high-rank coal group.
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et  al., 2021; Morinaga et  al., 2021) have been reported that could 
produce short-chain fatty acids, also considering their roles in shaping 
the environment by affecting the PH value, it may provide new 
understanding about the roles of bacterial community in coal formation.

Conversely, the Brevundimonas was found to be increased in the 
low-rank coal group. Brevundimonas is a type of Gram-negative 
bacterium that can live in various environments, including soils, deep 
subsea floor sediment, purified water and also from the condensation 
water (Ryan and Pembroke, 2018). However, its roles in the formation 
of coal environment are not clear and need to be studied furtherly. 
Considering its relationship with coal quality, strategies targeting the 
growth and reproduction of Brevundimonas may also be implied to 
improve coal quality.

The bacteria can play their roles through tightly organized 
network. It is generally believed that higher bacterial richness and 
network stability are signs of a better and healthier environment. In 
this study, we  found that in the bacterial community interaction 
network between different types of samples, the Proteobacteria plays 
crucial roles in keeping it stable. The Proteobacteria has a wider niche 
and a greater ability to resist environmental interference, making it an 
ideal bacterium for enhancing bacterial resistance to stress. Increasing 
network complexity increases the stability of mixed and interactive 
bacterial community, also enhances resource transfer efficiency. 
Biological networks are considered stable when they are highly 
interconnected and complex. Having a high diversity of bacteria 

increases the likelihood of establishing relationship with nearby 
bacteria (Pan et  al., 2021). The observed phenomenon could 
be  explained by the fact that the more complex micro-ecological 
network may shape the environment and promote the improvement 
of coal quality.

Bacteria were found to have similar functions and phenotypes 
based on their phenotypic and gene function predictions. We found 
that the genes related to phosphoenolpyruvate carboxykinase ATP, 
succinate dehydrogenase fumarate reductase flavoprotein 
subunit and methylenetetrahydrofolate dehydrogenase NADP 
methenyltetrahydrofolate cyclohydrolase showed high abundance in 
the high-rank coal group. These metabolic pathways play important 
roles in cell synthesis, decomposition, and metabolism. Hence, the 
increased metabolism pathways might be  other mechanisms of 
energy immobilization.

There are several limitations of this study. Firstly, we selected 
dozens of coal samples to represent the characteristics of the coal 
mine, but the sample size is smaller to some extent, and the sample 
size still needs to be  further expanded. Secondly, in this study, 
altered bacterial communities were observed, but whether they 
were causal or not is unknown, thus, it is necessary to elucidate 
their roles in energy immobilization. Thirdly, the results 
we observed need to be confirmed in other regions. Thirdly, there 
are many indicators to evaluate the quality of coal, but we only 
used coal heating value to group the samples in this study as all 

FIGURE 3

Micro-ecological network feature of the environmental bacteria. (A) Network analysis at the genus level in the low-rank coal group. (B) Network 
analysis at the genus level in the high-rank coal group. V, number of nodes. E, number of edges.
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these indicators may be inconsistent. It is also necessary to consider 
the relationship between these indicators and the 
bacterial community.

5 Conclusion

The physicochemical parameters are commonly regarded as key 
indicators affecting coal quality by shaping the environmental 
structure. According to documented evidence, it has been implied the 
bacterial community may also play synergic roles in the process of 
coal formation. As a result of the present study, the high coal quality 
is associated with more complicated co-occurrence network and 
elevated Anaerostipes abundance. Although it is necessary to conduct 
more studies to confirm their causality, these findings suggest that the 
bacterial community may be related to the coal quality and it may 

be  possible to develop novel bacterial strategies for coal quality  
improvement.
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