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Heavy metal contamination represents a persistent global environmental challenge due
to its non-biodegradable nature, ecological toxicity, and severe risks to human health. Microbial
bioremediation has emerged as a sustainable alternative to conventional physicochemical
methods, with Lysinibacillus species gaining increasing attention for their exceptional metal
tolerance and detoxification capabilities. The present study provides a comprehensive
bibliometric and network-based evaluation of global research trends related to Lysinibacillus-
mediated bioremediation of heavy metals. Bibliometric data were retrieved from the Dimensions
Al database and analysed using VOSviewer to identify publication trends, leading countries,
institutions, journals, and collaborative networks. To complement this analysis, a curated gene-
species interaction network was constructed and analysed in Cytoscape to elucidate functional
relationships among key microbial taxa and metal-resistance genes. The results reveal a sharp
increase in research output since 2017, with India, China, and the United States emerging as
major contributors. Network analysis identified Lysinibacillus sphaericus as a central and
multifunctional node strongly associated with critical metal-resistance genes such as merA,
arsB, and czcC, as well as pathways involved in organic pollutant degradation. The integrated
findings highlight the ecological and biotechnological significance of Lysinibacillus, particularly
L. sphaericus, as a keystone organism for designing effective synthetic microbial consortia for
complex heavy metal remediation strategies.

Keywords: Bibliometric; Bioremediation; Consortia; Gene-species interaction network;
Heavy metal; Lysinibacillus.

The pervasive issue of heavy metal
contamination has emerged as a significant concern
due to its detrimental impacts on animals, plants,
and humans, as well as its disruptive effects on
ecosystems.! Heavy metals are characterized by
their non-biodegradable and persistent nature,
which exacerbates environmental degradation
and poses serious health risks.? Although HMs
and other metalloids occur naturally in the

*Corresponding author E-mail: bhattacharyya_nandan@rediffmail.com

Earth’s crust, their recalcitrant properties hinder
degradation processes. Bioaccumulation from
diverse sources, including air, soil, and water,
allows these substances to penetrate biota and move
upward through food webs over time.* Natural
phenomena and, increasingly, anthropogenic
activities introduce HMs into the environment.
Urbanization, industrialization, and intensive
agriculture frequently contaminate soils with
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cadmium (Cd), chromium (Cr), and related
pollutants.* Documented soil pollution cases
involving these metals span Malaysia.>” Even at
low concentrations, HMs can disrupt metabolic
functions; at higher levels, they interfere with
functional groups and essential metal ions in
biological systems. By modifying active sites
on biomolecules, they become toxic to both
microbes and higher organisms. Agricultural
runoff compounds the problem by delivering
mercury and other toxins to aquatic ecosystems,
ultimately threatening consumers of contaminated
fish.® In animals, chronic cadmium exposure
damages renal proximal tubules and may induce
osteoporosis by disturbing calcium metabolism.”
!9 Conventional physicochemical remediation
techniques, though rapid and effective, are costly,
energy-intensive, generate toxic sludge, and are
impractical for large areas.!' Bioremediation offers
a more economical and eco-friendly alternative;
microorganisms can immobilize, transform,
or remove non-biodegradable contaminants.'?
Among these microbes, Lysinibacillus species
exhibit exceptional tolerance, adaptability, and
metal binding capacity, making them promising
agents for HM clean-up.'*'* Scientific interest in
Lysinibacillus-mediated detoxification has risen
sharply since the mid-2010s,' yet few studies
have systematically mapped the global research
landscape. Bibliometric analysis fills this gap by
revealing patterns, influential works, and research
fronts.'® Accordingly, the present study combines
Dimensions Al data with VOSviewer network
visualizations to chart the evolution and structure
of scholarship on Lysinibacillus and heavy-
metal bioremediation.'” ' Recent advances in
systems biology and computational tools, such as
Cytoscape, have enabled visualization and analysis
of complex gene-microbe interaction networks
for consortia development.' These analyses are
essential for pinpointing key functional genes,
assessing modular structures within networks,
and guiding the design of synthetic microbial
consortia for targeted remediation.?*?! This study
aims to provide a comprehensive understanding
of the role of Lysinibacillus species in heavy
metal bioremediation by integrating bibliometric
and network-based approaches. The objectives
are to analyze global research trends, influential
contributors, and collaboration patterns through

bibliometric mapping; to identify major research
themes and emerging hotspots associated with
Lysinibacillus mediated remediation; to construct
and evaluate a curated gene species interaction
network in Cytoscape for identifying key functional
genes, central microbial species, and important
network clusters; to highlight the bioremediation
potential of Lysinibacillus sphaericus and related
taxa based on their genetic attributes and network
positioning; and to use these insights to inform the
development of synthetic microbial consortia and
outline future research directions in heavy-metal
bioremediation.

MATERIALS AND METHODS

Data Collection

A thorough literature review was
performed utilizing a prominent scientific database
such as Dimension Al. This review encompassed
a variety of publications such as articles, reviews,
conference proceedings, and other scholarly works
that concentrate on Lysinibacillus species as a strong
candidate for heavy metal bioremediation. The
search utilized keywords such as “Lysinibacillus
and heavy metal,” “Lysinibacillus species,”
“Heavy metal Bioremediation,” “environmental
upgradation,” “ecosystem restoration,” and other
related terms. The scope of the search was restricted
to English-language publications and spanned from
the establishment of these databases to the most
current data available.?
Inclusion and Exclusion Criteria

The criteria for inclusion involved
studies that specifically referenced Lysinibacillus
species as a potential candidate for heavy metal
bioremediation and explored their roles in the
restoration of the ecosystem, improvement in soil
nature and human health, as well as articles that
examined the mechanisms of action and advantages
of Lysinibacillus in removal heavy metal from
soil. Conversely, the exclusion criteria eliminated
studies unrelated to bioremediation, those that
focused on different bacterial genera, and non-
scholarly sources such as opinion articles and news
reports.?
Bibliometric Analysis

Data Extraction and Preparation: The data
extracted comprised publication titles, authors,
publication years, journal names, keywords,
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abstracts, citations, and institutional affiliations.
This information was subsequently organised in a
systematic format for further analysis.**
Tools Used

VOSviewer was utilized to visualize
and analyze co-authorship relationships, keyword
co-occurrences, and citation networks, thereby
facilitating the identification of thematic clusters
and mapping the intellectual landscape of the
field.” Dimension Al was employed to pinpoint key
authors, institutions, and countries that significantly
contribute to the research on Lysinibacillus
species as potential candidates for heavy metal
bioremediation and monitor citation metrics and
emerging research trends.”
Analysis Framework

The analytical approach included co-
authorship analysis to assess collaborative
networks among researchers and institutions,
and citation analysis to evaluate the impact of
the research (Zupic et al. 2015). The Dimension
Al source library files were exported as CSV
and RIS files and are listed below: https://
export.digital-science.com/2025-04-01/272248fb
7d69547ac73191ecd0463df5/Dimensions-
Publication-2025-04-01 09-42-53.csv.zip.
Data Compilation

Gene and species information was
compiled through an extensive literature survey

and validated using NCBI GenBank entries. The
curated dataset included genes associated with
heavy-metal resistance (such as merA, arsB, copA,
czcC), organic pollutant degradation (xylE, katG,
pnpA), and extracellular electron transfer (omcA,
mtrA, pilA). All entries were organized into a
structured Excel file to ensure consistency and
accuracy.”’
Network Construction in Cytoscape

The curated interaction dataset was
imported into Cytoscape v3.10 in the form of a
node-edge table. Nodes represented either genes or
microbial species, while edges denoted validated
gene-species associations. Nodes were color-coded
according to cluster memberships, and the overall
network layout was optimized to enhance modular
visibility and structural interpretation.
Cluster and Topology Analysis

ClusterMaker2 was employed to identify
densely interconnected subgraphs within the
network. Network Analyzer was then used to
compute topological parameters, including
centrality, node degree, and clustering coefficients.
Key hub genes and species were identified based on
degree values, and a bar graph depicting cluster size
distribution was generated to enable comparative
visualization of cluster densities.”

Table 1. Top 16 Research fields, Sustainable Development Goal based
on publication, and Co-authorship analysis

Field of Research

Type of analysis: Co-authorship
Unit of analysis: Authors

Research category Publications Author Documents Citations
Environmental Sciences 1687 Das, Alok Prasad 23 903
Yaqoob , Asim Ali 12 744
Biological Sciences 1678 Ibrahim, Mohamad 12 741
Nasir Mohamad
Microbiology 1008 Gaur, Vivek Kumar 11 660
Pollution and contamination 878 Varjani, Sunita 10 1571
Engineering 843 Rahman, Aminur 10 194
Mandal ,Abul 9 163
Agriculture, Veterinary and Food Science 570 Ngo,Huu Hao 7 1029
Chemical Engineering 495 Sharma ,Poonam 7 527
Industrial Biotechnology 386 Ghosh ,Sibdas 7 182
Environmental Engineering 353 Nahar,Noor 7 149
Crop and pest Production 341 Kour,Divjot 7 89
Environmental Biotechnology 333 Jass ,Jana 6 156
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Rank Integration

The final ranking dataset was integrated to evaluate
the relative importance of microbial species within
the network. Lysinibacillus sphaericus appeared
consistently within the top five species based on
combined criteria such as gene abundance, network
centrality, and functional relevance to heavy-metal
detoxification.*

RESULTS

Starting from 2017, this research has
focused on investigating a bibliometric study on
Lysinibacillus used in heavy metal bioremediation.’!
The years 2024, 2023, and 2022 have shown a
notable rise in publications on this topic, with 859,
650, and 653, respectively.* In terms of publication
categories, the analysis has identified 2512 articles,

1006 book chapters, 583 edited books, 72 preprints,
28 monographs, and 5 proceedings represented
in Fig.1.>* Environmental science continues to
dominate the field of research, with an impressive
publication count of 1692, while biological science
and microbiology follow just behind with 1679
and 1009 publications, respectively.>* There are
11 research domains presented in Table 1 related
to the Sustainable Development Goals based on
publication metrics.

Environmental Science leads with 1692
publications, followed by Biological Science
with 1679 publications. Microbiology has 1009
publications, Pollution and Contamination has 880
publications, and Engineering has 846 publications.
Other fields are Agricultural, Veterinary and food
science, Chemical Engineering, Environmental
Biotechnology and Industrial Biotechnology.** The
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Fig. 1. Trends in Academic Publications: Yearly Distribution and Publication Types
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coauthorship analysis represented in the Fig.2. The
analysis of co-authorship by country represented
in Table 2 and Fig.3 demonstrates India’s leading
position with 821 documents and 26661 citations,
showcasing a strong international collaboration
and impact. Following India, China has 581
documents and 18875 citations, emphasizing
its significant research contribution. The United
States ranks third with 132 documents and 5901
citations, highlighting its active involvement in
global research networks.*® Noteworthy countries
like Saudi Arabia, Pakistan, and South Korea
also show substantial participation in research
activities, as indicated by their document numbers
and citations.”’
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The analysis focuses on collaborative
research through co-authorship, presented in
Table3 and Fig. 4 with a focus on the organization
as the unit of analysis.

Amity University leads with 49 documents
and 1691 citations, demonstrating high productivity
and impact. Banaras Hindu University follows
with 39 documents and 2047 citations. King Saud
University has 39 documents with 966 citations,
showing a strong citation-to-publication ratio.*®
The University of Punjab and the University of
Chinese Academy have 27 and 26 documents,
with citations of 583 and 867, respectively. Other
significant contributors include Lovely Professional
University and Academy of Scientific and
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Innovative Research, with 24 and 23 documents,
respectively.®

The citation analysis based on
journal sources presented in Fig.5 reveals that
“Environmental research and Pollution Research”
is the most cited journal with 96 documents
contributing to 2255 citations, indicating its

prominence in the field. “Chemosphere” follows
closely with 86 documents and 3447 citations,
reflecting a high citation rate per document.
“Science of the Total Environment” ranks third with
76 documents and 3308 citations.*’ Other significant
journals include “Journal of Environmental
Management,” “Journal of Hazardous Materials,”
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and “Frontiers in Microbiology,” each contributing
to the research landscape with their respective
document numbers and citations.*' India leads
in document production with 821 documents
and 26661 citations, followed by China with 581
documents and 18875 citations, and the US with
132 documents and 5901 citations.*> Pakistan
stands out with 102 documents and 3262 citations.
Other countries like Malaysia, Saudi Arabia, and
South Korea also contribute significantly.*’ India,
China and the US, dominate research output
and citations. China’s strong infrastructure and
international collaboration are evident, while the
US maintains high-quality research. India strikes
a balance between output and impact. Some
countries with high output have lower citation
counts. The varying citation counts for countries
like Egypt, and Australia, relative to their document
output, indicate that their research may be highly
regarded or focused on influential topics.*

In the network analysis using Cytoscape
followed by NCBI represented in Fig.6, the
constructed gene-species interaction network
revealed a clear modular structure comprising
four major functional clusters linked to heavy
metal detoxification, electron transfer, aromatic

compound degradation, and ancillary metabolic
pathways. The heavy metal detoxification module
was the largest and most interconnected, centred
on the hub gene copA and linked to key metal-
resistance genes such as arsB, arsC, czcC,
merA, and chrA. This cluster also included
several metal-tolerant microbes, Bacillus subtilis,
Achromobacter xylosoxidans, Cupriavidus
metallidurans, Enterobacter cloacae, and
particularly Lysinibacillus sphaericus highlighting
its functional dominance in metal-stressed
environments.*

Lysinibacillus sphaericus emerged as a
significant node within this module, showing strong
associations with both mercury-reduction genes
(merA, merB) and biphenyl-degradation genes
(bphA, bphB). This dual connectivity positions it
as a bridge between metal-resistance and organic-
pollutant degradation pathways. Rank integration
confirmed its importance, placing it among the top
five species based on gene abundance, centrality,
and detoxification relevance analysis.*

A second prominent cluster consisted
of extracellular-electron-transfer and ligninolytic
genes such as omcA, omcS, mtrA, mtrB, mtrC,
and pilA, associated with Shewanella oneidensis,

Table 3. List of major contributing Organizations and Co-citation analysis

Type of analysis: Co-authorship, Unit of analysis: Organization

Name of Organization Documents Citations
Amity University 49 1691
Benaras Hindu University 39 2047
King Saud University 39 966
University of Punjab 27 583
University of Chinese academy of Science 26 867
Jiangsu University 24 2819
Lovely Professional university 24 959
Academy of Scientific and Innovative Research 23 558
Saveetha institute of Medical and Technical Sciences 17 511
Indian Institute of Toxicology Research 16 1337
Chandigarh University 16 168
University of Petroleum and Energy Studies 12 269
Sun Yat-Sen University 11 241
University of Technology Sydney 10 1237
Integral University 9 587
Centre for energy and environmental Sustainability 8 442
University of Boras 6 837
National Cheng Kung University 6 334
Ulsan National Institute Of Science and Technology 6 223
Gujrat Pollution control Board Gandhinagar 5 770
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Geobacter sulfurreducens, and Phanerochaete
chrysosporium. This module represents organisms
crucial for redox balancing and electron shuttle
activity, key processes in metal reduction and
wastewater treatment.*’

The third cluster comprised genes
involved in aromatic and xenobiotic degradation,
including xylE, katG, pnpA, pnpB, and foxY,
linked to versatile degraders such as Acinetobacter,
Ralstonia eutropha, Mycobacterium smegmatis, and
Alcaligenes faecalis. This module complements the
metal-resistance pathways, indicating potential for
co-removal of mixed organic-metal pollutants.*-*°

The final, smaller cluster included nodes
with lower connectivity but still contributed
additional metabolic functions that may support
overall community resilience. Taken together,
the network demonstrates that bioremediation
efficiency relies on synergistic interactions across
microbial groups rather than single-species
performance. Lysinibacillus sphaericus, due to
its central placement and multifunctional gene

e
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associations, stands out as a promising keystone
organism for designing synthetic microbial
consortia. The integration of network topology,
functional clustering, and ranking scores provides
a rational basis for selecting species combinations
suited for complex contamination scenarios such
as heavy-metal-rich soils, fly-ash environments,
and industrial wastewater.

DISCUSSION

Thepresentstudy provides acomprehensive
synthesis of global research trends and functional
insights into Lysinibacillus-mediated heavy
metal bioremediation by integrating bibliometric
mapping with gene-species interaction network
analysis. The sharp increase in publications after
2017 reflects a growing scientific recognition
of microbial-based solutions as sustainable
alternatives to conventional physicochemical
remediation methods. This surge aligns with the
global emphasis on eco-friendly technologies,
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Fig. 6. Gene-species interaction network illustrating functional clusters



199 ROY & BHATTACHARY YA, Biosci., Biotech. Res. Asia, Vol. 23(1), 190-203 (2026)

circular bioeconomy concepts, and Sustainable
Development Goals related to environmental
protection and ecosystem restoration.

Bibliometric analysis revealed that
environmental science, microbiology, and
biological sciences dominate the research landscape,
highlighting the inherently interdisciplinary nature
of heavy metal bioremediation research. The
strong representation of pollution, contamination,
and engineering domains further indicates a shift
from purely descriptive studies toward applied
and solution-oriented research. India, China, and
the United States emerged as leading contributors,
reflecting differences in environmental pressures,
industrialization patterns, and national research
priorities. India’s prominent position can be
attributed to extensive heavy metal contamination
issues in soils and water bodies, coupled with
strong academic interest in low-cost microbial
remediation strategies. In contrast, China’s high
citation impact suggests a focus on mechanistic and
technologically advanced studies, while the United
States maintains influence through high-quality,
internationally collaborative research outputs

The dominance of journals such as
Environmental Science and Pollution Research,
Chemosphere, and Science of the Total
Environment underscores the maturity of the field
and confirms that Lysinibacillus-based remediation
has transitioned from niche microbiological studies
to mainstream environmental science discourse.
These publication trends also indicate a gradual
movement toward integrative studies combining
genomics, systems biology, and environmental
engineering.

The Cytoscape-based gene-species
interaction network provides critical functional
context to the bibliometric findings. The
identification of a highly modular network
architecture supports the concept that effective
bioremediation is governed by cooperative
microbial interactions rather than single-organism
activity. Among all taxa analyzed, Lysinibacillus
sphaericus consistently emerged as a central and
multifunctional node, strongly associated with
key heavy metal resistance genes such as merA,
merB, arsB, and czcC. These genes are known
to mediate mercury reduction, arsenic efflux, and
multi-metal resistance, confirming the genetic basis

of the organism’s high tolerance to metal-stressed
environments

Notably, the dual association of L.
sphaericus with both metal-detoxification genes
and aromatic compound degradation genes
(bphA, bphB) positions it as a critical functional
bridge between inorganic and organic pollutant
remediation pathways. This multifunctionality is
particularly relevant for complex contamination
scenarios such as fly ash-impacted soils, industrial
effluents, and mixed waste streams, where metals
coexist with persistent organic pollutants. The rank
integration analysis further validates L. sphaericus
as a keystone species based on its high network
centrality, gene abundance, and detoxification
relevance.

Beyond Lysinibacillus, the presence of
distinct but interconnected clusters highlights
the importance of functional complementarity in
microbial remediation systems. The extracellular
electron transfer cluster, dominated by Shewanella
oneidensis and Geobacter sulfurreducens,
emphasizes the role of redox-active microbes in
metal reduction and electron shuttling processes.
These organisms can enhance metal immobilization
and transformation, particularly under anaerobic or
low-oxygen conditions, thereby supporting the
detoxification functions of Lysinibacillus species.

Similarly, the aromatic and xenobiotic
degradation cluster, comprising genera such as
Acinetobacter, Ralstonia, and Mycobacterium,
indicates the system’s capacity for co-removal
of organic contaminants. The coexistence of
these clusters within the same network suggests
that synthetic microbial consortia, rather than
monocultures, are likely to achieve higher
remediation efficiency, resilience, and adaptability
under fluctuating environmental conditions

The integration of bibliometric trends
with network topology provides a rational
framework for evidence-based consortium design.
While bibliometric analysis identifies influential
species, genes, and research hotspots, network
analysis elucidates functional dependencies and
synergistic interactions. The central placement of
L. sphaericus suggests that it can serve as a core
organism around which auxiliary metal-reducing,
electron-transferring, and organic-degrading
microbes can be strategically assembled. Such
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consortia could be tailored for site-specific
applications, including contaminated agricultural
soils, industrial wastewater treatment, and fly ash-
affected ecosystems.

Overall, the findings reinforce the notion
that Lysinibacillus sphaericus is not merely a
metal-tolerant bacterium but a systems-level
contributor to complex remediation networks.
Its multifunctional genetic repertoire and strong
network connectivity make it an ideal candidate
for next-generation bioremediation strategies
that integrate microbiology, systems biology, and
environmental engineering.

CONCLUSION

This study provides an integrated
bibliometric and network-based evaluation
of Lysinibacillus species in heavy-metal
bioremediation. The bibliometric analysis reveals
a sharp rise in global research output, led by
India, China, and the United States, with strong
contributions from major journals and institutions
in environmental and biological sciences. These
trends highlight growing interdisciplinary
interest spanning microbiology, environmental
science, and biotechnology. Complementing this,
the Cytoscape gene-species network analysis
identifies Lysinibacillus sphaericus as a central,
multifunctional organism linked to key heavy-
metal resistance genes (merA, merB, czcC) and
aromatic-compound degradation genes (bphA,
bphB). Its bridging position between metal-
detoxification and organic-pollutant pathways
underscores its suitability for multi-species
remediation systems. The presence of supportive
clusters involving electron-transfer microbes
(Shewanella, Geobacter) and xenobiotic degraders
(Acinetobacter, Ralstonia) further emphasizes
the value of synergistic consortia. Overall, the
combined findings establish L. sphaericus as a
strong candidate for next-generation microbial
consortia and provide a clear foundation for
future applied and interdisciplinary research in
bioremediation.
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