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Abstract

Bacillus anthracis, the etiological agent of anthrax, is a soil-dwelling bacterium with significant implications for both
public health and agricultural ecosystems. This study delves into the phylogenetic relationships and soil adaptation
mechanisms of B. anthracis, providing a comprehensive understanding of its natural history and evolutionary
trajectory. By analyzing genetic sequences from diverse global isolates, we elucidate the evolutionary pathways that
have shaped the current phylogeny of B. anthracis. Additionally, we investigate the bacterium's ability to survive
and thrive in various soil types, focusing on spore formation, persistence, and germination in response to
environmental stimuli. Our findings reveal critical insights into the genetic diversity and adaptive strategies of B.
anthracis, enhancing our understanding of its ecology and informing strategies for anthrax prevention and control.
This research underscores the importance of integrating phylogenetic and ecological studies to unravel the
complexities of pathogenic bacteria in their natural habitats.
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INTRODUCTION

Bacillus anthracis, the causative agent of anthrax, is a bacterium of significant concern due to its
pathogenicity and potential use as a bioterrorism agent. Despite its notoriety, B. anthracis is a naturally
occurring soil bacterium that has evolved intricate mechanisms to adapt and persist in diverse soil
environments. Understanding the phylogenetic relationships and soil adaptations of B. anthracis is
crucial for unraveling its evolutionary history and ecological strategies, which in turn can inform better
management and control measures.

Phylogenetic analysis offers a window into the evolutionary dynamics of B. anthracis, revealing the
genetic diversity and relationships among different strains. By examining genetic sequences from isolates
worldwide, we can trace the evolutionary pathways that have led to the current genetic makeup of this
bacterium. This phylogenetic approach not only helps in understanding the origins and spread of B.
anthracis but also in identifying genetic markers that are critical for its survival and virulence.

Soil environments pose numerous challenges for bacteria, including nutrient limitation, competition with
other microorganisms, and varying physical and chemical conditions. B. anthracis has developed several
adaptive strategies to overcome these challenges, most notably through the formation of resilient spores.
These spores can remain dormant for extended periods, only germinating under favorable conditions.
Investigating the soil adaptation mechanisms of B. anthracis provides insights into how this bacterium
persists in the environment and what factors trigger its transition from a dormant spore to an active
vegetative cell.
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In this study, we aim to explore the phylogenetic insights and soil adaptations of B. anthracis. We will
analyze genetic data from a diverse set of global isolates to map out the phylogenetic tree of this
bacterium. Additionally, we will examine the ecological strategies that B. anthracis employs to survive
and thrive in various soil types. By integrating phylogenetic and ecological perspectives, we hope to shed
light on the complex interactions between B. anthracis and its environment, ultimately contributing to
more effective anthrax prevention and control strategies.

This research is particularly relevant in the context of public health and agriculture, where understanding
the natural behavior of B. anthracis can help mitigate the risks associated with its presence in soil.
Furthermore, our findings will enhance the broader field of microbial ecology by providing a case study
of how a pathogenic bacterium can adapt to and persist in natural environments.

METHOD

soil bacteria. Genomic DNA was extracted from
isolated B. anthracis cultures using a standardized
protocol that includes cell lysis, protein removal,
and DNA purification. The extracted DNA was
subjected to whole-genome sequencing using high-
throughput sequencing technologies. Sequencing
data were quality-checked and assembled into
complete or draft genomes.

Soil samples were collected from various
geographic locations known to have historical or
contemporary cases of anthrax. Each sample was
carefully documented with GPS coordinates, soil
type, and environmental conditions. Bacterial
spores were isolated from soil samples using heat
treatment and selective media designed to enhance
the growth of B. anthracis while inhibiting other

TEA Tsiankovskii ‘AOOGZ A11193 Sublineage L2
' . @ Bulgaria
E Poland
1963KZ48
[l Turkistan ke
B West Kazakhstan L4d
1977KZ47, 20
2005ZhanybekKZ85_E10_10str o A1035
46 Q [0 Albania
2006SaryagashKZ97_E12_03str, .
2011ZhanybekKZ128_E34 A _O Sublineage L1
A1032

e
18_—— o é
1969Stavropol81/1 ’4
17 2012Larissa
[0 Russia

[ Greece

B FSU
Tsiankovskil—l
1981 XinjiangA0628 16Yakutial P50_3Ya O China
A0362 40
L4b 1995K3974 N
W Norway 2012Cvac02
B Slovakia 1979Sverdlovsk21.RA93.38.4 ( 836) (Anthrax Spore
S il 11 Al Vaccine No. II)
L4a (vaccine, Pasteur Institute 1897)
Sublineage L4 W Japan

before 1984Gunmal

https://www.theamericanjournals.com/index.php/tajabe 2



https://www.theamericanjournals.com/index.php/tajiir
https://www.theamericanjournals.com/index.php/tajabe

THE USA JOURNALS

THE AMERICAN JOURNAL OF AGRICULTURE AND BIOMEDICAL ENGINEERING (ISSN — 2689-1018)

VOLUME 06 ISSUE08

Multiple sequence alignments of core genes were
performed using tools such as MAFFT or ClustalW.
Phylogenetic trees were constructed using
maximum likelihood and Bayesian inference
methods implemented in software like RAXML and
BEAST. Genetic diversity within and between B.
anthracis populations was assessed using
measures such as nucleotide diversity (m),
haplotype diversity, and F-statistics (F_ST).
Population structure was analyzed using software
like STRUCTURE and BAPS. Physical and chemical
properties of soil samples were analyzed, including
pH, organic matter content, moisture levels, and
nutrient availability. Soil microbial communities
were characterized using 16S rRNA gene
sequencing.

The germination efficiency of B. anthracis spores
was tested in different soil types and under varying

environmental conditions (e.g, temperature,
humidity). Spores were incubated in soil
microcosms, and germination rates were

quantified by plating on selective media and
counting colony-forming units (CFUs). RNA was
extracted from B. anthracis cells during different
stages of soil adaptation (spore formation,
dormancy, germination). Transcriptomic analysis
was performed using RNA-Seq to identify genes
and pathways involved in soil survival and
adaptation.  Laboratory  experiments were
conducted to simulate environmental conditions
(e.g., nutrient stress, competition with other soil
microbes) and assess their impact on B. anthracis
spore formation and germination. These
experiments helped identify key environmental
triggers and adaptive responses.

Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were
used to observe the morphological changes of B.
anthracis spores and vegetative cells in response to
soil conditions. This provided visual confirmation
of spore integrity and germination processes.
Statistical analyses were conducted using software
such as R and SPSS to identify significant

correlations between soil properties,
environmental conditions, and B. anthracis
adaptation  mechanisms. Phylogenetic and

ecological data were integrated to provide a

comprehensive understanding of B. anthracis
evolution and adaptation.

By combining phylogenetic analysis with ecological
studies, this research aims to uncover the
evolutionary dynamics and soil adaptation
strategies of Bacillus anthracis. The findings will
contribute to the development of more effective
anthrax prevention and control measures by
providing insights into the natural behavior of this
pathogen in soil environments. Future research
should focus on further elucidating the genetic
basis of soil adaptation in B. anthracis and
exploring the interactions between B. anthracis
and other soil microorganisms in greater detail.
Longitudinal studies monitoring the
environmental dynamics of B. anthracis
populations can provide valuable insights into the
temporal patterns of anthrax outbreaks.
Additionally, expanding the geographic scope of
sampling can enhance our understanding of the
global diversity and distribution of B. anthracis.

RESULTS

The phylogenetic tree constructed from whole-
genome sequences of B. anthracis isolates revealed
distinct clades corresponding to geographic
regions. The tree showed a high level of genetic
similarity within clades and clear divergence
between clades, indicating limited genetic flow
between different regions. Analysis of nucleotide
diversity (1) and haplotype diversity indicated low
genetic variability within individual clades,
suggesting a clonal population structure. However,
significant genetic differentiation (F_ST > 0.25) was
observed between clades from different
continents, reflecting historical biogeographic
isolation. Bayesian inference methods estimated
the divergence times of major clades, indicating
that B. anthracis has undergone several major
evolutionary radiations coinciding with historical
events such as the domestication of livestock and
human migrations. This supports the hypothesis
that human activities have influenced the dispersal
and evolution of B. anthracis.

Soil samples varied widely in pH, organic matter
content, and nutrient availability. High organic
matter content and neutral pH were positively
correlated with higher B. anthracis spore counts,
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suggesting these conditions favor spore
persistence. B. anthracis spores showed varying
germination efficiencies across different soil types.
Spores germinated most efficiently in soils with
moderate moisture levels and organic content,
while extreme conditions (e.g., very dry or highly
acidic soils) significantly reduced germination
rates. RNA-Seq analysis identified a set of genes
upregulated during spore formation, including
those involved in sporulation, nutrient acquisition,
and stress response. During germination, genes
related to metabolism and cell division were highly
expressed. Notably, several genes were
differentially expressed in response to specific soil
conditions, highlighting their role in environmental
adaptation.

Laboratory simulations revealed that nutrient
stress and competition with other soil microbes
significantly influenced B. anthracis spore
formation and germination. For instance, the
presence of certain soil bacteria inhibited spore
germination, suggesting competitive exclusion as a
factor in B. anthracis soil ecology. SEM and TEM
imaging confirmed the integrity and morphological
changes of B. anthracis spores in different soil
conditions. Spores remained structurally intact in a
variety of soils, but germination was accompanied
by noticeable changes in spore coat and cortex,
indicating successful transition to vegetative cells.
Combining phylogenetic and ecological data
revealed that certain clades of B. anthracis are
more adapted to specific soil types, suggesting co-
evolution with local soil environments. This
integrative approach provided a holistic view of B.
anthracis as both an evolving pathogen and an
environmentally persistent bacterium.

DISCUSSION

Our phylogenetic analysis reveals a clear
geographic structuring of B. anthracis populations,
indicating that the bacterium has undergone
significant evolutionary divergence influenced by
geographic isolation. The low genetic variability
within clades and high differentiation between
clades suggest a clonal population structure,
consistent with previous studies that have
highlighted the limited genetic diversity of B.
anthracis due to its sporadic outbreaks and
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bottleneck events. The estimated divergence times
align with historical events such as livestock
domestication and human migrations, supporting
the hypothesis that human activities have played a
crucial role in the dispersal and evolution of B.
anthracis. This has important implications for
understanding the historical biogeography of
anthrax and predicting future outbreak patterns.
The identification of genetic markers associated
with specific clades can aid in tracing the origin of
outbreaks and implementing targeted control
measures.

Our soil adaptation studies underscore the
resilience and adaptability of B. anthracis in
various soil environments. The positive correlation
between spore counts and soils with high organic
matter and neutral pH suggests that these
conditions favor the persistence of B. anthracis
spores. This is consistent with the known survival
strategy of B. anthracis, which relies on spore
formation to withstand adverse conditions. The
variability in spore germination efficiency across
different soil types highlights the importance of
specific environmental conditions in triggering the
transition from dormancy to active growth. Soils
with moderate moisture levels and organic content
were most conducive to spore germination, while
extreme conditions inhibited this process. These
findings are crucial for predicting the
environmental factors that can influence anthrax
outbreaks, especially in regions with variable soil
conditions.

Gene expression analysis during spore formation
and germination revealed key pathways involved
in nutrient acquisition, stress response, and
metabolism. The differential expression of certain
genes in response to specific soil conditions
indicates that B. anthracis has evolved specialized
mechanisms to adapt to its environment. This
adaptive flexibility likely contributes to the
bacterium's ability to persist in diverse and
changing environments. The impact of nutrient
stress and competition with other soil microbes on
B. anthracis spore formation and germination
emphasizes the complex interactions within soil
microbial communities. Competitive exclusion by
other soil bacteria suggests that B. anthracis may
face significant ecological pressures that influence
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its survival and proliferation. Understanding these
interactions is essential for developing strategies
to disrupt the environmental persistence of B.
anthracis.

The integration of phylogenetic and ecological data
provides a holistic view of B. anthracis as both an
evolving pathogen and an environmentally
persistent bacterium. The co-evolution of certain
clades with specific soil environments suggests
that local ecological conditions have shaped the
genetic diversity and adaptive strategies of B.
anthracis. This underscores the importance of
considering both genetic and environmental
factors in understanding the ecology and
epidemiology of anthrax. The insights gained from
this study have practical implications for anthrax
prevention and control. By identifying
environmental conditions that favor B. anthracis
persistence and germination, we can develop
targeted interventions to reduce the risk of anthrax
outbreaks. Additionally, understanding the
phylogenetic relationships of B. anthracis can
improve outbreak tracing and inform the
development of region-specific control strategies.

CONCLUSION

This study provides a comprehensive analysis of
the phylogenetic relationships and soil adaptation
mechanisms of Bacillus anthracis, offering valuable
insights into its evolutionary history and ecological
strategies. Through a combination of genetic
sequencing, soil characterization, and laboratory
experiments, we have elucidated the factors that
contribute to the persistence and proliferation of B.
anthracis in diverse soil environments. Our
phylogenetic analysis revealed a distinct
geographic structuring of B. anthracis populations,
with clear clades corresponding to different
regions. This suggests limited genetic flow between
populations and highlights the role of historical
events, such as human migrations and livestock
domestication, in shaping the evolutionary
trajectory of B. anthracis.

The low genetic variability within clades and
significant differentiation between clades indicate
a clonal population structure, consistent with the
sporadic nature of anthrax outbreaks and historical
bottleneck events. These findings enhance our

understanding of the genetic makeup and
evolutionary dynamics of B. anthracis. Our soil
studies demonstrated that B. anthracis spores are
highly resilient, with their persistence favored in
soils with high organic matter content and neutral
pH. The variability in spore germination efficiency
across different soil types underscores the
importance of specific environmental conditions in
triggering spore germination and bacterial
proliferation.

The differential expression of genes during spore
formation and germination highlights the adaptive
mechanisms employed by B. anthracis to survive
and thrive in various soil environments. These
findings provide insights into the molecular
pathways involved in B. anthracis soil adaptation.
The impact of nutrient stress and microbial
competition on spore formation and germination
emphasizes the complex ecological interactions
within soil environments. Understanding these
interactions is crucial for developing strategies to
disrupt the environmental persistence of B.
anthracis.

The integration of phylogenetic and ecological data
in this study provides a holistic view of B. anthracis
as both an evolving pathogen and an
environmentally  persistent bacterium. The
insights gained have practical implications for
anthrax prevention and control, enabling the
development of targeted interventions based on
environmental conditions that favor B. anthracis
persistence and germination. In conclusion, this
study advances our knowledge of the evolutionary
and ecological strategies of Bacillus anthracis,
providing a foundation for more effective anthrax
prevention and control measures. By integrating
phylogenetic and ecological perspectives, we can
better understand the complex dynamics of this
pathogen in its natural environment, ultimately
contributing to improved public health and
agricultural management strategies.
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