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Abstract Extremophiles have evolved unique physiological mechanisms and genomic characteristics in extreme environments such
as high salt, high temperature, high pressure, and strong acid. Studying their genetic basis is of great significance for revealing the
adaptive evolution mechanisms of microorganisms and discovering functional genes with biotechnological value. This study aims to
assemble and annotate the genome of a newly isolated polar bacterium and analyze its metabolic potential, environmental adaptation
mechanism and evolutionary characteristics through comparative genomics. Functional annotations reveal that the genome of this
strain is rich in key functional genes related to salt tolerance, heat resistance, heavy metal resistance, etc. In the comparative analysis
with other known polar bacteria, conserved core gene clusters, species-specific gene islands, and the expansion of gene families in
response to environmental stress were discovered. Case studies show that it has application potential in the development of industrial
enzymes and the construction of synthetic biology platforms. This study provides a new genome-level perspective for understanding
the adaptation mechanisms of polar microorganisms and lays a foundation for their functional exploration and application
development.
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1 Introduction

Not all lives are keen on the comfortable environment like a greenhouse. Some microorganisms, on the contrary,
prefer high temperatures, extreme cold, strong acids, heavy salts and even radiation. These places are not suitable
for most life forms, but they are common for extremist microorganisms. In environments like hot springs, polar
ice caps and alkaline salt lakes, they not only survive tenaciously but also play a "behind-the-scenes role" in
maintaining the ecosystem cycle. Although they seem far away from our lives, these organisms offer a window to
understand the limits of life and are very inspiring for the exploration of celestial life, the development of
biotechnology, and even the research of environmental restoration (Arias et al., 2023; Gomez et al., 2024).

However, to figure out exactly what skills they have relied on to "survive", mere observation is far from enough.
Methods such as genome assembly and comparative analysis are the true keys that enable us to enter the internal
structure of their genetics. In the past, problems such as high GC content and numerous genomic duplications
were indeed troublesome. Now, with high-throughput sequencing and long-read technologies, even these "tough
nuts to crack” can be successfully tackled (Dong, 2024). By comparing the genomes of these extreme bacteria, not
only can we identify genes related to membrane stability, DNA repair or stress response, but also some new
families and mechanisms that were not previously noticed may be unearthed. Some may even change our
understanding of microbial diversity and evolutionary patterns (Zhang et al., 2021a).

This study will utilize the most advanced sequencing and bioinformatics methods to assemble and analyze the
genome of a novel extreme microorganism isolated from a unique extreme environment, construct a high-quality
genomic sequence, conduct comparative genomics analysis with related extreme microorganisms, and identify the
genetic determinants of its extreme tolerance. The scientific significance of this research lies in expanding the
catalogue of extremist microorganism genomes and revealing the molecular adaptation mechanisms that may have
an impact on the application of biotechnology and evolutionary biology.
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2 Sample Collection and Sequencing Strategies

2.1 Sampling from extreme environments and bacterial isolation

These "durable" microorganisms can not be found everywhere. Most of the true extreme bacteria grow in places
like hot springs, salt lakes and acidic mines - the conditions are harsh, but they just survive well. However,
extracting bacteria from these environments is not as simple as just scooping up a ladle of water. We have to find a
way to restore them to their original growth state; otherwise, they will "die" as soon as they enter the laboratory.
Often, it is necessary to carefully cultivate under simulated native conditions in order to select the truly tolerant
batch. Although it takes a lot of effort, only in this way can pure and stable strains be obtained for subsequent
genomic analysis. These operations also lay the foundation for us to understand how they withstand extreme
coercion (Verma et al., 2024).

2.2 DNA extraction and selection of sequencing platforms (Illumina, Nanopore, PacBio, etc.)

Extracting DNA from these microorganisms is easier said than done. For instance, if the cell wall is particularly
hard or the sample contains some strange environmental impurities, conventional methods may not work. After
successfully extracting high-quality DNA, the next step is to select a sequencing platform. The combination of
short-read high-precision Illumina and long-read ONT or PacBio with strong coverage is currently the most
common hybrid strategy. Especially when dealing with samples with unstable GC content or many repetitive
sequences, using only one platform often yields mediocre results. Typically, the research will first use long read
length (ONT or PacBio) for preliminary assembly, and then use Illumina for fine-tuning. The overall effect is
stable and a considerable amount of budget is saved (Goldstein et al., 2018; Neal-McKinney et al., 2021).

2.3 Data quality control and preprocessing approaches

After the measurement, the data cannot be used directly. Quality control is the crucial step next. For instance, first,
the connectors need to be removed, low-quality reads filtered out, and contaminated fragments mixed in filtered
out. All these tasks must be done thoroughly one by one. Otherwise, errors are likely to occur during the
subsequent assembly. Especially when multiple sequencing platforms are used in combination, it is necessary to
carefully examine the error rate and coverage distribution. Some long-read platforms themselves have insertion or
missing issues. Using short-read high-fidelity data for error correction is one of the common operations.
Nowadays, most processes can be automated. Basically, from raw data to available assembly data, the entire set of
preprocessing can be seamlessly connected. This is particularly important for the research object of extremist
microorganisms (De Maio et al., 2019; Olagoke et al., 2025).

3 Genome Assembly and Quality Assessment

3.1 Genome assembly strategies (de novo, hybrid, etc.)

The genome assembly of extremist microorganisms usually adopts a hybrid strategy, combining short-read
sequencing (such as Illumina) with long-read sequencing platforms (such as Oxford Nanopore Technologies
(ONT) or PacBio). Hybrid assembly tools, especially Unicycler, combine the high precision of short reads with
the long-distance continuity of long reads, thereby generating more complete and continuous genomes than de
novo assembly based solely on a single technology. This method can effectively analyze the common complex
genomic regions, repetitive sequences and structural variations in extremist microorganisms, thereby achieving
chromosome-level assembly and improving the accuracy and completeness of the assembly. Studies comparing
different strategies have shown that hybrid assembly is superior to pure short read or long read assembly in terms
of continuity and genetic integrity, while also balancing sequencing costs and DNA initiation quantity
requirements (Wick et al., 2017; Chen et al., 2020).

3.2 Evaluation of contigs/scaffolds and statistics on N50 and GC content

Assembly quality is usually evaluated using indicators such as the number of overlapping groups or scaffolds,
N50 values, and the distribution of GC content. A higher N50 value indicates greater continuity, reflecting longer
assembly sequences and better representing genomic structure. The genomes of extremely thermophilic bacteria
usually exhibit different GC contents, which poses challenges to assembly algorithms; Therefore, evaluating the
GC content is helpful for verifying the accuracy of assembly and detecting potential deviations. Compared with
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assembly using only short-read sequences, hybrid assembly usually results in fewer overlapping groups and
higher N50 values, indicating a more complete and continuous genome. Monitoring the consistency of GC content
with the expected value of this species can further support the reliability of assembly (Zhang et al., 2021b).

3.3 Application of BUSCO, QUAST and other tools for completeness assessment

The integrity and quality assessment of genomic assembly mainly rely on tools such as BUSCO and QUAST,
which respectively provide indicators of biological and technical significance. BUSCO estimates the integrity and
redundancy of the genome by evaluating nearly ubiquitous single-copy direct homologous genes, thereby gaining
a deeper understanding of the integrity of genetic content. QUAST reports assembly statistics, including
overlapping group counts, N50 values, and incorrect assembly rates, thereby enabling the detection of structural
errors. Other tools such as CheckM2 utilize machine learning to predict integrity and contamination, especially for
metagenomic assembled genomes. Combining these assessment methods can ensure that the assembled genome is
structurally accurate and biologically complete, which is crucial for subsequent comparative genomics and
functional analysis of extremist microorganisms (Manni et al., 2021; Chklovski et al., 2022).

4 Genome Annotation and Functional Analysis

4.1 Coding sequence prediction and structural annotation (Prokka, RAST, etc.)

To understand the "genetic ledger" of an extremist microorganism, it is usually necessary to start with which
coding regions it has. Often, researchers directly use toolkits like Prokka and RAST, which not only saves time
but also facilitates standardization in the later stage. The operation interfaces of these programs may not be overly
complicated, but in fact, they integrate multiple sets of gene prediction models and databases behind the scenes,
capable of generating a complete set of annotation results at once, including rRNA, tRNA, and even hypothetical
proteins. For instance, Prokka has been repeatedly used in various bacterial genomes. Stability and speed are its
advantages (De Almeida et al., 2023). However, even if the tools are powerful, the "assumed proteins"
automatically annotated still need to be guarded against - they often represent unknown functions, which is
precisely the most attractive part of extremist microorganisms.

4.2 Functional annotation and database comparisons (COG, KEGG, Pfam)

The list of genes derived from automatic annotation does not specify exactly what these genes do. This step still
depends on the results of database comparisons, such as the commonly used COG, KEGG and Pfam. They
respectively focus on different levels such as functional classification, metabolic networks, and domain
recognition. When used, they are like jigsaw puzzles, filling in the blank Spaces of physiological processes with
individual genes. Like KEGG pathway mapping, it can help people identify the node genes involved in key
reactions, while the structural analysis of Pfam can reveal the conserved modules in proteins (Sohail et al., 2025).
Interestingly, many times such comparisons will unearth some unique "module combinations" of extremist
microorganisms, which are often functionally related to energy metabolism, nutrient utilization or environmental
response.

4.3 Identification of special functional genes (salt tolerance, thermotolerance, heavy metal resistance, etc.)
Not every extremist microorganism has "dramatic" stress resistance genes in its genome, but as long as it can
survive in high-salt or high-temperature environments, those genes responsible for resistance functions are mostly
not far away. Heat shock proteins, compatible solute synthases, metal transport pumps... These names may not
look new, but once they appear in a certain strain in the form of family expansion or unique combinations, they
are worth taking a second look. Comparative analysis can also reveal in which bacteria they are "standard" and in
which they are "introduced from outside", which is crucial for understanding adaptation strategies (Srivastava et
al., 2017; Wang et al., 2025). Sometimes, a metal-resistant protein is not just for "survival"; it may also become a
"candidate star" in later biotechnology.

5 Comparative Genomic Analysis
5.1 Whole-genome alignment with related extremophilic bacteria
Sometimes, identifying the "special features" of an extremist microorganism doesn't require it to speak for itself -

a genomic comparison with its "relatives" can reveal where it has retained its traditions and where it has embarked
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on a unique evolutionary path. Especially with the high-quality genomes pieced together by hybrid sequencing,
structural changes such as insertions, deletions, and even gene rearrangements become particularly clear. For
instance, the consensus pan-chromosome assembly method of Acinetobacter baumannii has revealed "flexible
regions" related to environmental adaptability. Such strategies are also applicable to the study of microorganisms
living in extreme environments (Chan et al., 2015; Gould and Henderson, 2023). Often, it is those easily
overlooked genomic islands and resistance elements that are truly the key to explaining adaptability.

5.2 Identification of core and variable genomic regions

The requirements for bacteria in extreme environments are not merely to "survive", but to "survive and live well".
So, in their genomes, apart from the core areas that maintain basic life activities, there are also many "mobile"
modules hidden. These variable regions are not present in every strain; they are more like "additional
configurations" tailored for certain ecological conditions. Polar bacilli such as Haemophilus erythrosalis exhibit an
open pan-genome - the stable core region is maintained by homologous recombination, while the dynamic helper
parts are strongly influenced by horizontal gene transfer, including many fragments from plasmids or gene islands
(Figure 1) (Gonzalez-Torres and Gabaldon, 2018). These "mobile components" may not be used every day, but
once the environment changes, they become the trump card for survival.
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Figure 1 Genome dynamics and ecological models (Adopted from Gonzalez-Torres and Gabaldon, 2018)

5.3 Gene family expansion, contraction, and species-specific gene analysis

Not all genetic families remain unchanged during evolution; some grow stronger while others gradually fade away.

For instance, those gene groups related to heat resistance, metal resistance or osmotic pressure regulation often

become "expansion households" in extremophiles. However, in contrast, some less necessary pathways will also

experience functional contraction. This contractional-expansion is not random but closely related to the selective

pressure of the environment. By comparing the genomes of different species, some species-specific metabolic
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pathways and resistance mechanisms can be unearthed, which are all evidence of their "solo" operation in the
ecological niche (Gonzalez-Torres and Gabaldon, 2018). In other words, the changes in gene families have written
their "evolutionary diaries" of adapting to the environment.

6 Phylogenetic and Evolutionary Analysis

6.1 Phylogenetic tree construction based on 16S rRNA and single-copy core genes

To determine which branch the newly discovered extreme thermophilic bacteria belong to in the systematic
classification, relying solely on traditional markers such as 16S rRNA is often not detailed enough. However, as
an "old tool" for bacterial classification, it has not been phased out, especially when combined with multiple
single-copy core genes for analysis, it can fill many resolution gaps. The phylogenetic relationships revealed in
this way can not only identify kinship but are also often linked to the ecological adaptability of the bacterial
species. The new strain forms a stable branch with other thermophilic bacteria that live in similar extreme
environments. It is worth noting that some "traces" left by horizontal gene transfer can still be faintly seen in this
clustering - they might be the driving forces behind the diversification of metabolic capabilities (Cooper et al.,
2022; Shen et al., 2024).

6.2 Synteny analysis and detection of genome rearrangement events

Sometimes, when phylogenetic trees fail to tell us something, genomic structure can make up for it. In the
collinearity comparison of this strain with other extremophiles, the gene arrangement in some regions was highly
consistent, but many regions were disrupted, such as inversions, insertions, and even large-scale translocations.
This kind of rearrangement is not merely about "different arrangements"; in many cases, it actually reflects a shift
in evolutionary strategies. For instance, genomic islands and movable elements often cluster in these
rearrangement regions. Many studies suspect that they are related to the flexibility of the genome - especially
when facing environmental stress, they may be the "accelerators" of rapid evolution (Li et al., 2020; Neubert et al.,
2021).

6.3 Adaptive evolution and identification of positively selected genes

Genome-wide screening sometimes reveals some "restless" genes that are particularly active in metabolism, stress
response or perception of environmental changes, and often bear traces of positive selection. For instance, some
genes related to heavy metal resistance or osmotic pressure tolerance are significantly more prone to mutation
than other conserved regions, which precisely explains why these microorganisms can thrive in extreme
environments. Furthermore, some genes are not inherited vertically but are "borrowed" from other
microorganisms. That is to say, horizontal transfer is also involved in the rapid process of functional innovation.
Overall, vertical genetics, horizontal transfer and natural selection interweave like three forces, jointly shaping the
evolutionary profile of these extreme microorganisms (Safari et al., 2025).

7 Case Studies: Applications of Extremophile Genomes

7.1 Industrial enzyme development from hot spring or salt lake strains

Some microorganisms from hot springs or salt lakes, which originally live in extreme environments, have
enzymes in their bodies that possess extraordinary "resistance" properties: they can withstand high temperatures,
endure strong salt, and remain calm even at extreme pH values. This characteristic precisely meets some industrial
demands, such as high-demand scenarios like biofuels, food processing and pharmaceuticals. In fact, many
heat-resistant proteases, lipases and amylases that are currently in use were initially discovered through genomic
analysis. Especially after the quality of genome assembly has improved, researchers can not only locate the genes
of these enzymes, but also identify the regulatory regions that co-occur with them and even complete expression
modules. Interestingly, some microorganisms from soda lakes have surprisingly demonstrated carbohydrate
metabolism pathways adapted to high-salt conditions, and even metagenomic data can reveal their catalytic
potential (Verma et al., 2022; Mangoma et al., 2024).

7.2 Engineering microorganisms using stress-resistance genes from extreme environments
Not all microorganisms can survive in environments with high salt or heavy metals. Those that can withstand

them mostly carry specific anti-stress genes in their bodies. Such genes are now increasingly being "borrowed" to
277



—

-

N
Computational Molecular Biology 2025, Vol.15, No.6, 273-281

BioSei Publisher® http://bioscipublisher.com/index.php/cmb

modify industrial bacteria. It's not that traditional strains are bad, but when facing extreme process conditions,
they are too "delicate". After the emergence of tools like CRISPR/Cas9, transplanting these stress-resistant genes
is no longer a difficult task. For instance, the attempt on Halomonas, a halophilic bacterium, is quite typical:
through gene editing, it performed better under non-sterile and highly saline conditions, with a significant increase
in product yield. This approach of transferring the "talent" of extreme bacteria to engineered bacteria is precisely a
breakthrough point in the progress of microbial application (Figure 2) (Qin et al., 2018).
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Figure 2 Genomic adaptations of acidophiles and alkaliphiles (Adopted from Salwan and Sharma, 2022)

7.3 Strategies for bioremediation and synthetic biology platforms in harsh environments

When it comes to "problem areas" like acidic mine drainage and saline-alkali land, ordinary microorganisms
simply can't handle them. However, some polar bacteria can survive quite well in these environments. Their
genomes are like an instruction manual, telling us how these bacteria deal with heavy metals and toxic substances.
Often, it is the new genes or adaptive mutations that have been horizontally transferred from the genome that are
at work. Researchers are attempting to unearth this adaptability and transform it into materials for building
"customized" biological platforms. The purpose of designing these platforms is not only to degrade pollutants, but
also to utilize them to synthesize some special and economically valuable substances. The logic is actually quite
simple: By integrating the solutions provided by nature into synthetic biology systems in an eclectic manner, it is
possible to obtain both sustainable and efficient processing or production pathways (Salwan and Sharma, 2022).

8 Conclusion and Future Perspectives

When assembling the genomes of extremist microorganisms, what is often first exposed is the set of
"physiological codes" that enable them to survive in harsh environments - such as resilience genes, peculiar
metabolic pathways, and specialized tools for DNA repair. However, such discoveries are not isolated. After
comparison, many core functions are indeed very conservative, but there are always some gene modules that seem

to be "borrowed" through horizontal gene transfer mixed in. This combination precisely constructs the way they
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adapt to specific ecological niches. Phylogenetic relationships may be far apart, but convergent evolution still
brings them back together - perhaps because these extreme environments exert similar survival pressures (which
is quite evident in homology analysis). So, these pieced together genomes are not merely data; they serve as a
window to understand their potential functions and application values.

Of course, not all problems can be solved by "competing on genes". Often, no matter how clear the measurement
is, it still gets stuck when facing a genome with high GC content, complex structure or dense repetitive sequences.
Although existing sequencing and assembly methods are making progress, they still fail to capture certain key
variations or low-abundance regions adequately. Some structural information that affects adaptability may leave
no trace at all. Moreover, the number of functional genes verified through experiments is too small, making
subsequent annotation and interpretation difficult. To break through these blind spots, in addition to the
continuous optimization of the hybrid sequencing strategy, the "caliber" of the reference database must also keep
up, so as to truly restore the complex and complete genetic blueprint of these microorganisms.

If the early genome is a "map", then the next step undoubtedly depends on multiple omics working together. Just
having maps is not enough. Real-time dynamic data - such as transcriptional responses, protein expression, and
metabolic flow maps - must all be superimposed to see how they respond to environmental stimuli and maintain
their homeostasis. The relationships among different "groups" of data are complex and difficult to sort out by
intuition. At this time, algorithms such as machine learning become particularly important. They can identify
those key variables in the chaos, such as potential biomarkers or certain specific adaptation mechanisms. This
entire set of integrated measures is not merely about helping scientific research "see clearly", but also paves the
way for the future design of engineered strains with specific functions, and makes the application of extremist
microorganisms in industrial or synthetic biology fields more practical and feasible.
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