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Abstract This study explored the origin of aquatic biodiversity through comparative genomics, and the researchers gained an
in-depth understanding of the adaptive evolutionary mechanisms of species in different aquatic environments. They used genomic
data to reveal the radiation adaptation of coral reef fish, the metabolic adaptability of deep-sea species, and the genomic diversity in
polar ecosystems, thus providing new insights into the conservation of aquatic biodiversity. Comparative genomics can not only help
understand the origin of aquatic species diversity, but also provide a scientific basis for the protection and management of fragile
aquatic ecosystems, and provide a foundation for further development of genomic research on aquatic organisms, especially in
understudied species and extreme environments.
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1 Introduction

Aquatic ecosystems, encompassing marine, freshwater, and transitional environments, are home to a vast array of
species that contribute significantly to global biodiversity. Marine habitats, which cover approximately 70% of the
Earth's surface, host a diverse range of organisms adapted to various ecological niches (Kelley et al., 2016).
Freshwater ecosystems, although occupying a mere 2% of the Earth's surface, exhibit high species richness and
exceptional phylogenetic diversity (Roman-Palacios et al., 2022). The unique properties of water, such as its
physical and chemical characteristics, play a crucial role in shaping the genetic diversity and population
connectivity of aquatic species (Grummer et al., 2019).

Comparative genomics has emerged as a powerful tool for unraveling the evolutionary processes that drive
biodiversity in aquatic environments. By comparing the genomes of different species, researchers can gain
insights into the physiological and morphological adaptations that have enabled organisms to thrive in diverse
habitats (Ovchinnikova and Shi, 2023). Population genomics, in particular, has provided unprecedented resolution
for understanding population structuring, speciation, and adaptation in marine environments, which often have
low dispersal costs and few physical barriers to gene flow (Kelley et al., 2016). Additionally, genomic and
transcriptomic studies have facilitated the discovery of novel bioactive macromolecules and have advanced our
understanding of the molecular mechanisms underlying survival, growth, reproduction, and homeostasis in
aquatic organisms.

This study provides a comprehensive overview of the role of comparative genomics in elucidating the origins of
biodiversity in aquatic ecosystems, attempting to emphasize the evolutionary transitions between marine,
freshwater, and terrestrial environments that shape contemporary biodiversity. We will explore the application of
genomic tools in conservation, particularly in assessing the impact of environmental stressors such as climate
change and human activities on aquatic species. In addition, the potential of next-generation sequencing
technology and environmental DNA (eDNA) meta barcoding in advancing ecological research and biodiversity
monitoring will be discussed, with the aim of emphasizing the importance of integrating genomic data and
deepening our understanding of the complex adaptive processes that control aquatic biodiversity.
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2 Comparative Genomics of Coral Reef Fish

2.1 Coral reef fish as models for adaptive radiation

Coral reef fish, such as clownfish and grunts, serve as excellent models for studying adaptive radiation due to their
diverse ecological niches and rapid diversification. For instance, clownfish have evolved a mutualistic relationship
with sea anemones, which has driven their rapid diversification. Genomic studies reveal that clownfish genomes
exhibit bursts of transposable elements, accelerated coding evolution, and hybridization events, all of which have
facilitated their adaptive radiation (Xu, 2024). Positive selection in genes related to social behavior and ecological
divergence further underscores the role of genomic changes in their diversification (Marcionetti and Salamin,
2022). Similarly, comparative transcriptomics of sympatric species of the genus Haemulon (grunts) show positive
selection in genes associated with immune response and morphological traits, indicating adaptive divergence
despite overlapping habitats (Figure 1) (Bernal et al., 2019).

Figure 1 Morphological differences between the three sympatric species of Haemulon (Adopted from Bernal et al., 2019)

2.2 Environmental pressures driving coral reef fish diversity

Environmental pressures such as climate change and habitat variability significantly influence the diversity of
coral reef fish. Coral reefs are experiencing rapid deterioration due to climate change, which imposes selective
pressures on resident species. For example, seascape genomics studies on Acropora digitifera have identified
genomic regions associated with heat stress resistance, highlighting the role of environmental pressures in shaping
genetic diversity (Selmoni et al., 2020). Additionally, reefscape genomics leverages advances in 3D imaging to
assess fine-scale patterns of genomic variation, enabling the study of spatio-temporal drivers of genetic structuring
and adaptive potential in coral reef ecosystems (Bongaerts et al., 2021). These environmental pressures drive the
evolution of traits that enhance survival and reproduction in changing conditions, contributing to the overall
biodiversity of coral reef fish.
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2.3 Application of genomic data to coral reef conservation

Genomic data is increasingly being applied to coral reef conservation efforts to better understand and mitigate the
impacts of environmental changes. For instance, population genomics provides insights into the genetic
structuring and adaptive potential of coral reef taxa, which is crucial for developing effective conservation
strategies (Pinsky et al., 2023). The integration of genomic data with environmental and phenotypic information,
as demonstrated in reefscape genomics, allows for the identification of key areas for conservation prioritization
(Bongaerts et al., 2021). Moreover, the genomic characterization of coral species and their microbial symbionts
reveals critical interactions that support coral health, informing strategies to enhance reef resilience (Robbins et al.,
2019). These applications underscore the importance of genomics in guiding conservation efforts to preserve the
biodiversity and ecological functions of coral reef ecosystems.

3 Comparative Genomics of Deep-Sea Adaptation

3.1 Genetic adaptations to extreme pressure and darkness

Deep-sea organisms have evolved unique genetic adaptations to survive under extreme pressure and darkness. For
instance, the Yap hadal snailfish (YHS) exhibits high levels of trimethylamine N-oxide (TMAO), a potent protein
stabilizer, which is crucial for maintaining protein integrity under high hydrostatic pressure. This adaptation is
supported by the presence of multiple copies of the TMAO-generating enzyme flavin-containing
monooxygenase-3 gene (fmo3) in the YHS genome (Mu et al., 2021). Similarly, deep-sea Actinobacteriota have
evolved higher GC content and longer intergenic spaces in their genomes, which may contribute to their survival
in high-pressure environments (Roda-Garcia et al.,, 2023). These genetic modifications are essential for
maintaining cellular functions and structural integrity in the deep sea.

3.2 Evolutionary mechanisms underpinning metabolic adaptations

Metabolic adaptations are critical for deep-sea organisms to thrive in environments with limited food supply and
low temperatures. The deep-sea fish Coryphaenoides rupestris shows genotypic segregation by depth, with
distinct genotypes at functional loci that may be linked to different metabolic requirements at varying depths
(Gaither et al., 2018). Additionally, Arctic Charr (Salvelinus alpinus) morphs adapted to deep-water habitats
exhibit genomic divergence in genes associated with cardiac function, membrane transport, and DNA repair,
which are vital for coping with the metabolic demands of deep-water environments (Kess et al., 2021). These
evolutionary mechanisms highlight the importance of metabolic flexibility in deep-sea adaptation.

3.3 Genomic data in deep-sea conservation efforts

Genomic data play a crucial role in the conservation of deep-sea species by providing insights into their
evolutionary history and adaptive mechanisms. For example, the annotated genome assembly of the deep-sea fish
Coryphaenoides rupestris can inform conservation strategies by identifying loci under disruptive selection that are
crucial for survival at different depths (Kelley et al., 2016). Furthermore, the genomic analysis of marine
vertebrates, including deep-sea species, can help assess the impact of fisheries and climate change on their
populations, thereby guiding conservation efforts (Yuan et al., 2021). Understanding the genetic basis of
adaptation in deep-sea organisms is essential for developing effective conservation strategies to protect these
unique and vulnerable ecosystems.

4 Technological Advances in Comparative Genomics

4.1 Next-generation sequencing for case studies

4.1.1 Sequencing coral reef fish genomes

Next-generation sequencing (NGS) has revolutionized the study of coral reef fish genomes, enabling researchers
to uncover the genetic diversity and evolutionary history of these species. For instance, the development of
universal PCR primers for metabarcoding environmental DNA (eDNA) from fishes has allowed for the detection
of over 230 subtropical marine species (Figure 2), demonstrating the efficiency and sensitivity of NGS in
biodiversity monitoring (Miya et al., 2015). Additionally, genome-wide sequencing approaches have provided
new opportunities to understand both neutral and adaptive contributions to the genetic diversity of coral reef

organisms, despite the challenges associated with aquatic environments (Bongaerts et al., 2021).
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Figure 2 Coral community under gene sequencing research (Adopted from Bongaerts et al., 2021)

4.1.2 Sequencing deep-sea species genomes

The application of NGS to deep-sea species has similarly advanced our understanding of these unique organisms.
Large-scale projects such as the Fish10K and Fish-T1K have significantly contributed to the genomic and
transcriptomic data available for deep-sea species, facilitating studies on their evolutionary biology and molecular
adaptations (Ovchinnikova and Shi, 2023). These projects have highlighted the importance of integrating
genomics and transcriptomics to discover novel bioactive macromolecules and understand the molecular
mechanisms underlying the survival and adaptation of deep-sea species.

4.2 Bioinformatics tools for comparative analysis

4.2.1 Analyzing large-scale genomic data from coral reefs

Bioinformatics tools are essential for managing and analyzing the vast amounts of genomic data generated from
coral reef studies. Tools such as the Bioinformatics tools for Marine and Freshwater Genomics (BiMFG) provide
comprehensive databases and techniques for comparative analyses among marine species. These tools facilitate
the retrieval and alignment of remote sequences, even when sequence similarities are low, thereby enhancing
biodiversity analysis and verification in marine biology (Shih et al., 2010). Additionally, the integration of 3D
imaging with genomic data, known as “reefscape genomics,” allows for fine-scale spatial mapping and
phenotyping of coral reef organisms, further advancing our understanding of their genetic diversity and adaptive
potential (Yu et al., 2017).

4.2.2 Identifying evolutionary patterns in deep-sea genomes

Bioinformatics tools also play a crucial role in identifying evolutionary patterns in deep-sea genomes. The use of
metagenomics and other computational techniques has enabled researchers to analyze DNA from microbial
communities in environmental samples, providing insights into the evolutionary history and molecular adaptations
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of deep-sea species (Oulas et al., 2015). Furthermore, the application of bioinformatics in molecular evolution
studies has highlighted the potential of these tools to address questions related to the conservation of aquatic
biodiversity, particularly in the face of environmental and anthropogenic stressors (Tan et al., 2019).

5 Genomic Studies in Polar Ecosystems

5.1 Genomic diversity of antarctic fish

Antarctic notothenioid fishes are a prime example of vertebrate adaptive radiation in a marine environment. These
fishes have diversified from a single common ancestor approximately 25 million years ago to over 140 species
today, representing about 90% of fish biomass on the Antarctic continental shelf. Genomic studies have revealed
numerous unique traits in notothenioids, such as osteopenia, anemia, cardiomegaly, dyslipidemia, and aglomerular
kidneys, which are beneficial or tolerated in their extreme environment but are pathological in humans. Since
2014, 16 notothenioid genomes have been published, enabling comprehensive analyses of their radiation and the
genetic underpinnings of their novel traits (Daane and Detrich, 2021). These studies provide insights into the
physiological and biochemical adaptations necessary for survival in the cold Southern Ocean and offer models for
understanding genetic mechanisms of human diseases (Zhou, 2024).

5.2 Comparative genomics of arctic marine organisms

The Arctic ecosystem, despite its logistical challenges, is crucial for understanding global biodiversity changes.
Genomic approaches in the Arctic have provided transformative insights into biotic responses to environmental
changes, although their application has been limited due to various constraints. The development of
biorepositories from high latitudes is essential for improving conservation, monitoring, and management of Arctic
ecosystems through genomic approaches (Colella et al., 2019). Additionally, studies comparing the genomes of
marine bacteria from both the Arctic and Antarctic have shown that while some bacterial operational taxonomic
units (OTUs) are common to both poles, their genomes are not identical, suggesting significant genomic
divergence influenced by geographical isolation and divergence times (Qin et al., 2021).

5.3 Conservation genomics in polar marine species

Conservation genomics aims to preserve the viability of populations and biodiversity. In polar regions, genomic
tools are increasingly applied to assess the impact of environmental changes and human activities on marine
species. For instance, conservation genomics practices in marine invertebrates have highlighted the discovery of
novel genes and genomic innovations that are crucial for adaptation (Lopez et al., 2019). Comparative genomic
approaches are also being used to inform the characterization of conservation units, studies of hybridization, and
understanding the drivers of divergence, which are essential for preserving molecular biodiversity (Grueber, 2015).
Furthermore, the integration of genomics and transcriptomics in large-scale projects has significantly advanced
our knowledge of evolutionary biology and the adaptive mechanisms of aquatic organisms (Ovchinnikova and Shi,
2023).

6 Future Directions in Comparative Genomics of Aquatic Organisms

6.1 Integrating multi-omics data for comprehensive genomic insights

The integration of multi-omics data, including genomics, transcriptomics, proteomics, and metabolomics, is
essential for a comprehensive understanding of the molecular mechanisms underlying the adaptation and
evolution of aquatic organisms. Recent advances in next-generation sequencing and mass spectrometry have
enabled the systematic exploration of transcripts, proteins, and metabolites, providing deeper insights into the
functional roles of various macromolecules in aquatic species (Klein et al., 2019). For instance, the integration of
genomics and transcriptomics has been pivotal in discovering novel bioactive macromolecules from natural
resources, which can be developed into marine drugs. Additionally, post-genomic approaches such as
metabolomics and metatranscriptomics are expanding our understanding of microbial contributions to ecosystem
functions, highlighting the need for a holistic systems biology approach (Reid and Bergsveinson, 2021).

6.2 Expanding genomic research to understudied aquatic species
While significant progress has been made in the genomic study of model organisms, there is a pressing need to
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expand research to understudied aquatic species. Many aquatic species, particularly those inhabiting brackish
water or seawater, remain underrepresented in genomic databases (Rhee and Lee, 2014). Expanding genomic
research to these species will provide valuable insights into their unique adaptations and evolutionary histories.
For example, the self-fertilizing killifish Kryptolebias marmoratus has unique characteristics that make it a
potential model species for various research areas, yet genomic information about this species is still scarce.
Similarly, freshwater eDNA research has revealed taxonomic biases, with certain species such as fishes being
overrepresented, while others like freshwater arthropods are underrepresented (Belle et al., 2019).

6.3 Opportunities for conservation genomics in aquatic ecosystems

Conservation genomics offers significant opportunities to address the challenges faced by aquatic ecosystems,
such as habitat loss, climate change, and overfishing. Genomic tools can provide unprecedented resolution for
understanding population structuring, speciation, and adaptation in marine environments, which is crucial for
assessing the impact of fisheries and climate change on marine species. Additionally, landscape genomics can help
researchers assess genetic diversity, population connectivity, and signals of natural selection in freshwater systems,
providing a roadmap for conservation efforts (Yuan et al., 2021). The application of eDNA techniques in
freshwater conservation can also benefit from the development of general standards and guidelines to harmonize
methods and increase international cooperation.

7 Concluding Remarks

Comparative genomics has significantly advanced our understanding of the evolutionary processes and
adaptations of aquatic organisms. Studies have shown that genomic tools can elucidate physiological and
morphological adaptations to diverse marine habitats, providing insights into population structuring, speciation,
and adaptation. The integration of genomics and transcriptomics has revealed the molecular mechanisms
underlying survival, growth, reproduction, and homeostasis in aquatic species, highlighting the importance of
ancient components of innate immunity systems. Additionally, comparative genomics has been instrumental in
identifying the genetic basis of adaptive traits in non-model marine species, even within homogeneous
environments. The use of environmental DNA (eDNA) has also emerged as a powerful tool for assessing aquatic
biodiversity, offering a more sensitive and comprehensive approach compared to traditional methods.

The application of comparative genomics in conservation biology holds great promise for biodiversity protection.
Genomic data can inform the characterization of conservation units, studies of hybridization, and the identification
of drivers of divergence, which are crucial for the management of threatened species. The use of eDNA
metabarcoding has proven to be an effective method for monitoring aquatic biodiversity, enabling the detection of
rare and secretive species with higher accuracy than traditional surveys. This approach can provide essential data
for conservation management, particularly in urban and impacted environments where rapid biodiversity
assessment is needed. Furthermore, understanding the genomic adaptations of marine mammals to aquatic life can
inform conservation strategies aimed at mitigating the impacts of climate change and human activities on these
species.

Future research in aquatic comparative genomics should focus on expanding the scope of genomic studies to
include a broader range of species and environments. There is a need for more comprehensive genomic datasets
that encompass neutral, adaptive, and sex-linked variations to accurately infer eco-evolutionary processes.
Additionally, the development of more holistic approaches to gene homology and the integration of phylogenetic
analyses with genomic data will enhance our understanding of genome function and evolutionary relationships.
Advances in environmental paleomicrobiology, particularly the study of ancient DNA preserved in sediments, can
provide valuable insights into the historical responses of aquatic ecosystems to environmental changes, aiding in
the prediction of future biodiversity patterns. Finally, continued innovation in sequencing technologies and
bioinformatics will be essential for overcoming current challenges and fully realizing the potential of comparative
genomics in aquatic research.
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