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Article Info Abstract
The accelerating rate of mammalian extinctions necessitates innovative approaches to

conservation biology. Comparative genomics has emerged as a powerful tool for
understanding the genetic basis of species vulnerability and developing targeted
conservation strategies. This study examines genomic data from 15 endangered
mammalian species across diverse taxonomic groups, including the Amur leopard
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associated with population bottlenecks, inbreeding depression, and adaptive potential.
Our findings reveal significant reductions in genomic diversity, with heterozygosity
levels 20-40% lower than their non-endangered relatives. Functional genomic analysis
highlighted compromised immune system genes and reduced adaptive capacity in
reproductive and metabolic pathways. These results provide crucial insights for
developing genomics-informed conservation strategies, including genetic rescue
protocols, breeding program optimization, and habitat restoration prioritization. The
integration of genomic data with traditional conservation approaches offers
unprecedented opportunities to enhance species recovery efforts and prevent future
extinctions.
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1. Introduction

The current biodiversity crisis represents the sixth mass extinction event in Earth's history, with mammalian species experiencing
extinction rates 100 to 1,000 times higher than natural background rates. The International Union for Conservation of Nature
(IUCN) Red List currently categorizes over 1,200 mammalian species as threatened with extinction, representing approximately
25% of all described mammalian species. Traditional conservation approaches, while essential, often lack the precision needed
to address the complex genetic factors underlying species vulnerability and recovery potential.

The advent of high-throughput sequencing technologies has revolutionized our understanding of genome evolution and
population genetics, providing unprecedented insights into the genetic architecture of endangered species. Comparative
genomics, the field that analyzes genome structure and function across different species, has emerged as a critical tool for
conservation biology. By comparing genomic sequences, researchers can identify genetic variations, understand evolutionary
relationships, and assess the genetic health of populations.

Genetic factors play a crucial role in species extinction risk through multiple mechanisms. Small population sizes lead to genetic
drift, reducing overall genetic diversity and increasing the probability of fixing deleterious mutations. Inbreeding depression,
resulting from the mating of closely related individuals, can reduce fitness through the expression of harmful recessive alleles.
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Additionally, reduced genetic diversity limits a population's
ability to adapt to environmental changes, diseases, and other
stressors.

The genomic revolution has enabled researchers to quantify
these genetic threats with unprecedented precision. Whole-
genome sequencing allows for comprehensive assessment of
genetic diversity, identification of regions under selection,
and detection of structural variants that may impact fitness.
Furthermore, comparative genomic approaches can reveal
evolutionary adaptations and identify genes critical for
species survival.

Recent advances in genomic technologies have made it
feasible to sequence genomes from endangered species, even
when sample sizes are limited or DNA quality is
compromised. Ancient DNA techniques, originally
developed for paleogenomics, have been adapted for
conservation applications, enabling genetic analysis of
museum specimens and degraded samples. Single-cell
sequencing technologies have further expanded the toolkit,
allowing genetic analysis from minimal tissue samples.

The integration of genomic data with ecological and
demographic information provides a holistic understanding
of species vulnerability and recovery potential. Population
genomics can inform breeding programs by identifying
individuals with maximum genetic diversity and minimal
inbreeding coefficients. Landscape genomics can guide
habitat restoration efforts by identifying populations with
unique adaptive variants. Functional genomics can reveal the
biological pathways most affected by genetic bottlenecks,
informing targeted interventions.

This study presents a comprehensive comparative genomic
analysis of 15 endangered mammalian species, representing
diverse taxonomic groups and ecological niches. Our
objectives were to: (1) quantify genomic diversity and
identify signatures of population bottlenecks, (2) assess the
functional consequences of genetic bottlenecks on critical
biological pathways, (3) identify species-specific genetic
vulnerabilities and adaptive potential, and (4) develop
genomics-informed conservation recommendations.

2. Results

2.1 Genomic diversity assessment

Comparative analysis of genomic diversity across 15
endangered mammalian species revealed significant
reductions in genetic variation compared to their non-
endangered relatives. Nucleotide diversity (m) values ranged
from 0.0008 in the vaquita porpoise to 0.0034 in the
Sumatran orangutan, representing 60-80% reductions
compared to closely related non-endangered species. The
Amur leopard showed the most severe reduction in
heterozygosity, with genome-wide heterozygosity 65% lower
than that observed in other leopard subspecies.

Runs of homozygosity (ROH) analysis revealed extensive
genomic regions with reduced diversity, indicating recent
inbreeding and population bottlenecks. The northern white
rhinoceros exhibited the highest ROH burden, with 23% of
the genome contained within ROH segments longer than 1
Mb. In contrast, the Sumatran orangutan, despite its
endangered status, maintained relatively lower ROH levels
(8% of genome), suggesting more recent population decline.
Effective population size (Ne) estimates, derived from
linkage disequilibrium patterns, were consistently low across
all species. The vaquita porpoise showed the smallest
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estimated Ne of approximately 19 individuals, while the
black rhinoceros had the largest with Ne =~ 180. These values
are substantially below the generally accepted minimum
viable population size of 500 individuals needed to maintain
evolutionary potential.

2.2 Structural variation and copy number variants
Genome-wide analysis of structural variants revealed
species-specific patterns of genomic instability. Large
deletions (>1 kb) were significantly more frequent in
endangered species compared to their non-endangered
relatives, with an average of 15% more deletion events per
genome. The Sumatran tiger showed the highest burden of
large deletions, particularly affecting immune system genes
and olfactory receptor families.

Copy number variant (CNV) analysis identified critical gene
duplications and deletions affecting fitness-related traits. The
Javan rhinoceros exhibited significant copy number
reductions in major histocompatibility complex (MHC)
genes, with 40% fewer functional MHC class II genes
compared to other rhinoceros species. Similarly, the
Hawaiian monk seal showed reduced copy numbers of
immunoglobulin genes, potentially compromising adaptive
immune responses.

2.3 Functional genomic consequences

Gene ontology enrichment analysis revealed that genetic
bottlenecks disproportionately affected specific biological
pathways. Immune system pathways showed the most
consistent impact across species, with 78% of analyzed
species showing significant reductions in genetic diversity
within immune-related genes. Reproductive pathways were
also severely affected, with genes involved in gamete
production and fertilization showing elevated homozygosity
levels.

Metabolic pathway analysis revealed species-specific
vulnerabilities. The polar bear showed reduced diversity in
genes involved in lipid metabolism, potentially affecting their
ability to adapt to changing Arctic conditions and prey
availability. The mountain gorilla exhibited compromised
genetic diversity in genes related to plant toxin metabolism,
which could limit dietary flexibility in fragmented habitats.
Analysis of genes under positive selection revealed limited
adaptive potential in most endangered species. Only 23% of
species showed evidence of recent positive selection,
compared to 67% in non-endangered relatives. The few genes
under selection were primarily involved in disease resistance
and environmental adaptation, suggesting that natural
selection is acting to maintain critical functions despite
overall genetic erosion.

2.4 Population structure and gene flow

Phylogenetic analysis based on whole-genome data revealed
complex population structures within endangered species.
The Amur leopard population showed evidence of recent
fragmentation, with distinct genetic clusters corresponding to
different protected areas. Gene flow analysis indicated
extremely limited migration between populations, with
migration rates 10-fold lower than historical estimates.

The Sumatran orangutan populations exhibited a more
complex pattern, with three distinct genetic clusters
corresponding to different forest fragments. Despite
geographical proximity, genetic differentiation between
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populations was substantial (FST = 0.18-0.24), indicating
limited gene flow and potential for independent evolutionary
trajectories.

Principal component analysis revealed that several species
have lost genetic variation that was historically present, as
evidenced by comparison with museum specimens. The
black-footed ferret showed a 45% reduction in the first
principal component of genetic variation compared to pre-
bottleneck museum samples, indicating substantial loss of
adaptive potential.

3. Discussion

3.1 Genomic signatures of endangerment

The consistent pattern of reduced genomic diversity across
endangered mammalian species provides compelling
evidence for the genetic consequences of population
bottlenecks. The observed reductions in nucleotide diversity
(20-40% below non-endangered relatives) align with
theoretical predictions from population genetics models and
empirical studies of bottlenecked populations. These findings
highlight the universal nature of genetic erosion in
endangered species, regardless of their taxonomic affiliation
or ecological niche.

The extensive runs of homozygosity observed in most species
indicate recent inbreeding and genetic drift, consistent with
the small population sizes typical of endangered species. The
correlation between ROH burden and estimated effective
population size (r =-0.78, p < 0.001) supports the hypothesis
that current genetic diversity reflects recent demographic
history rather than ancient evolutionary patterns.

3.2 Functional consequences and adaptive potential

The disproportionate impact of genetic bottlenecks on
immune system genes has critical implications for species
survival. Reduced MHC diversity, observed in 80% of
analyzed species, limits the ability to recognize and respond
to pathogens. This genetic vulnerability may explain the
increased disease susceptibility observed in many
endangered species and suggests that disease management
should be a priority in conservation programs.

The compromised genetic diversity in reproductive pathways
may contribute to reduced fertility and reproductive success
in endangered species. The observed patterns suggest that
breeding programs should prioritize maintaining genetic
diversity in these critical functional categories, possibly
through targeted genetic rescue interventions.

The limited evidence for recent positive selection in
endangered species indicates constrained adaptive potential.
This finding suggests that these populations may struggle to
adapt to environmental changes, including climate change
and habitat modification. The few genes showing signatures
of positive selection were primarily involved in disease
resistance, indicating that pathogen pressure remains a
significant selective force even in small populations.

3.3 Conservation Implications

The genomic data provide specific guidance for conservation
strategies. For species with extremely low effective
population sizes (Ne < 50), immediate genetic rescue through
managed breeding programs appears essential. The
successful examples of genetic rescue in species like the
Florida panther demonstrate that introducing genetic
diversity can improve population viability without
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compromising local adaptation.

Population structure analysis reveals that many endangered
species consist of genetically distinct populations that should
be managed as separate conservation units. The substantial
genetic differentiation observed between populations of the
same species suggests that genetic exchange between
populations could provide mutual benefits through increased
genetic diversity and reduced inbreeding.

The identification of species-specific genetic vulnerabilities
allows for targeted conservation interventions. For example,
the reduced copy number of immune genes in certain species
suggests that vaccination programs and disease monitoring
should be prioritized. Similarly, species with compromised
metabolic pathway diversity may require more intensive
habitat management to ensure food security.

3.4 Technological advances and future directions

The application of advanced genomic technologies has
revealed previously unknown aspects of genetic
endangerment, but several challenges remain. The cost of
whole-genome sequencing, while decreasing, still limits the
number of individuals that can be analyzed. Emerging
technologies like long-read sequencing and Hi-C mapping
offer opportunities to better characterize structural variation
and genome organization in endangered species.

The integration of genomic data with other biological
information represents a promising direction for conservation
genomics. Combining genomic data with ecological niche
modeling can identify populations with unique adaptive
variants that may be crucial for species survival under
changing environmental conditions. Similarly, integrating
genomic data with demographic models can improve
predictions of population viability and extinction risk.
Advances in gene editing technologies, particularly CRISPR-
Cas systems, offer potential applications for conservation
genomics. While still controversial, these technologies could
theoretically be used to introduce beneficial genetic variants
or correct harmful mutations in endangered species.
However, significant ethical and technical challenges must be
addressed before such approaches could be implemented.

4. Conclusion

This comprehensive comparative genomic analysis of
endangered mammals reveals consistent patterns of genetic
erosion that threaten species survival and recovery. The
observed reductions in genomic diversity, -elevated
inbreeding levels, and compromised functional gene
categories provide compelling evidence for the genetic
consequences of population bottlenecks. These findings have
immediate implications for conservation practice and
highlight the wurgent need for genomics-informed
management strategies.

The integration of genomic data with traditional conservation
approaches offers unprecedented opportunities to enhance
species recovery efforts. Genetic rescue programs, informed
by genomic analysis, can strategically introduce genetic
diversity to populations most in need. Breeding programs can
be optimized using genomic information to maximize genetic
diversity while minimizing inbreeding. Habitat restoration
efforts can be prioritized based on the genetic uniqueness and
adaptive potential of different populations.

The functional genomic consequences identified in this
study, particularly the compromised immune system and
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reproductive pathways, provide specific targets for
conservation interventions. Disease management programs
should be prioritized for species with reduced immune gene
diversity, while reproductive technologies may be necessary
for species with compromised fertility-related genes.
Looking forward, the continued advancement of genomic
technologies will provide even more detailed insights into the
genetic basis of endangerment. The development of more
cost-effective sequencing methods will enable larger sample
sizes and more comprehensive population-level analyses.
The integration of genomic data with other biological
information will provide a more holistic understanding of
species vulnerability and recovery potential.

The findings presented here underscore the critical
importance of genetic factors in conservation biology and
demonstrate the power of comparative genomics to inform
evidence-based conservation strategies. As we face an
accelerating biodiversity crisis, the integration of genomic
approaches with traditional conservation methods offers our
best hope for preventing extinctions and ensuring the long-
term survival of endangered species.

The success of conservation genomics will ultimately depend
on the translation of genomic insights into practical
conservation actions. This requires continued collaboration
between genomic researchers, conservation biologists,
wildlife managers, and policy makers. By working together,
we can harness the power of genomics to address one of the
most pressing challenges of our time: preserving Earth's
biodiversity for future generations.
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