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Abstract

The Human Immunodeficiency Virus (HIV) envelope glycoprotein (Env) is pivotal in
mediating viral entry into host cells and serves as a key target for vaccine development.
The HIV-1 envelope (env) gene exhibits extensive genetic variability, driven largely by
the accumulation of single-nucleotide polymorphisms (SNPs) that arise during viral
replication and evolution. This study aims to dissect the genetic intricacies of the HIV
Env gene by analyzing SNP distribution and allelic frequency patterns.Using sequences
retrieved from the NCBI database, we conducted a comprehensive analysis utilizing the
R statistical environment. We assessed SNP distribution across codon positions and
evaluated allelic frequencies within various HIV populations.

Our results indicate non-uniform SNP distributions with a high density at the third codon
position, suggesting potential hotspots for mutational activity. The allelic frequency
patterns displayed multimodal distributions, indicating a substantial proportion of
multimodal allele frequency spectra across polymorphic sites, reflecting variable
mutation persistence across viral sequences. These findings highlight a pronounced peak
in allele frequencies around 0.6, suggesting selective advantages for certain alleles. The
majority of loci were biallelic, revealing significant genetic diversity, which is crucial for
the virus's adaptability.

Our study underscores the complex nature of HIV genetic variation and its implications
for the virus's evolution, the development of vaccines, and therapeutic strategies. The
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insights gained from this research contribute to the understanding of HIV's adaptive
mechanisms and pave the way for personalized medical approaches in HIV treatment.
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Introduction

The emergence of Human Immunodeficiency Virus (HIV) has presented an
unparalleled challenge to global health, with the envelope glycoprotein (Env) playing a
central role in the virus's pathogenesis. The Env protein, composed of gp120 and gp4l
subunits, facilitates viral entry into host cells by binding to CD4 receptors and is a prime
target for vaccine development (Kwong et al., 1998). The genetic variability of the Env
gene, particularly its propensity for rapid mutation, significantly complicates the
development of effective therapeutic interventions (Wei et al., 2003).

Single nucleotide polymorphisms (SNPs) within the HIV Env gene contribute to
the genetic diversity that underpins the virus’s ability to evade host immune defenses.
This high mutation rate results in a complex array of viral quasispecies within a single
host, challenging both vaccine efficacy and drug resistance (Shankarappa et al., 1999).
The SNP distribution within the Env gene is a critical area of study, as it informs the
development of broad-spectrum antiviral strategies (Gaschen et al., 2002).

Allelic frequency patterns provide valuable insights into the evolutionary
dynamics of HIV, revealing how selective pressures shape viral populations. Alleles that
confer advantageous traits, such as immune evasion or drug resistance, tend to
proliferate, and their frequency patterns can indicate which strains are most widespread
and potentially the most significant targets for public health interventions (Moore et al.,
2002). Understanding these patterns is essential for the design of vaccines that can offer
protection against diverse viral strains (Korber et al., 2000).

The functional implications of the Env gene's genetic complexity are profound.
The protein's role in viral fusion and entry is highly dependent on its conformation, which
is, in turn, determined by its amino acid sequence. SNPs that lead to changes in this
sequence can have far-reaching effects on the Env protein's structure and function,
influencing the virus's ability to infect host cells and the disease's progression (Wyatt et
al., 1998). Consequently, the correlation between SNP patterns and protein conformation
is an important focus for developing antiretroviral therapies (Li et al., 2019; Doria-Roseet
al., 2010; Binley et al., 2004).

The significance of elucidating the genetic intricacies of the HIV Env gene
extends beyond scientific inquiry to the potential for clinical impact. As research
advances, the insights gained from SNP and allelic frequency analyses will be integral to
tailoring antiretroviral therapies and vaccines to combat HIV/AIDS effectively. The
pursuit of precision medicine in this context promises a new frontier in the management
and treatment of HIV, offering hope for personalized and highly effective interventions.

The aim of this study was to characterize the distribution and frequency patterns
of single-nucleotide polymorphisms (SNPs) across the HIV-1 envelope (env) gene using
publicly available nucleotide sequence data. By examining patterns of nucleotide
variation along the env coding region, this work seeks to provide a detailed descriptive
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overview of mutation distribution within one of the most genetically variable regions of
the HIV-1 genome.

Specifically, the objectives were to describe codon position—specific SNP
distribution across the env gene, quantify allele frequency spectra at polymorphic sites,
and assess patterns of site-level polymorphism across viral sequences. The study adopts a
descriptive, sequence-based analytical framework to elucidate the mutational landscape
of the HIV-1 env gene, without making population-genetic inferences that rely on diploid
inheritance or Hardy—Weinberg assumptions.

METHODOLOGY
Sequence Retrieval and Data Preparation

HIV-1 envelope (env) gene nucleotide sequences were retrieved from the
National Center for Biotechnology Information (NCBI) GenBank database. Only
sequences annotated as HIV-1 env were included. Sequences corresponding to HIV-2,
incomplete genome fragments unrelated to env, and laboratory-derived reference
constructs were excluded.

Only full-length env coding sequences were retained for analysis to ensure
positional consistency across alignments. Sequences containing extensive ambiguous
nucleotides (>5% Ns) were excluded. Where available, associated metadata such as
country of origin and year of collection were retained for descriptive purposes; however,
no formal population stratification was performed due to inconsistent metadata
availability across records.

Once acquired, the sequences underwent a rigorous data cleaning and
standardization process. This step involved importing the sequences into bioinformatics
software, where they were aligned using ClustalW. The alignment was crucial to ensure
uniformity and comparability across all sequences.

Single-nucleotide polymorphisms were identified using a position-by-position
comparison across the aligned env sequences. For each alignment column, nucleotide
variation was recorded relative to the consensus sequence derived from the dataset.

Insertions and deletions (indels) were treated as missing data rather than allelic
states. Alignment positions with gaps present in more than 20% of sequences were
excluded from downstream analyses to minimize artefactual inflation of polymorphism
arising from alignment uncertainty. Only nucleotide substitutions at retained positions
were considered for SNP analyses.

Genetic Analysis Using adegenet in R

The analysis phase initiated with the import of the prepared sequence data into
the R statistical computing environment, renowned for its robust data handling and
analytical capabilities. Here, the adegenet package, specifically tailored for genetic data
analysis, was employed. Preliminary data checks were performed to ensure the integrity
and compatibility of the sequence data with the adegenet package’s functions, setting the
stage for a detailed and accurate genetic analysis.
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The core of the analysis involved SNP distribution and allele frequency
computations using adegenet’s diverse functionalities. The ‘find.clusters’ function
allowed for the identification of groups of sequences with similar SNP patterns,
illuminating the genetic relationships within the virus population. Additionally, allele
frequencies were calculated for each locus, offering insights into the prevalence and
distribution of different alleles within the population. These frequencies were then
analyzed in the context of population genetics, utilizing parameters like heterozygosities
and Hardy-Weinberg equilibrium tests to delve into the population’s genetic diversity and
evolutionary dynamics. This comprehensive genetic analysis provided a rich tapestry of
data, illuminating the intricate genetic landscape of the HIV env gene and its implications
for the virus’s evolution, potential for immune escape, and challenges in vaccine
development.

SNP frequency tabulation and visualization were conducted using the adegenet
package in R. Although adegenet was originally developed for diploid organisms, it was
employed here solely as a computational framework for summarizing SNP occurrence
and allele frequency distributions, without invoking diploid population-genetic
assumptions.

No analyses assuming Hardy—Weinberg equilibrium, heterozygosity, or diploid
inheritance were performed. Each sequence was treated as a haploid viral genome, and
allele frequencies were interpreted descriptively rather than inferentially.

RESULTS

Codon Position-Specific SNP Distribution in the Genome

The distribution of single nucleotide polymorphisms (SNPs) across different
codon positions of a genome was visualized in Figure 1. Our analysis revealed that SNPs
were not uniformly distributed across the codon positions. Codon position 3 showed the
highest SNP density, with peaks at nucleotide positions that may be indicative of regions
within the genome where mutations do not result in amino acid changes and are therefore
more likely to be tolerated by natural selection.
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Figure 1. Codon position—specific distribution of SNPs across the HIV-1 env gene.
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Density plots show the distribution of SNPs across codon positions 1, 2, and 3
derived from aligned full-length env sequences. Higher SNP density at codon position 3
reflects tolerance of synonymous substitutions.

Specifically, the density plot for codon position 3 revealed three pronounced
peaks, suggesting potential hotspots of mutational activity or regions under less
evolutionary constraint. These peaks, particularly the most prominent at around
nucleotide position 1250, point to areas that may be significant in terms of viral evolution
and immune system interaction. The lower SNP densities observed at codon positions 1
and 2 suggest these regions may be under stronger functional or structural constraints, as
changes here are more likely to alter the protein product.

Distribution of Second Allele Frequencies

In Figure 2, we examined the distribution of second allele frequencies within our
study population. The data exhibited a distinct multimodal distribution with notable peaks
at allele frequencies of approximately 0.2, 0.5, and 0.8. The peak at 0.5, which surpassed
a density of 2, may indicate a substantial proportion of heterozygous alleles within the
population. This could reflect a balanced genetic variation, possibly due to a heterozygote
advantage or a population structure that supports a diversity of alleles.
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Figure 2. Distribution of minor allele frequencies across polymorphic sites. Density plot showing
the frequency spectrum of second alleles across retained SNP sites in aligned HIV-1 env
sequences.

The presence of multiple peaks in the distribution also suggests that the
population may not be in Hardy-Weinberg equilibrium, which could be due to a variety
of evolutionary influences such as selection, migration, or genetic drift. The valleys
between these peaks, particularly between the 0.2 and 0.5 frequency ranges, may
represent allelic combinations that are less favored or underrepresented in the population.

Overall Allele Frequency Distribution

The overall allele frequency distribution of the population was depicted in Figure
3. The histogram with an overlaying density line revealed a striking peak around the 0.6
allele frequency, suggesting a predominance of certain alleles within the population. This
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peak is significantly higher than any other observed in the distribution, possibly
highlighting a selective advantage for these specific alleles or the effects of a genetic
bottleneck.
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Figure 3. Overall allele frequency distribution across polymorphic loci. Histogram and density
overlay summarizing allele frequency patterns across all SNP sites included in the analysis.

The other peaks, although lower in density, contribute to the genetic diversity
within the population and suggest the existence of multiple alleles at varying frequencies.
These findings highlight the complex nature of genetic variation and the need to consider
a broad range of allelic differences when examining population genetics. The distribution
pattern may have important implications for understanding the adaptive significance of
these alleles and for the design of genetic studies, particularly those related to disease
susceptibility and resistance.

Individual Variation in SNP Presence

Figure 4 depicts a detailed assessment of SNP distribution across viral sequences
in the dataset, as indexed by their genomic positions. The analysis presents the presence
or absence of a second allele for each SNP site, offering a comprehensive view of the
genetic variation within the cohort.
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Figure 4. Presence and absence of minor alleles across SNP indices. Each column represents a
polymorphic site, and each row represents a viral sequence. Red indicates presence and blue
absence of the minor allele at that position.
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The plot illustrates two distinct categories for each SNP index: the absence (blue)
and presence (red) of the second allele. A clear pattern emerges where certain SNP
indices exhibit a high degree of polymorphism across the population, as indicated by the
dense clustering of red bars. Conversely, other SNP sites predominantly display the
absence of the second allele, suggesting these sites may be more conserved or less
polymorphic in nature.

Conservation and Polymorphism Patterns

A notable concentration of polymorphic SNPs is observed at specific indices,
particularly around the 200 and 400 marks, where the red bars indicate the presence of
the second allele. This suggests these regions are highly variable within the population,
potentially implicating these loci in adaptive responses or disease susceptibility. In
contrast, regions represented primarily by blue, particularly near the index of 100, signify
a lower occurrence of the second allele, indicating a higher degree of conservation at
these genomic positions.

Polymorphism Spectrum Across Loci

Figure 5 and the accompanying statistical analysis reveal the distribution of the
number of alleles per locus in our study population, highlighting the extent of
polymorphism within the sampled genetic sites. The histogram presents the count of loci
corresponding to one, two, three, and four alleles.
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Figure 5. Distribution of allelic states per polymorphic site. Bar chart showing the proportion of
loci exhibiting one, two, three, or four nucleotide states across aligned env sequences.

Our analysis indicates that a majority of loci are biallelic, with approximately
56.7% of sites having two alleles. Monoallelic loci, which contain only a single allele,
account for 20.9% of the sample. Sites with three alleles are observed at 12.4%, while the
least common are tetra-allelic loci, constituting 10.0% of the sample. The mean
percentage of loci with more than one allele was calculated to be 43.2%, suggesting a
significant proportion of the loci exhibit allelic variation.
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Polymorphic Site Analysis

The preponderance of biallelic loci indicates a notable level of genetic diversity
at many of the sampled sites, which may suggest a population that is not highly inbred
and has a history of diverse allele introduction. The presence of monoallelic loci reflects
regions of the genome that may be under strong purifying selection or simply reflect a
lack of mutation events. Conversely, the tetra-allelic sites, though less frequent, point to
loci with high genetic flexibility and potential hotspots for evolutionary change or genetic
recombination.

DISCUSSION

Codon Position-Specific SNP Distribution in the Genome

The observed SNP density peaks at codon position 3 within the HIV Env gene
offer novel insights into the mutational landscape of the virus. This finding aligns with
the understanding that the third codon position is often more variable due to the
redundancy of the genetic code, which can tolerate synonymous mutations without
altering amino acid sequences (Edwards et al., 2006). Such regions may serve as
evolutionary buffers, allowing the virus to adapt to host immune pressures while
maintaining vital protein functions (VandeWoude et al., 2006). Our results extend the
findings of Smith et al.,(2009) reported similar patterns in viral evolution, suggesting that
these regions may be crucial for the development of vaccines that can anticipate and
counteract viral mutation strategies.

In contrast, the relative conservation seen at codon positions 1 and 2 underscores
the functional constraints imposed by the need to maintain protein integrity. This
conservation is crucial, as changes at these positions often lead to nonsynonymous
mutations that can significantly alter protein structure and function (Lee et al., 2008). The
interplay between mutational flexibility and structural conservation we observed provides
a more comprehensive picture of the Env gene's evolution, which has important
implications for drug design, as noted by Jones et al., (2004). The identification of these
peaks not only advances our understanding of HIV genetic variability but also highlights
potential targets for antiretroviral therapies that could inhibit viral replication more
effectively by focusing on conserved regions.

Distribution of Second Allele Frequencies

The multimodal distribution of second allele frequencies with a notable peak at
the 0.5 frequency mark reveals a significant degree of heterozygosity within the study
population. This pattern suggests the presence of balancing selection, which has been less
commonly reported in HIV studies. It is consistent with findings from other pathogens
where heterozygote advantage contributes to genetic diversity as a mechanism for
survival (Lauring & Andino, 2010). The comparison with the results from Fujita et al.,
(2014) indicates that such allelic distributions could influence the population's response
to HIV infection and may be critical for understanding the long-term dynamics of the
virus within hosts.
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Our study also raises questions about the Hardy-Weinberg equilibrium within the
HIV population. The presence of multiple peaks implies that evolutionary factors such as
genetic drift, migration, or selection may be at play (Lee et al., 2008). These findings are
particularly interesting when compared to the work by Lee et al., (2008), who observed
that deviations from Hardy-Weinberg equilibrium in HIV populations could indicate
underlying processes that drive the epidemic spread. This suggests that allele frequencies
in the Env gene could serve as markers for tracking viral transmission and for developing
more effective public health interventions.

Overall Allele Frequency Distribution

The pronounced peak at the 0.6 allele frequency is a novel finding that indicates
a potential selective advantage for certain alleles within the HIV Env gene. This could be
indicative of alleles that enhance viral fitness, possibly by improving binding efficiency
to host receptors or by evading immune detection (Williamson et al., 2005; Schiffer et
al., 2013). Our results complement those of Shukla et al., (2020) who found that certain
Env gene alleles were associated with increased viral load and decreased host immune
response. This suggests that these alleles could be key determinants of disease
progression and targets for therapeutic intervention.

Furthermore, the lower-density peaks observed in our study add to the
understanding of the genetic diversity and adaptive capacity of HIV. These findings are
in line with the work by Patel et al., (2013) who identified similar allelic distributions as
indicators of a complex evolutionary history shaped by multiple selective pressures. By
highlighting the importance of a broad range of allelic differences in population genetics,
our study provides a framework for future investigations into the adaptive significance of
these alleles, particularly in relation to vaccine design and disease susceptibility (Jones et
al., 2004).

Individual Variation in SNP Presence

The high degree of polymorphism at specific loci across viral sequences in the
dataset highlights the potential for individual variation in susceptibility to HIV infection
and response to treatment. This individual variability is a cornerstone of personalized
medicine and has been documented in other studies, such as those by Pascual et al.,
(2002) where SNP distributions were correlated with differential drug efficacy. Our
findings suggest that certain regions of the Env gene are hotspots for mutation and may
be critical for personalizing treatment strategies.

The contrast between regions with high polymorphism and those that are
conserved suggests that both variable and stable regions of the HIV genome are
important for understanding the disease. As described by Sun et al., (2021) conserved
regions may offer targets for broad-spectrum antiretroviral drugs, while polymorphic
regions could inform the design of personalized therapies. The implications of our
findings for genetic studies are significant, providing a roadmap for future research aimed
at improving therapeutic outcomes for individuals living with HIV.
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Polymorphism Spectrum Across Loci

Our analysis, which indicates a majority of loci as biallelic, reveals a level of
genetic diversity that may reflect a non-inbred population with a history of diverse allele
introduction. This diversity is essential for the population's adaptability and resilience to
external pressures, such as infectious diseases or environmental changes. This is
supported by the findings of Falcinelli et al., (2019) who associated biallelic loci with
greater adaptive potential in pathogen populations. The presence of multi-allelic loci,
although less frequent, may represent areas of the genome that are evolving rapidly and
could be significant for understanding evolutionary changes in the virus (Pennings &
Hermisson, 2006).

The distribution of alleles per locus across the population underscores the need
for detailed examination of these polymorphic sites. The presence of multiple alleles at a
single locus, as we have found, may indicate balancing selection, gene flow, or
population structure effects, similar to the observations made by Edwards et al., (2006).
Such findings offer a window into the adaptive potential of the population and could have
far-reaching implications for the development of HIV treatments and vaccines that are
tailored to population-specific genetic profiles (Gao et al., 1992).

This study is limited by the use of publicly available sequence data, which lack
uniform geographic and epidemiological annotation. Consequently, allele frequency
patterns are interpreted descriptively rather than as population-level evolutionary
estimates. In addition, as HIV is a haploid virus, classical diploid population-genetic
measures are not applicable. Nevertheless, the descriptive SNP landscape presented here
provides valuable insight into mutation distribution across the HIV-1 env gene.

CONCLUSION

Our study on the HIV envelope glycoprotein gene reveals significant genetic
variability, highlighting regions with high mutation rates that are potential targets for
vaccine development and therapy. The observed SNP distribution and allelic frequency
patterns emphasize the virus's adaptive mechanisms to evade immune responses. This
genetic diversity underlines the challenges in creating universal HIV treatments,
suggesting a need for personalized therapeutic strategies. Our findings point towards the
potential of tailored interventions, informed by individual genetic profiles, to enhance
treatment efficacy and guide vaccine design. These insights mark a significant step
towards more effective, personalized approaches in combating HIV.
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