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Abstract

Codon usage effects the efficient expression of Human Immuno-deficient Virus (HIV) genes. Poorly
expressed proteins expression could be modified using codon re-engineering in the host. The bias
nucleotide composition of the human immunodeficiency virus-1 genes shown the replication
efficiency in the human host. The evolution of the nucleotide sequence of HIV-1 contributes the
replication capacity, evolvability, and pathogenesis in the human host. Using the synonymous codon
pairs, the codons of the HIV-1 genes could be optimized and deoptimized for the expression study of
the specific gene in the human host. Changes in the codon pair bias of the gene of HIV-1 effects the
virus replication in cell culture. Synonymous nucleotides of the HIV-1 genome impact the life cycle
within the human host. The new therapeutic target could possible to develop through recoding the
synonymous codons of the HIV-1. The relative synonymous codon usage pattern (RSCU) of the HIV-
1 genome reflects the genetic variation among various subtypes and the useful bioinformatics
approach with phylogenetic methods predicting the evolutionary patterns of pandemic viruses. Codon
usage bias study of the HIV-1 reveals codon frequencies of the isolates from antiretroviral therapy

experienced persons as well as treatment naive individuals.
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Introduction

HIV-1 proteins are difficult to produce efficiently due to certain RNA elements that slow their
exit from the nucleus and reduce translation. A significant issue is the use of less favorable
codons in the viral genome, which impairs protein production. By substituting these less
common codons with ones more frequently used in highly expressed human genes, protein
expression can be greatly improved. This technique has successfully enhanced the production
of HIV-1 proteins as well as other proteins like Thy-1 and GFP. This highlights how optimizing
codon usage can help overcome barriers to protein expression in mammalian cells (Haas and
Seed., 1996). Interestingly, modifying the codon pairs in HIV-1’s genetic code can
significantly affect the virus's replication. Rearranging these codon pairs to less favorable
configurations greatly reduces the virus's replication ability, while pairing codons in more
favorable ways has less impact. This demonstrates that altering genetic encoding can influence
viral behavior and presents a potential avenue for developing new treatments (Martrus et al.,
2013).
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HIV-1 uses a high number of adenine (A) nucleotides in its RNA, but certain regions, known
as ‘noA’ sites, avoid having A nucleotides. These sites are crucial for maintaining RNA
structure, particularly in areas involved in RNA folding and splicing. Disrupting these noA
sites by introducing A nucleotides affects the RNA's structure, indicating their importance in
the virus’s replication and function. This balance between accumulating A nucleotides and
preserving vital RNA structures highlights the complex evolutionary pressures HIV faces
(Berkhout and Hemert.,2022). Synonymous mutations in HIV-1, which do not change the
protein sequence, can still impact how the virus behaves. By introducing these mutations into
the HIV-1 genome, researchers have gained insights into immune system responses and the
effects of codon usage on viral gene expression. Advances in DNA synthesis techniques have
made studying virus adaptation and infection easier, revealing new therapeutic targets.
However, optimizing codon usage in mammalian cells remains challenging as these mutations

can still influence virus function and replication (Jordan-Paiz et al., 2021).

Analysis of HIV-1 sequences shows significant variations in synonymous codon usage across
different regions. African isolates display broad distributions, while Asian isolates divide into
two distinct groups, with southern Asia showing notable patterns. European isolates have
narrower distributions, and American isolates exhibit some variability. Among the non-CRF
subtypes, subtype C stands out with the most distinct codon usage patterns. These variations
reflect genetic diversity and may provide insights into HIV-1’s evolutionary patterns (Ahn and
Son., 2006). Despite using less adapted codons, HIV-1 replicates efficiently in human cells by
packaging specific transfer RNAs (tRNAs) that decode codons commonly used by HIV-1 but
less so by human genes, particularly A-ending codons. Early HIV-1 genes use codons similar
to those of human genes, while late HIV-1 genes use more A-ending codons due to changes in
the tRNA pool. This adaptation helps HIV-1 maintain efficient protein translation throughout
its lifecycle and could reveal potential drug targets, especially in disrupting the translation of

late-stage structural proteins (van Weringh et al., 2011).

Codon usage bias, which affects translation efficiency and immune response, varies among
organisms. Studies have found that antiretroviral therapy alters HIV-1 codon frequencies in a
subtype-specific manner. Treatment-experienced patients showed increased frequencies of
certain codons in the pol and gag genes, suggesting that drug pressure affects codon usage,
though not all changes align with resistance mutations. These findings indicate other
influencing factors and highlight the need for further research with larger datasets (Palanisamy

etal., 2017). Schlafen14 (SLFN14) plays a key role in inhibiting HIV-1 replication by targeting 1
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viral mMRNAs with rare codon usage for degradation. This protein interacts with ribosomes to
degrade these mRNAs, reducing the virus's ability to replicate. SLFN14’s endoribonuclease
activity is crucial for this process, and it may work alongside other Schlafen proteins to enhance
its antiviral effects. This suggests that SLFN14 could be a promising target for limiting viral
replication and provides a potential therapeutic pathway for treating viruses that exploit rare

codon translation (Valenzuela et al., 2024).

Effects of codon patterns in genomes of HIV

HIV-1 has a unique way of using codons, the building blocks of its genes, which affects how well it
produces its envelope proteins like gp120 and gp4l. The virus tends to use certain codons more
frequently and avoid others, making it harder to express these proteins. Studies have shown that if
we adjust the codons in HIV-1’s genes to match those commonly used by human genes, we can
dramatically increase the production of these proteins. For example, when researchers optimized the
codons for the gp120 protein, they saw its expression go up by several hundred times compared to
the natural version. On the other hand, changing the codons in a commonly expressed protein, like
Thy-1, to those preferred by HIV-1 led to a sharp drop in its expression (Haas and Seed., 1996). HIV-
1’s codon patterns provide valuable insights into how the virus evolves. The virus tweaks its genetic
code to better fit with the host’s preferred codons, which helps it survive and adapt. By looking at
HIV-1 genomes from different subtypes over time, we see that the virus’s codon usage isn’t random
but is an evolutionary strategy to enhance its survival in the host (Pandit and Sinha., 2011).
Researchers have also used a method called SAVE (Synthetic Attenuated Virus Engineering) to
modify HIV-1 by adjusting codon-pair biases in key parts of its genome. This resulted in versions of
the virus that replicated more slowly in the lab. However, some of these modified viruses eventually
regained their original replication abilities, driven by reverting changes and new mutations. This
suggests that while codon-pair changes can weaken the virus, more research is needed to understand

about the stable these modifications in the genome (Martrus et al., 2013).

Synonymous or silent mutations in HIV-1, once thought to be harmless, can actually have significant
effects. These mutations can alter RNA structures and disrupt important regulatory motifs, showing
that some codon regions are crucial beyond just their amino acid sequence. Analysis found 21 such
regions, with some linked to known functions and others still unknown. Despite this, experiments
didn’t show noticeable differences in viral replication, possibly because single-cycle infections may
not fully capture the virus’s behavior in real infections (Mayrose et al., 2013). Codon usage bias in
HIV genomes can result from either mutational bias or selection for efficient translation. Research
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suggests that nucleotide composition constraints mainly shape HIV codon usage. While structural
genes follow predictions based on GC composition, regulatory genes like tat and rev show more
varied codon usage, which might help their expression in early infection stages (Phakaratsakul et al.,
2018).

HIV-2, in contrast to HIV-1, has lower viral loads and slower disease progression. Analysis showed
that HIV-2 has fewer mutations and a less pronounced G-to-A transition bias compared to HIV-1.
This difference might explain HIV-2’s slower disease progression, although differences in replication
fidelity are not likely a major factor (Rawson et al., 2015). A study on HIV-1 progression revealed
that the rate of evolution in the env gene correlates with disease progression. Long-term non-
progressors (LTNP) experience more intense functional constraints compared to rapid progressors
(RP). Patterns of amino acid usage and glycosylation sites also differ among these categories,
showing how host factors influence HIV evolution and disease progression (Roy et al., 2017). HIV-
2’s tat gene has a higher effective number of codons (ENC) compared to HIV-1’s tat gene, suggesting
lower early-stage expression and potentially contributing to HIV-2’s reduced pathogenicity. The GC3
composition of HIV-2’s regulatory genes indicate strong evolutionary adaptation, which might
explain its clinical differences from HIV-1 (Vidyavijayan et al., 2017).

Finally, understanding how well viral genes are expressed in different cells involves more than just
looking at surface receptors. It also depends on codon adaptation, which affects how efficiently viral
MRNAs are translated. A study using the Codon Adaptation Index (CAI) found that while CAI
generally correlates with translation efficiency, there are exceptions. HIV-1 and SARS-CoV-2 affect
cellular translation differently, with HIV-1 disrupting the CAl-translation efficiency relationship and
SARS-CoV-2 showing increased CAl in infected cells. This makes CAI a useful tool for assessing
viral susceptibility but suggests it should be used alongside other methods for a complete picture
(Zhou et al., 2023).

Importance of codon usage bias study in genome analysis

Codon usage bias (CUB) is a crucial aspect of genome analysis, revealing evolutionary relationships,
gene expression, and organism adaptation. For instance, in the study of cotton species, CUB
showcases how historical events like polyploidization and hybridization have influenced evolution.
Genes with high CUB are often highly expressed, indicating improved protein synthesis efficiency.
Understanding environmental pressures on CUB helps researchers grasp adaptive mechanisms in

organisms, aiding biotechnology and breeding efforts for improved agricultural practices. This
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knowledge underpins future research on genomic diversity, evolution, and adaptation (Wang
et.al.,2018).

Studying codon usage bias (CUB) is crucial for genome analysis, especially in understanding the
genetic and evolutionary traits of organisms like viruses such as SARS-CoV-2. By examining codon
preferences, researchers can deduce evolutionary pressures and relationships between different
strains, shedding light on how organisms adapt to their surroundings and host-specific adaptations in
viruses, impacting viral pathogenesis and host interactions. CUB research also aids in grasping viral
transmission dynamics and can hint at host-switching events, zoonotic transmission potential, and aid
in therapeutic and vaccine design. Analyzing CUB helps in creating evolutionary trees, understanding
mutational biases, and identifying characteristics influencing pathogenicity and transmissibility.
Overall, studying CUB provides insights into genome integrity, evolutionary processes, pathogenic
traits, and potential therapeutic targets of viruses and other organisms, facilitating better
understanding of outbreaks and future trends (Parvathy et al., 2022). Thus, the research on CUB of
Zika virus (ZIKV) is important for explaining evolutionary dynamics and host interactions and
mutational pressures on this virus. A detailed examination of CUB brings to the fore how geographic
origins affect evolutionary relationships between ZIKV strains as the virus primarily adapts to its
mosquito vector Aedes aegypti. This analysis shows that the codon preferences of ZIKV are
determined by the availability of tRNA isoacceptors in host cells, which can be used to devise
strategies to disrupt viral protein synthesis. The study also points out the significant role of mutational
pressure in determining ZIKV codon usage, providing insights into the mechanisms driving viral
evolution. This knowledge is important for developing targeted interventions and therapeutic

strategies to address ZIKV infections effectively (Rahman et.al.,2017).

In-depth analysis of the genome composition and codon usage patterns of SARS-CoV-2 and other
Beta-coronaviruses (BCoVs). It highlights a significant genomic and codon usage bias in SARS-CoV-
2, with a preference for A- and U-ending codons, likely driven by mutational pressure and host
adaptation. Differences in codon usage patterns compared to human cells suggest challenges in viral
translation efficiency. The results reveal a closer evolutionary relationship between SARS-CoV-2
and bat coronaviruses compared to other CoVs. This analysis underscores the role of codon usage
and nucleotide composition in shaping viral evolution and host adaptation mechanisms (Tort
et.al.,2020). This research analyzes the codon usage bias (CUB) across four cotton species:
Gossypium arboreum, G. raimondii, G. hirsutum, and G. barbadense. The study found that these
genomes exhibit weak CUB with a preference for pyrimidine-rich codons (T and A). Translational
selection was identified as the dominant factor shaping CUB over mutation pressure. The analysis
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determined 19-26 optimal codons per species, most ending in A or T. These findings highlight that
codon usage patterns are influenced by evolutionary pressures and provide insights into gene

expression and functional genomic adaptations in cotton (Wang et.al., 2018).

That codon usage bias plays a crucial role in regulating gene transcription in the filamentous fungus
Neurospora crassa. Codon optimality was found to correlate with transcription efficiency,
independent of translation. Using RNA sequencing, 18 regulatory factors were identified, primarily
chromatin remodelers and transcription factors, that influence this process. Among these, SET-2 (a
histone methyltransferase) and FKH1 (a fork head transcription factor) were found to play significant
roles in codon-dependent transcription regulation. The study highlights the intricate relationship
between codon usage, chromatin modifications, and transcription, providing valuable insights into its
role as a regulatory mechanism and evolutionary driver (Zhao et.al., 2021).

The phenomenon of codon usage bias (CUB), where specific codons are preferred over others during
gene translation. It identifies CUB as a result of a balance between mutation, translational selection,
and genetic drift. Factors influencing CUB include GC content, gene expression levels,
recombination rates, and environmental stress. Advances in genome sequencing have allowed for
genome-wide analyses, revealing how CUB varies among species and contributes to genome
evolution. Highlighting its practical applications, such as optimizing recombinant gene expression
and developing attenuated viral vaccines, the paper underscores the biological significance and
evolutionary implications of CUB, with particular emphasis on insect genomes. This comparative
study investigates codon usage bias (CUB) and codon context patterns across 22 insect species,
including 15 dipterans (e.g., Drosophila and mosquitoes) and 7 hymenopterans (e.g., ants, bees, and
wasps). The findings reveal distinct patterns: dipterans predominantly use GC-rich codons, while
hymenopterans favor AT-rich ones. Codon usage orders vary between species, correlating with
genome structure and evolutionary pressures. The study also highlights differences in amino acid
composition and codon context patterns that align with species phylogeny. These results offer

valuable insights into translational selection and genome evolution in insects (Behura et.al., 2013).
Conclusion

Codon usage bias study of HIV reveals various factors governing virus evolution. The codon
usage bias in between HIV genes is low. The strong correlation between the base and
dinucleotide composition of the HIV genome suggested the mutational pressure rather than the

natural selection is the most important determinant of the codon usage bias.
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