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ORIGINAL ARTICLE

Abstract
A Recent research on adenoviruses has mainly concentrated on their 
potential as vectors for gene therapy and vaccines, with less attention 
given to their evolutionary patterns and genome stability. Traditional 
typing methods, which rely on serological assays, have proven 
inadequate for classifying adenoviruses due to their genetic diversity. 
To address this, sequencing is often limited to key regions such as the 
hexon and fiber genes. However, recent studies suggest that relying 
solely on these regions may not fully capture the genetic landscape 
of adenoviruses. Notably, multiple recombination events have been 
identified within the adenovirus genome, raising concerns about the 
reliability of partial sequencing approaches for precise typing. In this 
study, we sequenced the penton gene in nine adenovirus isolates with 
previously characterized hexon and fiber types. Our analysis revealed 
that six of these isolates had penton sequences distinct from their 
assigned hexon and fiber types, suggesting recombination between 
adenovirus types. Additionally, four of these isolates displayed penton 
gene sequences that diverged significantly from known adenovirus 
types. Further examination uncovered potential recombination 
within the penton gene itself, particularly between the hypervariable 
region and the RGD (Arg-Gly-Asp) loop. These findings underscore 
the high prevalence of recombination in species D adenoviruses, 
not only between the hexon, fiber, and penton genes but also within 
the penton gene itself. This points to the limitations of hexon/fiber 
typing alone and emphasizes the need for full-genome sequencing to 
ensure accurate adenovirus classification. These insights are critical for 
advancing adenovirus-based vector development, as they contribute 
to a better understanding of adenovirus genetic stability and evolution.
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INTRODUCTION

Adenoviruses (AdVs) are double-stranded DNA 
viruses belonging to the family Adenoviridae, 

which encompass a wide range of subtypes infecting 
various species, including humans, animals, and birds[1]. 
Human adenoviruses (HAdVs) are significant pathogens 
responsible for a variety of clinical manifestations, 
including respiratory infections, gastroenteritis, 
conjunctivitis, and in some cases, severe disease in 
immunocompromised individuals[2]. The substantial 
genomic diversity among HAdVs necessitates precise 
and robust methods for classification and typing, 
which are crucial for epidemiological surveillance, 
clinical diagnostics, and the development of targeted 
therapeutic interventions[3].

Historically, adenovirus classification has relied 
on serological typing based on neutralization assays[4]. 
However, these methods are time-consuming, labor-
intensive, and sometimes need more sensitivity and 
specificity[5]. The advent of molecular techniques, 
particularly polymerase chain reaction (PCR) and 
sequencing, has revolutionized adenovirus typing, 
providing more precise and rapid identification of 
HAdV genotypes[6]. Among the various genomic 
regions analyzed, the hypervariable region (HVR) 
of the penton gene has emerged as a particularly 
promising target for molecular typing due to its high 
sequence variability[7]. The penton base protein, a 
crucial structural component of the adenovirus capsid, 
plays a pivotal role in virus-host interactions, including 
cell entry and immune evasion[8]. The HVR within the 
penton gene exhibits significant sequence diversity, 
reflecting the evolutionary pressures exerted by host 
immune responses and contributing to the genetic 
heterogeneity observed among adenovirus subtypes[8].

Consequently, the HVR region serves as a valuable 
marker for distinguishing between closely related 
adenovirus strains and for identifying novel genotypes[9]. 
The significance of this research extends beyond mere 
classification. Accurate typing of adenoviruses is 
essential for understanding the epidemiology of HAdV 
infections, particularly in outbreak settings where rapid 
identification of the causative agent can inform public 
health responses[10]. Furthermore, the identification of 
novel variants and recombination events can provide 
insights into adenovirus evolution and pathogenesis, 
with implications for vaccine design and antiviral 
strategies[11].

The penton base protein is a crucial component 
of the adenovirus capsid, forming the penton complex 
along with the fiber protein. It plays a pivotal role in 
virus attachment and entry into host cells, interacting 
with integrins to mediate internalization[12]. The penton 
base gene exhibits significant genetic variability, 
particularly in its hypervariable regions (HVRs), which 
are subject to immune selection pressures. The HVRs 
within the penton base gene are characterized by 
high sequence diversity, making them ideal targets 
for molecular typing. This variability reflects the 
evolutionary pressures exerted by host immune 
responses and contributes to the antigenic diversity 
of HAdVs[13]. Studies have shown that the penton HVRs 
can distinguish between closely related adenovirus 
types and identify novel variants[14,15].

Adenovirus classification has been based on 
serological methods, particularly neutralization assays, 
which identify virus types based on their reactivity 
with specific antisera[16]. While serological typing has 
been instrumental in the initial classification of AdVs, 
it has several limitations, including the requirement for 
virus culture, cross-reactivity between closely related 
types, and limited sensitivity. The advent of molecular 
techniques has revolutionized adenovirus typing. 
Polymerase chain reaction (PCR) and sequencing have 
emerged as the gold standards for accurate and rapid 
identification of HAdV genotypes[17]. Molecular typing 
targets various genomic regions such as the hexon, 
fiber, and penton genes, which encode key structural 
proteins of the virus capsid.

The objective of this study is to investigate the 
utility of limited typing of the hypervariable region 
(HVR) of the penton gene in adenovirus for identifying 
virus genotypes. Specifically, the study aims to assess 
whether sequencing and phylogenetic analysis of the 
penton HVR region are sufficient to classify subtypes of 
human adenovirus (HAdV). This involves examining the 
nucleotide and amino acid sequences of the penton 
HVR region from clinical isolates and comparing them 
with known reference sequences to determine their 
relatedness and potential novelty. The study also 
aims to evaluate the divergence between isolates and 
known types, assess potential recombination events 
within the penton gene, and discuss the implications 
of these findings for adenovirus typing and vaccine 
development.
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METHODOLOGY

DNA EXTRACTION 
The extraction of DNA was conducted using the 
QIAamp (QIAGEN, a biotechnology company based 
in Germany) DNA Mini Kit, in accordance with the 
manufacturer’s instructions. Initially, Q-Pro and AL 
buffers were added to the sample contained within 
a microcentrifuge tube. The mixture was vortexed 
thoroughly and subsequently incubated at 56°C for 
15 minutes to facilitate cell lysis. After incubation, the 
tube was centrifuged and ethanol was added to the 
mixture to precipitate the DNA. The resulting solution 
was then transferred to a QIAamp spin column and 
centrifuged for 1 minute to allow the DNA to bind to 
the silica membrane within the column. The filtrate 
was discarded, and the column was placed into a new 
collection tube. To wash the DNA, AW1 buffer was 
added to the column, which was then centrifuged for 
1 minute. This step was followed by another wash with 
AW2 buffer, after which the column was centrifuged 
for 3 minutes to ensure the thorough removal of 
contaminants. The final elution of the purified DNA 
was performed by adding AE buffer to the column and 
centrifuging for 1 minute. The eluted DNA was then 
stored at -20°C for subsequent use.

POLYMERASE CHAIN REACTION (PCR)
Conventional PCR was employed to amplify the partial 
penton region, encompassing the hypervariable region 
(HVR). The specific primers used for amplification were 
designed as follows: the forward primer sequence was 
TTCGCAAGAAGCAACCTTT, and the reverse primer 
sequence was TCTTGCATGAGGTCCGG. The PCR 
master mix (Thermo Fisher Scientific, United States) 
was prepared with the following components: 5 µl of 
10X PCR buffer, 1 µl of 0.2 mM dNTPs, 0.5 µl of 0.2 µM 
forward primer, 0.5 µl of 0.2 µM reverse primer, 0.25 µl 
of 1.25 units/µl Taq DNA polymerase, and 37.75 µl of 
sterile distilled water. To this mixture, 5 µl of the DNA 
template or a control sample was added, making the 
final reaction volume 50 µl.

The PCR cycling program began with an initial 
denaturation step at 95°C for 15 minutes to activate 
the Taq DNA polymerase. This was followed by 40 
cycles of amplification, each consisting of 20 seconds 
at 94°C for denaturation, 20 seconds at 57°C for primer 
annealing, and 40 seconds at 72°C for elongation. The 
final extension step involved a 5-minute incubation at 
72°C to ensure complete extension of the amplified 

products. After PCR amplification, the amplicons were 
analyzed by electrophoresis on a 2% agarose E-gel. 
The molecular weights of the PCR products were 
determined by comparison with a DNA ladder, which 
contained fragments ranging from 100 bp to 2500 bp.

forward primer TTCGCAAGAAGCAACCTTT,

reverse primer TCTTGCATGAGGTCCGG

PHYLOGENETIC ANALYSIS
The nucleotide sequences of the penton region, 
specifically the 918 bases corresponding to the HVR 
of HAdV-D9, along with the deduced amino acid 
sequences, were used to construct phylogenetic trees 
to elucidate the evolutionary relationships among 
species D human adenoviruses. Sequence editing 
was performed using BioEdit version 7.0.5. Multiple 
sequence alignments were calculated using ClustalX 
version 1.83 to ensure precise alignment of the 
sequences.

Phylogenetic trees were constructed utilizing the 
Phylo-Win software version 2. To assess the robustness 
of the phylogenetic groupings, bootstrap analysis 
was performed with 1,000 pseudoreplicates. The 
phylogenetic trees were subsequently visualized and 
drawn using TreeView version 1.6.6. This comprehensive 
analysis allowed for the detailed examination of the 
genetic relationships and evolutionary patterns among 
the adenovirus isolates under study, particularly within 
the hypervariable regions of the penton gene.

RESULTS

PCR AMPLIFICATION OF CLINICAL ISOLATE
The DNA from the nine adenovirus isolates was 
extracted, and a specific region of the penton gene 
was amplified using PCR. Two primers were designed 
to generate around 600-base pair fragments of the 
penton gene. The amplified products, along with 
positive control fragments of 400 base pairs, were 
visualized on a gel electrophoresis image (Figure 1).

TYPING AND PHYLOGENETIC ANALYSIS OF 
ADENOVIRUS ISOLATES
Nine clinical samples from individuals with AIDS were 
analyzed using DNA sequencing and the phylogenetic 
analysis of the hexon and fiber genes. These isolates 
were identified as belonging to the HAdV-D species, 
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with consistent typing results for both the hexon 
and fiber regions. The previous typing results are 
summarized in Table 1.

PHYLOGENETIC ANALYSIS REVEALS GENETIC 
RELATIONSHIPS OF NEW ADENOVIRUS 
TYPES WITH CLINICAL ISOLATES
The phylogenetic analysis of the penton gene revealed 
the presence of multiple distinct clades within the 
HAdV-D species. Notably, several clinical isolates 
from AIDS patients clustered closely with specific 
reference strains, indicating their classification within 
established adenovirus types. However, the tree also 
highlighted the presence of several isolates that did 
not cluster with any known HAdV type, suggesting 
potential novel or recombinant strains. These findings 

underscore the genetic diversity within the HAdV-D 
species and emphasize the need for comprehensive 
genomic analysis to accurately characterize and classify 
adenoviruses, particularly in immunocompromised 
individuals, as shown in Figures 2 and 3.

The phylogenetic analysis of the penton gene 
revealed a complex pattern of divergence within 
the HAdV-D species. While some clinical isolates 
clustered closely with established reference strains, 
indicating a high degree of sequence similarity, others 
exhibited substantial divergence. This divergence 
may be attributed to several factors, including 
genetic recombination, rapid evolution, and potential 
adaptation to specific host environments. Further 
genomic analysis is necessary to elucidate the 
precise mechanisms underlying this divergence and 
its implications for adenovirus epidemiology and 
pathogenesis.

The table presents the nucleotide sequence and 
amino acids identity of the RGD region in nine clinical 
adenovirus samples compared to various reference 
adenovirus types. The highest similarity scores for each 
sample are highlighted, as shown in Tables 2 and 3.

The nucleotide and amino acid alignment of the 
RGD region of the penton gene revealed a high degree of 
sequence conservation among HAdV-D23, HAdV-D63, 
and two clinical samples. While nucleotide differences 
were observed, particularly in the hypervariable 
regions, the amino acid sequence remained largely 
conserved, suggesting strong functional constraints. 

Table 1. The HAdV-D types of samples for Hexon and Fibre 
genes

Sample No HAdV-D Type

1 51

2 49

3 9

4 9

5 23

6 47

7 47

8 43

9 26

Figure 1. Two percent E-agarose gel of RGD region. The size of the region is 551 base pairs. Lane 1: Positive Control. Lane 2: 
Quantitative DNA easy ladder. Lane 3: Negative Control. Lane 4: Sample 1. Lane 5: Sample 2. Lane 6: Sample 3. Lane 7: Sample 
4. Lane 8: Sample 5. Lane 9: sample 6. Lane 10: Sample 7. Lane 11: Sample 8. Lane 12: Sample 9.  
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Figure 2. Nucleotide phylogenetic tree of all clinical isolates. The tree was built from the penton RGD region from prototype 
reference sequences and isolates sequences.

The presence of a few amino acid variations in the 
RGD loop region of the clinical samples may indicate 
potential recombination events or unique adaptations. 
Further analysis is required to elucidate the functional 

implications of these sequence variations and their 
impact on viral pathogenesis and host interactions, as 
illustrated in Figures 4, 5, 6, and 7.



26                                                Journal of King Abdulaziz University - Medical Sciences • Volume 31,  No. 2, December 2024          www.jkaumedsci.org.sa

Recombination Dynamics Divergent of the RGD Region of Penton, Hexon, and Fibre Genes for Adenovirus 
B.A. Jawa et al.

Figure 3. Amino acid phylogenetic tree of all clinical isolates. The tree was built from the penton RGD region from prototype 
reference sequences and isolates sequences.
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Table 2. Nucleotide sequences identity of samples 1-9 RGD region comparing to adenovirus references. Types with highest 
similarity are highlighted.
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Table 3. Amino acid sequences identity of samples 1-9 RGD compared to adenovirus reference types. Types with the highest 
similarity are highlighted.
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Figure 4. Nucleotide and amino acid alignment of the RGD region of the penton of HAdV-D 19, 48, and 49 with samples 3 and 4.  
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Figure 5. Nucleotide and amino acid alignment of the RGD region of the penton of HAdV-D 13, 32, 44, 51, and 59 with 
samples 5.
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Figure 6. Nucleotide and amino acid alignment of the RGD region of the penton of HAdV-D 24 with sample 7.  

 Figure 7. Nucleotide and amino acid alignment of the RGD region of the penton of HAdV-D 9, 10, 47, and 56 with samples 9.
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DISCUSSION 

The novelty of this study lies in its comprehensive 
analysis of the penton gene across multiple adenovirus 
isolates, revealing new insights into adenovirus 
genetic diversity, especially within species HAdV-D, 
in immunocompromised patients. Unlike traditional 
typing that focuses only on the hexon and fiber genes, 
this study includes an investigation into the penton 
gene’s genetic diversity, identifying recombination 
events and distinct clades. Such findings suggest 
that limited-region typing approaches may overlook 
critical genomic diversity and misclassify adenovirus 
strains. This study not only detects isolates that do 
not align with known HAdV types, suggesting novel 
or recombinant strains, but also underscores the 
divergence within the penton gene’s RGD loop, a 
functionally significant region that interacts with host 
cells. The discovery of conserved and variable regions 
within the RGD loop highlights both evolutionary 
pressures and possible host-specific adaptations 
among clinical isolates, insights particularly relevant 
in immunocompromised individuals. Furthermore, the 
alignment of nucleotide and amino acid sequences 
identifies potential new adaptations and recombination 
events in clinical samples, underscoring the study’s 
importance for understanding adenovirus evolution, 
pathogenicity, and epidemiology. These findings 
collectively emphasize the need for whole-genome 
sequencing and advanced molecular techniques to 
better characterize adenovirus diversity and evolution, 
contributing valuable knowledge to the field of 
adenovirus research and its application in developing 
adenovirus-based vectors. This study’s approach and 
novel insights represent a meaningful advancement in 
comprehending adenovirus pathogenesis, especially 
in vulnerable populations.

The antigenic properties of human adenoviruses 
are primarily determined by the hexon, fiber, 
and penton proteins. These capsid proteins are 
hypervariable regions, which are prone to amino acid 
substitutions, driving antigenic diversity[18]. However, 
species D adenoviruses exhibit a unique evolutionary 
dynamic, characterized by a high rate of homologous 
recombination[19]. This genetic exchange can lead to 
the emergence of novel adenovirus types with altered 
biological properties, including virulence, tropism, and 
transmissibility. For example, HAdV-D53 and HAdV-D70 
are notable examples of recombinant viruses that 
have arisen through complex recombination events 
involving multiple parental strains, some of which were 

previously unknown[20,21]. These findings highlight the 
significant impact of recombination on the evolution 
and diversity of human adenoviruses.

In this study, we conducted a comprehensive 
analysis of the penton gene in nine species of D 
adenovirus isolates obtained from individuals with 
AIDS. These isolates had previously been characterized 
based on their hexon and fiber gene sequences, 
displaying identical typing results. To delve deeper 
into the potential for recombination events, we 
sequenced and analyzed the penton gene. By 
comparing these sequences to a reference dataset of 
70 human adenovirus types obtained from GenBank, 
we constructed phylogenetic trees to elucidate 
evolutionary relationships.

Our analysis of the partial penton region, which 
encompasses the critical RGD loop, revealed a striking 
pattern of genetic diversity. Only three of the nine 
isolates (22, 23, and 24 exhibited consistent typing 
results across all three structural genes: hexon, fiber, 
and penton. The remaining six isolates displayed 
discordant penton types, suggesting the occurrence 
of recombination events involving different parental 
strains. Furthermore, we observed identical sequences 
within the analyzed region for samples 3 and 4, as 
well as samples 6 and 7, indicating potential clonal 
relationships or recent transmission events.

These findings highlight the complex evolutionary 
dynamics of species D adenoviruses and emphasize 
the importance of considering multiple genetic 
markers for accurate typing and characterization. 
Further investigation is warranted to elucidate the 
mechanisms underlying the observed genetic diversity 
and its potential impact on viral pathogenesis and 
disease severity.

The study revealed frequent recombination events 
within species D adenoviruses, including exchanges 
between penton and hexon/fiber genes. This genomic 
instability, particularly in immunocompromised 
individuals, likely arises from prolonged viral shedding 
in the gastrointestinal tract[25]. As species D adenoviruses 
are considered for gene therapy[26], understanding their 
evolutionary dynamics is crucial to prevent unintended 
consequences from recombination with viral vectors. 

Our findings underscore the significant limitations 
inherent in traditional adenovirus typing methods, 
which often rely solely on analyzing specific regions 
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like the hexon and fiber genes. These conventional 
techniques, while useful to a degree, fail to capture 
the full genomic complexity and potential for 
recombination within the adenovirus genome. As 
our study has shown, adenoviruses can undergo 
recombination events not only within hexon and fiber 
genes but also involving other critical genes like the 
penton. These recombinations can lead to substantial 
genetic variability, making traditional, limited-
region typing methods unreliable for comprehensive 
adenovirus classification. The insights from this 
research highlight the importance of adopting 
full genome sequencing in adenovirus studies. By 
sequencing the entire genome, researchers can gain 
a more complete understanding of the viral genetic 
structure, identify novel recombinant strains, and reveal 
hidden diversity that would otherwise be overlooked. 
This approach is particularly essential for accurately 
characterizing and monitoring adenoviruses, especially 
in immunocompromised populations where diverse 
adenovirus strains can lead to serious health outcomes. 
In addition, full genome sequencing enables a deeper 
understanding of the virus’s evolutionary patterns, 
pathogenic potential, and ability to adapt to different 
host environments. Our findings advocate for a shift 
toward full genome sequencing as a standard practice 
in adenovirus research, emphasizing that a broader, 
more detailed genomic perspective is necessary for 
accurate characterization, epidemiological tracking, 
and the development of targeted therapies or vaccines.

Based on the findings of this study, future research 
could further enhance our understanding of adenovirus 
genetic diversity and recombination patterns by 
expanding sequencing efforts beyond specific regions 
and focusing on full-genome sequencing across a 
larger sample of adenovirus strains. This would allow 
for a more comprehensive analysis of recombination 
hotspots across the genome and may reveal novel 
regions involved in recombination events.

Additionally, exploring the functional implications 
of genetic variability, especially within the hypervariable 
regions and RGD loop of the penton gene, could 
offer insights into adenovirus-host interactions and 
pathogenesis. In-depth studies investigating how 
these genetic changes affect virus fitness, infectivity, 
and immune evasion could provide critical data for the 
design of more effective adenovirus-based vectors.

Another promising area for future work would be 
a comparative analysis of adenovirus recombination 
patterns across different species, including non-
human adenoviruses, to understand how host-specific 
adaptations influence viral evolution. Finally, research 
on developing more sophisticated bioinformatic tools 
to predict recombination events and genetic stability 
within adenoviruses would be invaluable. These 
advancements in both methodology and analytical 
tools would contribute to more accurate adenovirus 
classification, ultimately informing the development 
of safer, more effective adenovirus-based therapeutics 
and vaccines.

In conclusion, this study highlights the limitations 
of traditional adenovirus typing methods, which focus 
on partial sequencing of hexon and fiber genes, and 
underscores the prevalence of recombination events 
throughout the adenovirus genome. Our findings 
demonstrate that recombination within the penton 
gene, particularly in the hypervariable and RGD loop 
regions, contributes to significant genetic diversity 
among species D adenoviruses. These insights 
emphasize the importance of full-genome sequencing 
for precise adenovirus classification and understanding 
evolutionary dynamics. This comprehensive approach 
is essential for advancing adenovirus-based therapies 
and ensuring the stability and efficacy of adenovirus 
vectors in clinical applications.
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