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Recombination in human adenoviruses (HAdV) may confer virulence upon an otherwise nonvirulent strain.
The genome sequence of species D HAdV type 22 (HAdV-D22) revealed evidence for recombination with
HAdV-D19 and HAdV-D37 within the capsid penton base gene. Bootscan analysis demonstrated that recom-
bination sites within the penton base gene frame the coding sequences for the two external hypervariable loops
in the protein. A similar pattern of recombination was evident within other HAdV-D types but not other HAdV
species. Further study of recombination among HAdVs is needed to better predict possible recombination
events among wild-type viruses and adenoviral gene therapy vectors.

Adenoviruses were first isolated in 1953 (18, 31) and cur-
rently cause an array of human diseases. These include respi-
ratory, gastrointestinal, and ocular surface infections, oppor-
tunistic infections in immune-deficient individuals, and
possibly, obesity (9, 13, 14, 20, 40). Adenoviruses have also
recently been used as gene therapy vectors (19, 35). Thus,
while adenoviruses continue to cause significant morbidity and
mortality in the human population, their existence also pro-
vides a potential benefit for the treatment of patients with an
even broader range of ailments.

Since the characterization of the first human adenovirus
(HAdV), 53 types have been identified and subsequently clas-
sified into seven species (A to G) on the basis of serology,
restriction endonuclease digestion patterns, and to a lesser
degree, genotyping. Recently, high-throughput sequencing
technology has made whole-genome sequencing both rapid
and affordable (27). However, the genomic sequences of 23 out
of 53 HAdV types remain to be determined, with most of those
within species D.

Species D HAdV type 22 (HAdV-D22) was originally iso-
lated from a child in 1956 (3). While it is not clear what role
HAdV-D22 plays in human disease, one report revealed a
possible tropism for the eye (32). Recently, recombination with
HAdV-D22 has been identified as the source of a novel HAdV,
HAdV-D53, causing an outbreak of keratoconjunctivitis in
Germany (37). HAdV-D22 recombination was also identified
in a possible variant of HAdV-D53 that was isolated from a
patient in Japan (2). Therefore, HAdV-D22 has shown the
propensity to recombine with other viruses, with clinically im-
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portant consequences. The emergence of new pathogenic
HAJdV genotypes, along with continued interest in HAdVs as
vectors for human gene therapy, make adenovirus recombina-
tion a critically important issue.

HAdV-D22 was acquired from the American Type Culture
Collection (Manassas, VA). The complete genome of the pro-
totype strain AV-2711 (ATCC VR-1100) was sequenced on an
Applied Biosystems (Foster City, CA) 3730 XL DNA se-
quencer in the Laboratory for Genomics and Bioinformatics at
the University of Oklahoma Health Sciences Center using a
previously described protocol (29). The sequence was vali-
dated by sequencing on an ABI SOLiD DNA sequencer. Se-
quences from both methodologies were 100% identical and
provided 7,727-fold coverage for the genome.

The mVISTA Limited Area Global Alignment of Nucleo-
tides (LAGAN) tool (http://genome.lbl.gov/vista/index.shtml)
was used to align and compare the whole HAdV genomes (6)
of HAdV-D22 and each of the other nine completely sequenced
HAAdV-Ds. Analysis revealed sequence diversity in the penton
base, hexon, E3, and fiber open reading frames (Fig. 1). Surpris-
ingly, comparison of HAdV-D22 to HAdV-D19 strain C (30) and
HAdV-D37 (29) revealed considerable sequence conservation in
the penton base gene (Fig. 1 and 2A and B).

Based on the sequence conservation seen in the penton base,
Simplot 3.5.1 (http://sray.med.som jhmi.edu/SCRoftware/simplot/)
and Recombination Detection Program (RDP) version 3.34
(http://darwin.uvigo.es/rdp/rdp.html) were used to identify
possible recombination sites (21, 24). Bootscan analysis iden-
tified two possible recombination loci in the HAdV-D22 pen-
ton base, the first in HAdV-D37, encompassing nucleotides
400 to 600, and the second in HAdV-D19 at nucleotides 750 to
1350 (Fig. 3A). In silico amino acid analysis showed that these
two probable recombination areas code for the two variable
loops in the penton base protein (Fig. 3A), located on the
exterior of the viral capsid (16, 44).
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FIG. 1. Global pairwise sequence alignment of HAdV-D22 with nine other HAdV-D types. The percent sequence conservation is reflected in
the height of each data point along the y axis. A conserved sequence in the penton base open reading frame is designated by an asterisk. GenBank
accession numbers are as follows: HAdV-D8, AB448768; HAdV-D9, AJ854486; HAdV-D19, EF121005; HAdV-D26, EF153474; HAdV-D37,
DQ900900; HAdV-D46, AY875648; HAdV-D48, EF153473; HAdV-D49, DQ393829; and HAdV-D53, FJ169625.

We extended our investigation to determine if these recom- to 600 and 750 to 1350 regions (Fig. 3B), between HAdV-D49
bination sites were common to penton base genes of other and HAdV-D48 in the nucleotide 400 to 600 region, and be-
HAdV genomes. We found evidence for recombination be- tween HAdV-D49 and HAdV-D8 in the nucleotide 750 to 1350
tween HAdV-D9 and HAdV-D26 in both the nucleotide 400 region (Fig. 3C). A similar pattern was observed in one or both of

A.
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FIG. 2. Multisequence alignment of HAdV-D penton base genes. Nucleotide alignment of the bp 397 to 594 (A) and bp 694 to 1089 (B) regions
of the penton base gene.
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FIG. 4. Phylogenetic analysis of HAdV-D penton base genes. Bootstrap neighbor-joining tree designed using MEGA 4.0.2. The Gonnet protein
weight matrix in ClustalX alignment was used, along with complete deletion options. Percent bootstrap confidence levels (1,000 replicates) are
shown on the relevant branches. (A) Analysis of sequenced HAdV-D penton base genes. (B) Analysis of the nucleotide 400 to 600 region of
sequenced HAdV-D penton base genes. (C) Analysis of the nucleotide 750 to 1350 region of sequenced HAdV-D penton base genes.

these nucleotide regions for HAdV-DS, -17, -19, -26, -37, and -48
(data not shown). Remarkably, this pattern of recombination in
the penton base gene was unique to HAdV species D (Fig. 3D, E,
F, and G).

Bootstrap-confirmed neighbor-joining phylogenetic trees of
HAJdV-D penton base genes were constructed with Molecular

Evolutionary Genetics Analysis (MEGA) 4.0.2 (http://www
.megasoftware.net/index.html) to examine viral evolution in
HAdV-D (34). Analysis of the entire penton gene revealed a
close relationship of HAdV-D22 and HAdV-D19 strain C (Fig.
4A) (30). Additional phylogenetic trees were constructed to
encompass the two proposed recombination sites within this

FIG. 3. Bootscan analysis of HAdV-D penton base genes. Comparison of HAdV-D22 (A) with completely sequenced HAdV types. Similar
comparisons of the same region were performed with HAdV-D9 (B), HAdV-D49 (C), HAdV-A12 (D), HAdV-B3 (E), HAdV-C2 (F), or
HAdV-F41 (G) as the reference type. HAdV-D53 was left out of the analysis due to the 100% identity of its penton base to that of HAdV-D37.
The axes of all panels are as labeled in panel A. GenBank accession numbers are as follows: HAdV-A12, NC_001460; HAdV-B3, DQ086466;

HAdV-C2, AC_000007; and HAdV-F41, DQ315364.
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gene. Phylogenetic analysis of the nucleotide 400 to 600 region
revealed a close identity among HAdV-D22, HAdV-D37, and
HAdV-D53 (Fig. 4B). Analysis of the nucleotide 750 to 1350
region of the penton base gene revealed a close identity of
HAdV-D22 and HAdV-D19 (Fig. 4C).

In summary, comparison of the HAdV-D22 genome to other
sequenced HAdV-D genomes identified substantial sequence
divergence in the penton, hexon, E3, and fiber open reading
frames. Differences between HAdV-D genomes in these areas
have previously been described by us in reports on HAdV-D19
strain C and HAdV-D37 genomes (29, 30). However, the se-
quence conservation among HAdV-D22, HAdV-D19, and
HAdV-D37 in the penton base gene was unexpected and sug-
gests recombination among these viruses. Bootscan analysis
identified recombination events at two regions within the pen-
ton base gene, encompassing nucleotides 400 to 600 and 750 to
1350. Further analysis of other HAdV-D penton genes sug-
gests that these areas represent hot spots for recombination.

The propensity for recombination among different
HAdV-Ds in the penton base gene can be understood in the
context of penton base function. The adenovirus penton base
acts as the ligand for a secondary attachment event that is
critical to host cell internalization (38) and thus is critical to
infection. The penton base protein contains two hypervariable
loops located on the surface of the viral capsid (16, 44). One
loop contains the host cell integrin binding Arg-Gly-Asp
(RGD) motif mediating attachment to host cell integrins (8,
38). The RGD motif is conserved in almost every HAdV pen-
ton base protein, with the exception of HAdV-F40 and HAdV-
F41, which do not use host cell integrins for internalization (1,
11). The second exterior loop, known as the variable loop
(HVL1), has no known function. Both of these regions are
highly variable among different HAdV types. We identified
recombination around both of these loops for multiple viruses
within HAdV-D (Fig. 3A).

In recent epidemiological studies, patients were identified
with coincident clinical infections with two or more adenovirus
types (17, 36). Simultaneous infection by more than a single
HAGJV type is possible because of conserved host receptor
affinity, common tissue tropisms, and an absence of immunity
across serotypes. Our data, along with evidence from previous
studies (22, 23, 37, 43), identified recombination events among
viruses with similar tissue tropisms, providing evidence that the
restriction of tissue tropism might determine in part the ob-
served recombination within adenoviruses of the same species.
Recently, a novel HAdV, HAdV-D53, was isolated from an
outbreak of keratoconjunctivitis. Subsequent analysis revealed
recombination among HAdV-D22, HAdV-D37, HAdV-DS,
and a previously unknown adenoviral sequence, suggesting the
potential for the emergence of new pathogens, with important
ramifications for human disease.

Previous work provides evidence for recombination in
HAdVs (10, 12, 22, 25, 26, 37, 39, 41-43), but the mechanisms
of recombination have yet to be identified. Recombination
may result from selective pressure from the host immune sys-
tem relative to surface capsid proteins, a nucleotide motif that
directs cellular recombination machinery to the local sites on
the viral DNA, or a combination of both. Two eukaryotic
recombinases, RADS51 and Dmcl, both homologues of the
bacterial recombinase RecA, act in host cell DNA recombina-
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tion (5, 33). RADS1 mediates recombination during mitosis,
while Dmcl acts during meiosis. RADS1 is of potential interest
because it colocalizes with promyelocytic leukemia nuclear
bodies in the nucleus (4). Adenoviral proteins E1A and E4
Orf3 have been shown to interact with promyelocytic leukemia
nuclear bodies, which play an important role in adenoviral
replication (7, 15). An interaction between RADS51 and adeno-
viral DNA has not been studied. A proposed motif consisting
of CCNCCNTNNCCNC was recently identified as being asso-
ciated with loci of recombination and genome instability in
humans (28). Although not present in the viruses we studied,
sequencing of other viruses within HAdV-D may yet reveal a
consensus site for recombination. The elucidation of recombi-
nation mechanisms for HAdVs should allow a better under-
standing of adenoviral evolution.

In conclusion, our analysis of the penton base gene of
HAdV-D identified a potential paradigm for adenovirus re-
combination and the emergence of pathogenic strains. An in
depth understanding of adenovirus recombination and evolu-
tion is critical to ensure the safety of adenoviral gene therapy.

Nucleotide sequence accession number. The HAdV-D22 ge-
nome sequence obtained in this study has been deposited in
GenBank under accession number FJ404771.
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