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Abstract

Adenoviruses are medium-sized double stranded DNA viruses that infect vertebrates. Human
adenoviruses cause an array of diseases. Currently there are 56 human adenovirus types
recognized and characterized within seven species (A-G). Of those types, a majority belongs to
species D. In this review, the genomic conservation and diversity are examined amongst human
adenoviruses within species D, particularly in contrast to other human adenovirus species.
Specifically, homologous recombination is presented as a driving force for the molecular
evolution of human adenoviruses and the emergence of new adenovirus pathogens.
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1. Introduction

The first human adenovirus (HAdV) was isolated in 1953 from human adenoids and
characterized independently by two groups (Hilleman and Werner, 1954; Rowe et al., 1953).
HAdV infections are now recognized as a significant source of human morbidity and
mortality, and affect patients world-wide and across all age groups. HAdV infections are
readily transmittable and, in some cases, highly contagious. HAdVs infect multiple mucosal
sites, including the gastrointestinal, respiratory, genitourinary, and ocular surfaces (Table 1)
(Arnold et al., 2010; Chu and Pavan-Langston, 1979; Dingle and Langmuir, 1968; Wood,
1988). HAdVs have also been associated with obesity (Atkinson et al., 2005; Dhurandhar et
al., 2000). Thus, HAdVs are major human pathogens that have a range of effects upon their
host. In addition, HAdV infections can be particularly serious in immunocompromised
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individuals (Kojaoghlanian et al., 2003), including transplantation patients. HAdVs have
been extensively studied for use in gene therapy applications for a variety of diseases
(Boulay et al., 2000; Crystal et al., 1994; Cypel et al., 2009; Hedman et al., 2003; Jager and
Ehrhardt, 2007; Lippin et al., 2005; Stewart et al., 1999; van der Linden et al., 2005). In light
of their potential use as therapeutic vectors in human patients, understanding the evolution
and relationships of HAdVs is particularly critical. In this review, the current state-of-the-art
in HAdV genomics is discussed, with a specific focus on HAdV species D (HAdV-D), the
molecular evolution of HAdV via homologous recombination, and the emergence of new
HAdV pathogens.

2. Adenovirus structure and phylogeny
2.1. Structure of HAdVs

Adenoviruses are non-enveloped viruses with a linear double stranded DNA genome that
ranges from 26 to 45 kb. The icosahedral shaped capsid ranges in diameter from 70 to 100
nanometers, and consists of three major proteins (hexon, penton base, and fiber) and
numerous minor capsid proteins. The hexon is the major constituent of the capsid,
comprising 240 capsomers to form 20 triangular surfaces. Five penton base proteins form
each penton capsomer at 12 vertices, where the penton capsomer supports an extending
trimeric fiber protein. The fiber protein varies in size based on the particular HAdV type
(Chroboczek et al., 1995). Of the fiber protein, the distal fiber knob domain binds the virus
to its primary host cell receptor (Arnberg et al., 2002; Bergelson et al., 1997; Nilsson et al.,
2011; Wu et al., 2004). Minor capsid proteins, Illa, VI, VIII, and X, provide stability for the
mature virion and have been implicated in downstream events post-viral internalization
(Smith et al., 2010; Wiethoff et al., 2005). The core of the capsid comprises four additional
proteins (V, VII, X, and the terminal protein) that interact with the viral DNA. Multiple
copies of the adenoviral protease are also found within the mature virion.

2.2. Human adenovirus phylogeny

The Adenoviridae family of viruses is divided into five genera: Atadenovirus, Siadenovirus,
Mastadenovirus Aviadenovirus and Ichtadenovirus These divisions are based on the host
species and the composition of the DNA (Davison et al., 2003). HAdVs are classified within
the genus Mastadenovirus, with 56 types characterized to date, and classified into 7 species
(A-G) on the basis of serology and genome analysis (Fig. 1A). Seven simian adenoviruses
also have been classified within human adenovirus taxonomy (HAdV-B, E and G species),
based on close sequence identity to their human counterparts. The number of known HAdV
types is steadily increasing as high-throughput sequencing increasingly allows for the rapid,
relatively inexpensive and comprehensive whole genome analysis of new HAdV isolates.

3. Human adenovirus genomic organization and genetic diversity

3.1. Structure of HAdV genomes

All HAdV genomes share a similar organization. The HAdV genome is divided into early,
intermediate, and late regions, which correspond to the infectious cycle of the virus and
reflect the transcription patterns (Fig. 1B). The early region of the genome consists of four
families of transcripts (E1, E2, E3 and E4) that are needed for the establishment of viral
replication. The intermediate genes consist of two transcripts (IX and 1VVa2) and the late
region of the genome contains five families of transcripts (L1, L2, L3, L4 and L5) that are
involved in the production of mature virions. The genomes also contain inverted terminal
repeat (ITR) regions located at each 5" and 3’ end, which serve as origins of replication for
the virus and contain conserved sequenced motifs. Additionally, one or two RNA genes are
encoded in the genome.

Infect Genet Evol. Author manuscript; available in PMC 2012 August 1.
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3.2. Genetic diversity of HAdV-D

HAdV-D represents the largest class of HAdV species accounting for 35 out of the 56
recognized types, and is therefore the species most amenable to the study of adenoviral
evolution. The first HAdV-D type to be classified was HAdV-D8, a major etiologic agent of
epidemic keratoconjunctivitis (Jawetz et al., 1955). HAdV-D types have been isolated from
the upper and lower respiratory, gastrointestinal, and genitourinary tracts, and the eye (Bell
etal., 1959; de Jong et al., 1981; Hierholzer et al., 1982; Phillips et al., 1982; Rosen et al.,
1961; Swenson et al., 1995). Eight types (D43-D49 and D51) were initially characterized
after being isolated from AIDS patients, suggesting a possible role for the
immunocompromised host in the genesis of new adenoviruses (De Jong et al., 1999;
Hierholzer et al., 1988b; Schnurr and Dondero, 1993).

Currently 16 of the prototype HAdV-D genomes have been completely sequenced (HAdV-
D17 appears to be incomplete), while whole genome sequencing of the remaining 19,
including HAdV-D17, are near completion (unpublished results). Analysis of all whole
HAdV-D genomes available in GenBank has revealed an overall sequence identity of
approximately 94% (Fig. 2A) (Robinson et al., 2009a; Robinson et al., 2008; Robinson et
al., 2009b). The areas of greatest diversity, i.e., those that account for most of the 6%
difference in genome sequence identity, include the penton, hexon, and fiber open reading
frames (ORFs), and the E3 region.

In contrast to identity within species D, interspecies global sequence comparisons reveal
sequence identities on average of 76% (Fig. 2B). For species other than HAdV-D,
intraspecies sequence comparisons reveal other areas of diversity (Fig. 2C-H). For example,
studies of HAdV-A and HAdV-F types revealed an overall sequence identity of
approximately 84% and 86%, respectively, representing a higher degree of divergence
within each species across the entire genome (Fig. 2C and G). HAdV-B genomes show a
similar variability at the nucleotide level in the penton, hexon, and fiber genes, but less
diversity in the E3 coding region (Fig. 2D). HAdV-C and HAdV-E genomes show diversity
in the hexon, E3, and fiber ORFs, but have similar penton base genes (Fig. 2E).

3.2.1. HAdV-D E3 transcription unit—The E3 transcription unit encodes proteins that
modulate the host immune response. While labeled as an “early” transcription region,
transcripts from this gene family are actually expressed both early and late during viral
infection (Bhat and Wold, 1986; Chow and Broker, 1978; Chow et al., 1979; Chow et al.,
1980; Chow et al., 1977b). The E3 transcription unit represents an area of major divergence
between HAdV-D and other HAdV species (Fig. 3) (Burgert and Blusch, 2000; Robinson et
al., 2008; Robinson et al., 2009b); for example, the number of ORFs located within this
region differs among HAdV species. The HAdV-D E3 region includes eight ORFs
encompassing approximately 5000 nucleotides. Three of these (RID-a, RID-B and 14.7K)
are conserved across every species of HAdV, and their gene products block apoptosis by the
down-regulation of FAS, TRAIL 1 and TRAIL 2 receptors and the blockade of TNF-a.
(Benedict et al., 2001; Hilgendorf et al., 2003). One ORF (12.5K) is conserved in all species
of HAdV except HAdV-F, but the function of the protein product from this gene is unknown
(Hawkins and Wold, 1992). Two ORFs (CR1-a and CR1-B) have homologues in most
HAdV species but also have no known function (Burgert and Blusch, 2000). The ORF for
19K (also noted as glycoprotein (gp) 19K) encodes a protein known to block MHC class I-
associated antigen presentation on the cell surface (Burgert et al., 1987; Deryckere and
Burgert, 1996; Feuerbach et al., 1994). This has homologues in HAdV-B, -C, -D, and —-E
species members. An ORF corresponding to CR1-y in HAdV-D has only one apparent
homolog corresponding to CR1-5 in HAdV-E genomes, but its function has not been
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determined (Li and Wold, 2000). The CR1-3 gene in the HAdV-D genomes appears to be
unique to HAdV-D.

The known functions for confirmed E3 gene products all appear to involve immune evasion.
Divergence between E3 regions of different HAdV species is striking, and is consistent with
a theory of adenoviral evolution in which newer species evolve through the addition of
protein coding potential within the E3 region (Fig. 3B and 3C). Whole genome phylogenetic
trees also correlate well with the size of each E3 transcription unit, and similarly segregate
by species. This analysis suggests that HAdV may have added immunomodulatory functions
to successive HAdV species in order to evade immune pressure by a concurrently evolving
host.

4. Molecular evolution of HAdV-D through homologous recombination

Homologous recombination among adenoviruses in vitro has been a well-known observation
dating back to the 1970's where it was first described using temperature-sensitive and
tumorigenic adenoviruses (Takemori, 1972; Williams et al., 1971; Williams and Ustacelebi,
1971). Recombinant adenoviruses were detected between genetic crosses of temperature-
sensitive mutants of HAdV-C5 and a non-defective HAdV-C2/SV40 hybrid (Ad2*ND1)
which allowed mapping of crossover points, via restriction enzyme digests, between the
individual recombinants and their parental viruses (Grodzicker et al., 1975; Mautner et al.,
1975; Sambrook et al., 1975; Williams et al., 1975a). Coinfection of adenoviruses in vitro
produces the highest percentage of recombinants between 36 and 54 hours post infection and
is consistent with the replication cycle of the virus, with a range in recombination
frequencies reported between 0.1% to 25% (Meinschad and Winnacker, 1980; Young and
Silverstein, 1980). Homologous recombination appears to occur only between HAdV types
within the same species and in regions of high sequence homology (Boursnell and Mautner,
1981; Williams et al., 1975b). Experiments that blocked DNA replication also delayed
recombination, suggesting that DNA replication and recombination are intimately associated
(Young et al., 1984). While homologous recombination has been proposed as the main
mechanism for the evolution of HAdV types, illegitimate recombination has also been
proposed as a mechanism, particularly in the hexon hypervariable regions (Crawford-Miksza
etal., 1999).

With recent applications of whole genome sequencing and bioinformatics analysis,
recombination has been described in HAdV-A, B, and D genomes (Lukashev et al., 2008;
Robinson et al., 2009a; Robinson et al., 2011; Walsh et al., 2009), particularly in the penton
base, hexon and fiber genes. However, since the nucleotide identity within other regions for
each HAdV species is relatively high, recombination events in other parts of the genome
might be missed by currently available software algorithms.

4.1. HAdV-D penton base recombination

Following the primary interaction of the virus fiber knob and a cellular receptor, the penton
base serves as a site of the secondary interaction with the host target cell. An Arg-Gly-Asp
(RGD) motif located on an outer loop of the penton base interacts with host cellular
integrins a,B1, ayP3, and ayPs, leading in turn to viral internalization by endocytosis (Li et
al., 2001; Wickham et al., 1993). All known human adenoviruses have the RGD motif
except for both members of species F, HAdV-F40 and HAdV-F41. The penton base coding
region is a major site of diversity between HAdV genomes (Madisch et al., 2007; Robinson
et al., 2009a; Robinson et al., 2008), and was recently identified as an area of homologous
recombination within HAdV-D, centered around the two hyper-variable loops (HVL1 and
the RGD loop) (Fig. 4A) (Madisch et al., 2007; Robinson et al., 2009a). X-ray
crystallographic and structural studies have identified the hypervariable and RGD loops on
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the external surface of the viral capsid (Stewart et al., 1997; Zubieta et al., 2005). While the
RGD loop has a clearly defined function, a similar function for the HVL1 has not been
identified.

4.2. HAdV-D hexon recombination

The hexon protein is the major constituent of the viral capsid. It contains two hypervariable
loops (L1 and L2) that appear to determine serologic reactivity (Crawford-Miksza and
Schnurr, 1996; Toogood et al., 1992) and together form the serum neutralization epitope .
This region is critical for the development of adenovirus vaccines (Lasaro and Ertl, 2009).
The hexon protein also contains a region downstream of the hypervariable loops that is
highly conserved among HAdV types.

Homologous recombination has also been identified and is common in the HAdV-D hexon
gene (Fig. 4B), centered around the & determinant (Walsh et al., 2009; Walsh et al., 2010).
Therefore, serotyping alone can create confusion in the characterization of strains.For
example, HAdV-D15 and D29 have near identical hexon genes and cannot be reliably
differentiated by serum neutralization alone or by DNA sequencing of hexon hypervariable
regions (Hierholzer et al., 1991; Lu and Erdman, 2006; Rosen et al., 1962; Stevens et al.,
1967; Wigand, 1987; Wigand et al., 1982). An example of misleading serotype can be found
in HAdV-B, in particular, the respiratory pathogen HAdV-B55 (Walsh et al., 2010). Initially
this virus was characterized as a HAdV-B11 strain based on its serology. However,
respiratory disease is uncommonly associated with infection by HAdV-B11 (a renal
pathogen), and HAdV-B55 caused severe acute respiratory disease. Complete genome
sequence analysis revealed the hexon gene was indeed identical to that of HAdV-B11, but
the remainder of the genome was identical to HAdV-B14, a known and serious respiratory
pathogen. HAdV-B55 would appear to the host humoral immune system as HAdV-B11, and
therefore would escape herd immunity to HAdV-B14 while retaining its respiratory tropism
and pathogenicity.

4.3 HAdV-D fiber recombination

The adenovirus fiber gene has been well characterized in almost all HAdVs. Historically, the
fiber protein allowed partial type identification through a hemagglutination inhibition test,
and when combined with serum neutralization provides a much more complete identification
than either method alone (Wigand, 1987). Three fiber monomers form the trimeric fiber
protein which projects from the twelve vertices of the capsid. The protein contains three
structural domains; tail, shaft and knob. The tail domain binds to the penton base capsomer
at the proximal surface of each of 12 vertices of the capsid. A shaft domain, varying in
length between HAdV types, results in the variable flexibility of fiber and subsequent
differences between the ease of interaction between capsid penton base RGD and host cell
integrins (Chiu et al., 2001; Wu et al., 2003). The fiber knob, located on the distal C-
terminal end of the protein, binds to the primary host cellular receptor. Many HAdV-D types
bind to the classical adenovirus receptor, coxsackie adenovirus receptor (CAR), but types
HAdV-D8, D19, and D37, all associated with epidemic keratoconjunctivitis, appear to bind
to CD46 and/or GD1a glycan (Arnberg et al., 2000; Nilsson et al., 2011; Wu et al., 2004).
Recently, recombination was proposed to occur at the shaft/knob boundary, (Darr et al.,
2009) (Fig. 4C). Recombination at this specific site does not appear to be a widespread, but
recombination of the entire fiber gene is apparently common among HAdV-D types (for
example, Figure 4D).

Infect Genet Evol. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

5. Newly identified HAdV pathogens

Newly identified adenoviral pathogens representing apparently novel types appear to arise at
least in part from recombination between two or more viruses, and can lead to human
infections not previously associated with their parental strains (Robinson et al., 2009a;
Walsh et al., 2009; Walsh et al., 2010). These viruses would have escaped correct
characterization without whole genome sequencing and comprehensive recombination
analysis. The gastroenteritis isolate HAdV-G52 was identified in 2007, and was the first
novel HAdV identified in over a decade (Jones et al., 2007). This virus was characterized by
whole genome sequencing and bioinformatics. The highly contagious corneal pathogen,
HAdV-D53, was first characterized as a putative recombinant virus because its imputed
serotype, using DNA sequencing, was consistent with HAdV-D22, whereas its fiber gene
was similar to HAdV-D8 (Engelmann et al., 2006). Interestingly, HAdV-D22 is not an
ocular pathogen. However, subsequent whole genome sequencing, bioinformatics, and a
detailed in vivo infection analysis identified this virus as the product of recombination
between HAdV-D37, D22, D8 and a fourth still unknown virus, with newly conferred
corneal tropism (Walsh et al., 2009). HAdV-D53 was the first of three newly identified
viruses associated with epidemic keratoconjunctivitis to be identified in the last few years,
HAdV-D53, D54 and D56. Each was characterized by whole genome sequencing (Ishiko et
al., 2008; Kaneko et al., 2009; Robinson et al., 2011; Walsh et al., 2009). These viruses have
been detected in multiple countries suggesting they are important, emerging ocular
pathogens (Aoki et al., 2008; Engelmann et al., 2006; Henquell et al., 2009; Kaneko et al.,
2010). It should be noted that at present there is no way to be certain whether they emerged
recently or were just undetected until now (Aoki et al., 2008; Ishiko et al., 2008; Kaneko et
al., 2011). The other recently identified human adenovirus, HAdV-B55, is described above.

Co-infection between at least two adenoviruses with highly similar nucleotide sequence at
recombination hotspots in the genome, and long-term presence in the gastrointestinal,
respiratory, and/or genitourinary tracts (Fox et al., 1977; Garnett et al., 2002; Horvath et al.,
1986; Horwitz et al., 1984; Macek et al., 1994; Marin et al., 2000; Vora et al., 2006) are
likely prerequisites for successful recombination and emergence of new adenoviruses.
HAdVs can be excreted and detected in the stool for weeks to months after initial infection
(Curlin et al., 2010). Immunosuppression associated with HIV infection or other causes
probably contributes to long-term viral persistence in affected patients, and creates a climate
conducive to co-infection, thus explaining why so many adenoviruses identified in the last
three decades have been isolated from AIDS patients.

Previous to the era of whole genome sequencing, serology was the principal means used to
identify adenovirus types; hence the term serotype was applied to the first 51 HAdVs. The
two types of serologic tests, serum neutralization, which tests humoral immunity to the
hexon hypervariable loops, and hemagglutination inhibition, which identifies the fiber
protein, are limited in their capacity to identify new clinical adenovirus isolates. Currently
these are often substituted for by DNA sequencing of the epitopes, which it should be noted
may not give identical results. Historically, serologic methods were enhanced greatly by
DNA restriction enzyme analysis, which can identify a genotype as being different but
cannot be relied upon to identify the uniqueness or the specific characteristics of the viral
genome. Limited DNA sequencing of the hexon and fiber genes does not replace serology,
but can be used to impute a likely serotype, that is, when the nucleotide sequences forming
the ¢ determinant are identical to those of a known serotype, the serotype is reasonably
certain. However, it is not clear to what extent near sequence identity can be used to predict
the results of serologic tests. Serology can suggest possible recombinant viruses in the
natural population; so-called “intermediate” or “intertypic” strains are identified when the
two principal serological tests provide contradictory results, seeming to indicate two
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different HAdV types (Adrian et al., 1985; Adrian and Wigand, 1986; Adrian et al., 1987;
Hierholzer et al., 1988a; Hierholzer et al., 1980; Kajon et al., 2010; Kim et al., 1985;
Matumoto et al., 1958; Norby, 1968; Parks et al., 1967; Wigand, 1987; Wigand and
Fliedner, 1968). As these terms imply a ,,temporary’ state, they should be replaced with
“putative recombinant”.

Conflicting results between serum neutralization and hemagglutination inhibition may
indicate a recombination event but cannot completely characterize the newly identified
virus. While serologic methods are still used by clinicians and epidemiologists trying to
quickly identify a given adenovirus in a population, and are important clinically in the
development and application of adenovirus vaccines (Lasaro and Ertl, 2009; Top et al.,
1971a; Top et al., 1971b), serological assays do not always reliably predict virus specific
antibodies, for example to adenoviral vaccine vectors in vivo (Pichla-Gollon et al., 2009).
When one considers the lack of available serum for every known HAdV type, cross
reactivity between select types, and the existence of recombinant types relative to their
prototype parental strains, it is clear that serologic tests have significant limitations in
comparison to whole genome sequencing. Serologic determinants represent less than 5-6%
of the total genome, and in the age of genomics, serology used in isolation must be
considered inadequate to fully characterize new HAdVSs. Given the increasing wide
availability and relatively low expense of DNA sequencing, sequencing has now essentially
replaced serology in many laboratories, particularly for identification and characterization of
new HAdVs within species D. A recent letter to the Journal of Virology suggested whole
genome sequencing and phlyogenetic analysis should form the basis of characterizing new
types. (Seto et al., 2011). To the contemporary adenovirologist, the DNA sequence and its
analysis by bioinformatic methods are preeminent in the recognition and naming of types.

6. Conclusions and perspectives

Since their first identification in 1953, adenoviruses have come to be known as a significant
source of morbidity and mortality in the human population. Human adenoviruses also
present a great tool and a model system to study molecular and cell biology. For example,
RNA splicing was first described (Berget et al., 1977; Chow et al., 1977a), and a mechanism
for viral induction of cancer was first proposed, using HAdVs (Whyte et al., 1988). Also,
because of their broad tissue tropisms and the relative ease with which they can be
genetically altered, adenoviruses have been a vector of choice for gene therapy protocols,
representing almost one-fourth of all vectors used in current gene therapy clinical trials
(http://www.abedia.com/wiley/vectors.php). Recently, due to their low seroprevalence,
HAdV-D vectors are being tested for use in gene therapy (HAdVD19, D26, D28, D46, D48,
D49) (Abbink et al., 2007; Kahl et al., 2010; Lemckert et al., 2006; Reddy et al., 2006;
Ruzsics et al., 2006; Thirion et al., 2006). It is critically important to understand
recombination mechanisms in HAdV-Ds if gene vectors based on HAdV-Ds are to be used
in human patients who might become coincidently infected with a wild type virus. The
complete genome sequences of most prototype HAdV genomes are currently deposited in
GenBank. The remaining 20 HAdV-D whole genome sequences are currently being
finished, and once complete, will allow an in-depth analysis of adenovirus recombination
not previously possible.

In part because of the recently reduced cost and ease of whole genome sequencing, and with
improvement in bioinformatics methods, recombination between adenoviruses has become
an area of intense interest. Using bootscan analysis, recombination has been described in
many fully sequenced HAdV genomes (Lukashev et al., 2008; Robinson et al., 2009z;
Robinson et al., 2011; Walsh et al., 2009; Walsh et al., 2010). This has led to the recognition
of recombination hot spots (Fig. 5). The areas of the genome commonly associated with
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homologous recombination — and incidentally among the most variable — include the penton
base, hexon and fiber coding regions. Interestingly, protein products of these regions of the
genome mediate interaction between the virus and the target cell during initial infection, and
are crucially important to host immune system recognition of the virus. In HAdV-D22,
recombination takes place in the penton base gene centered around the hypervariable and the
RGD loops, both of which are exposed on the outside face of the viral capsid. HAdV-D37
shares a large portion of its genome with clinical isolates of HAdV-D19 from patients with
epidemic keratoconjunctivitis. For HAdV-D53, recombination was identified in penton,
hexon and fiber between HAdV-D22, D37, and D8, respectively. HAdV-D56 was identified
as a recombinant between HAdV-D9 and D15, D26, and/or D29. The mechanism(s) for
homologous recombination within HAdVs remains unidentified, but once understood, may
endow us with the capacity to predict potential emerging HAdV types.
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Genomic analysis of human adenoviruses. (A) Whole genome bootstrap neighbor joining
phylogenetic tree designed with MEGA 4.0. Species of adenoviruses are denoted. Adapted

from (Robinson et al., 2011). (B) Transcriptional map of human adenovirus species D. The
two central lines define the length of the HAdV-D genome with every vertical line

representing 5000 bps. Black Arrows represent predicted protein coding regions. Early

Infect Genet Evol. Author manuscript; available in PMC 2012 August 1.
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mVISTA global pairwise sequence alignment analysis of human adenoviruses. (A) HAdV-
D37 compared to representative members of HAdV species D (B) HAdV-D37 compared to
a representative type from each of the 6 other HAdV species. Adapted from (Robinson et al.,
2008). (C) HAdV-A12 compared to other members of HAdV species A. (D) HAdV-B3
compared to representative members of HAdV species B (E) HAdV-C1 compared to
members of HAdV-C. (F) HAdV-E4 compared to two SAdV types classified in HAdV-E.
(G) HAdV-F40 compared to HAdV-F41. (H) HAdV-G52 compared to members of SAdV

classified in HAdV-G.
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HAdV E3 genomic analysis. (A) Annotation of E3 transcription units from a representative
HAdV type for each of the seven species. (B) Annotation of the E3 transcription units from
each species, arranged by length of the coding sequence. (C) Phylogenetic analysis of whole
genome sequence from a representative HAdV type representing each of the seven species.
Red, Blue, Orange, Green, Purple, and Teal represent conserved annotated genes in multiple

HAdV species. Black represents species-specific annotated genes.
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Figure 4.
Recombination analysis of HAdVs. (A) Bootscan analysis of the HAdV-D22 penton base

gene. Adapted from (Robinson et al., 2009a). (B) Bootscan analysis of the HAdV-D56
hexon gene. Adapted from (Robinson et al., 2011). (C) Bootscan analysis of the HAdV-D20
fiber gene. (D) Bootscan analysis of the HAdV-D48 fiber gene.
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Figure 5.

Recombination and diversity in HAdV-D. Transcriptional map of HAdV-D genomes. Black
arrows and blue arrows represent conserved and non-conserved genes across all HAdV
species, respectively. Genes identified as recombinant are denoted in green. Recombination
hot spots are denoted in red. Pink represents area of major diversity in HAdV genomes.
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Table 1

Initial sites of isolation of previously identified human adenoviruses.

Clinical Sites HAdV types involved

Upper respiratory tract  A: 18 B: 3,7, 11, 14, 16, 21 C: 1, 2, 58, 6 D: 15, 19, 29, 30, 37" E: 4

Lower respiratory tract  a: 12 B: 3,7, 11, 14, 21, 35, 55 C: 1, 2, 55 D: 8%, 19", 39, 56 E: 4

Ocular surface B:3,7,11, 14,16 C: 2,58, 6 D: 8", 10, 15, 17, 19, 22, 23, 24, 37", 53", 54, 56 E: 4
Genitourinary tract B:7,11,21,34,35C: 1 D: 8%, 37" E: 4
Gl tract A:12,18,318B:3,7,508 C: 2 D: 9, 13, 20, 25, 26, 27, 28, 32, 33, 36, 38, 39, 42, 438, 448 458 468 478 488, 498,

518 F: 40,41 G: 52
Heart C:2, 5§' 6

*

8

HAdV types associated with epidemic keratoconjunctivitis

HAdV types isolated from patients with AIDS
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