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Abstract

Human adenovirus type 19 (HAdV-19) is a major etiologic agent of epidemic keratoconjunctivitis
(EKC), a common and severe eye infection associated with long-term visual morbidity due to
persistent corneal inflammation. Ironically, while the prototype strain of HAdV-19 does not cause
eye infections, other isolates of the serotype have caused major outbreaks of EKC. Here we have
sequenced a clinical isolate of HAdV-19 (HAdV-19 strain C) from a human patient with EKC. Global
pairwise alignment of HAdV-19 C to other HAdV species D serotypes identified areas of sequence
divergence in the penton base (host cell internalization signal), hexon (principal viral capsid structural
protein), E3 (site of immunomodulatory genes), and fiber (host cell binding ligand) regions.
Comparison of HAdV-19 strain C to the recently sequenced HAdV-37, another EKC causing
serotype, identified sequence diversity in the penton base and hexon, but sequence conservation in
the E3 and fiber regions. Elucidation of the HAdV-19 C genome will facilitate future studies into
the pathogenesis of EKC, and may shed light on the genetic determinants of corneal tropism.
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Human adenoviruses (HAdV) belong to the genera of Mastadenovirus within the family of
Adenoviridae and cause a wide array of clinical diseases including acute respiratory infections,
gastroenteritis, and ocular surface infections (Dingle and Langmuir, 1968; Harding et al.,
1988; Wood, 1988). AdVs have a linear, double stranded DNA genome that ranges from 26
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to 46 kb in size. HAdVs were first identified in human adenoids and characterized by two
research teams (Hilleman and Werner, 1954; Rowe et al., 1953). There are 51 known human
serotypes, and these have been classified into 6 species (A-F), based on restriction enzyme
analysis and hemaglutination assays, later confirmed by genomic and phylogenetic analyses.
A fifty-second serotype has been recently proposed and classified into a new species G (Jones
etal., 2007).

HAdV-19 was originally isolated in 1955 from a child with trachoma in Saudi Arabia (Bell et
al., 1959; Bell et al., 1960). Ironically, while the prototype strain of HAdV-19 does not cause
eye infections, other isolates of HAdV-19 serotype later became known as major etiological
agents of epidemic keratoconjunctivitis (EKC) (Desmyter et al., 1974; Hierholzer et al.,
1974), a severe and highly contagious infection associated with long term visual morbidity
(Butt and Chodosh, 2006). HAdV-19 isolates were first reported in outbreaks of
keratoconjunctivitis in 1973.

HAdV species D contains the most serotypes of any human adenovirus species, yet relatively
few have been completely sequenced. Our lab recently sequenced and annotated the HAdV-37
genome, another EKC-associated serotype (Robinson et al., 2008). In this study, we have
sequenced and annotated HAdV-19 strain C (HAdV-19 C), an isolate collected directly from
a cornea of a patient with EKC (Chodosh et al., 1995), and described its overall genomic
organization. Global pairwise genome alignment with other HAdVs species D revealed areas
of non-conserved sequence in the penton, hexon, E3, and fiber regions. Global pairwise
comparison of HAdV-19 C and HAdV-37 revealed differences in the penton and hexon regions,
but conserved sequence in the E3 and fiber regions. Phylogenetic analysis of whole genome
sequence further confirmed the close similarity of HAdV-19 C and HAdV-37.

Standard PCR methodology was used to amplify regions of the HAdV-19 C genome to be
sequenced. The sequencing reactions and genome assembly were performed as previously
described (Robinson et al., 2008) and in the supplementary methods.

The genome of HAdV-19 C was determined to be 35 231 base pairs in length. The finished
genome assembly contained 722 high quality reads with an average length of 949 base pairs.
The fold coverage for both strands of the genome was 19. The Phrap average quality score was
89.4. The nucleotide composition of HAdV-19 C is 22.9% A, 20.6% T, 28.3% C, and 28.2%
G. The GC content of 56.5% is on the lower end of the 57-59% previously reported for HAdV
species D (Shenk, 1996).

Genome annotation was performed using JCVI's automated annotation system
(http://www.jcvi.org/cms/research/projects/annotation-service), GeneMark Heuristic Model
gene prediction (http://exon.gatech.edu/GeneMark), and NCBI's ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Splice sites were predicted using a splice site
finder program (http://www.genet.sickkids.on.ca/~ali/splicesitefinder.html). Open reading
frames were searched against available databases in GenBank, PIR, SWISS-PROT, and JCVI's
CMR database. We identified 4 early, 2 intermediate, and 5 late transcription units, similar to
those previously identified in other sequenced HAdVs, including 35 open reading frames
(ORFs) and 8 hypothetical ORFs. The 5’ and 3’ ends of the HAdV genome are composed of
inverted terminal repeat (ITR) sequence which for HAdV-19 C were determined to be 160 base
pairs in length each.

E1A is the first transcript unit expressed during adenovirus infection (Shenk, 1996). Several

alternatively spliced E1A transcripts are produced from a common transcript from this region
(Berk and Sharp, 1978). Based on splice donor and acceptor sites, two ORFs corresponding to
putative proteins of 191 and 253 amino acids were identified in the HAdV-19 C genome (Table
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1). The putative TATA box for this transcription unit was identified at nucleotide 480 and the
polyadenylation signal predicted to be at position 1452.

Proteins expressed by the E1B transcription unit block apoptosis and catalyze viral replication
(Shenk, 1996). ORFs encoding putative proteins of 182 and 495 amino acids in length were
identified in HAdV-19 C, corresponding to the 19- and 55-kDa proteins previously reported
for other sequenced HAdVs. The polyadenylation signal for these transcripts was predicted to
begin at nucleotide 3863.

The E2 region of the genome consists of three transcripts broken down into two groups, E2A
and E2B. These transcripts produce three proteins that are essential for viral replication known
as the DNA binding protein (DBP, E2A), terminal protein precursor (pTP, E2B), and DNA
polymerase (E2B) (Shenk, 1996). The E2 genes were identified on the complementary strand
and predicted to be 490, 635, and 1091 amino acids in length, respectively (Table 1).

The E3 region within HAdV genomes encodes proteins that modulate the host immune
response to infection and are not required for viral growth in vitro (Horwitz, 2004; Windheim
etal., 2004). We identified seven classical ORFs within this region of the HAdV-19 C genome.
The TATA box for this transcription unit was predicted to begin at nucleotide 25896 and a
polyadenylation site was identified at nucleotide 30853.

The E4 transcription unit ORFs produce proteins with a wide variety of functions during HAdV
infection (Leppard, 1997). We found 6 predicted E4 ORFs in the HAdV-19 C genome located
on the complementary strand. The E4 ORF 1 from HAdV-19 C was predicted to produce a
protein of 65 amino acids in length similar to our previous report for HAdV-37 (Robinson et
al., 2008).

The intermediate genes of HAdV consist of 1VVa2 and IX. We identified the spliced product of
Va2 in the HAdV-19 C genome using the splice site finder
(http:/lwww.genet.sickkids.on.ca/~ali/splicesitefinder.html). The Va2 gene was located on
the complementary strand. The predicted protein of 448 amino acids in length from the 1VVa2
ORF was 99% identical to the HAdV-9 homologue. The ORF corresponding to the IX protein
was also identified on the complementary strand, and was identified at nucleotides 3455-3859.

Transcribed from the major late promoter (MLP), the late transcription units express proteins
that are involved in capsid production for mature virions (Shenk, 1996). The L1 transcription
unit encodes two proteins, 52/55K and Illa. These proteins were predicted in HAdV-19 C to
be 374 and 565 amino acids in length, respectively. The polyadenylation site for this
transcription unit was predicted to start at nucleotide 13490.

The L2 transcription unit encodes four proteins involved in capsid formation: penton base, V,
VII, and X. The gene for HAdV-19 C penton base is located at nucleotides 13537-15081,
corresponding to a predicted protein of 514 amino acids. Arg-Gly-Asp (RGD) sequence in the
penton base interacts with host cell integrins to induce internalization of the virus (Wickham
et al., 1993), and sequence for this peptide was identified in the HAdV-19 C homologue at
residues 304-306. The predicted penton base protein was 99% identical to that of a previously
predicted penton base for another clinical isolate of HAdV-19, HAdV-19a (GenBank:
AAG00908), differing in only two amino acids (Arnberg et al., 2000; Wadell and de Jong,
1980). A valine and threonine were predicted for HAdV-19 C at positions 373 and 374,
respectively, in contrast to glycine and histidine in HAdV-19a. However, the sequence we
determined for HAdV-19 C in this region was identical to that of HAdV-2, 3, 4, 8, 12, 37, and
40, representing all 6 HAdV species, as well as simian AdV-25 (Madisch et al., 2007; Robinson
etal., 2008). It is not clear why the previously published HAdV-19a sequence differs from our
current findings. The V, VI, and X proteins were predicted to have molecular weights of 37.9,
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21.7, and 8.2-kDa, respectively. The L2 transcripts share a putative polyadenylation signal
beginning at nucleotide 16967.

Within the L3 transcription unit, we identified three classical open reading frames
corresponding to the VI, hexon, and protease proteins. The HAdV-19 C VI ORF was located
at nucleotides 17016-17720, corresponding to a protein with predicted molecular weight of
25.5-kDa, and 99% identical to its HAdV-48 homologue. The HAdV-19 C hexon ORF was
predicted to give rise to a protein 961 amino acids in length with a predicted molecular weight
of 108-kDa, 99% identical to the previously published HAdV-19 hexon protein sequence
(GenBank: ABA00002). A predicted HAdV-19 C protease ORF was also identified at
nucleotides 20649-21278 corresponding to 209 amino acids.

Within the L4 transcription unit of HAdV-19 C, we identified 3 ORFs corresponding to the
100-kDa, 22K, and VIII proteins. A 732 amino acid 100-kDa protein was predicted from the
OREF at nucleotides 22811-25009. The putative HAdV-19 C protein was 98% identical to the
HAdV-46 homologue. The 22K protein was predicted to be 137 amino acids in length. The
V111 protein ORF was predicted at nucleotides 25531-26214. The 227 amino acid protein has
a predicted molecular weight of 24.6-kDa. The polyadenylation site for the transcription site
for the VIII protein was identified at nucleotide 26524.

The L5 transcription unit consists of only one ORF, encoding the fiber protein. This protein is
the primary ligand for host cell binding. The HAdV-19 C putative fiber ORF was identified at
nucleotides 31055-32152 and corresponds to a protein of 365 amino acids in length. The
HAdV-19 C fiber was found to be 100% identical to the previously published HAdV-19 fiber
(GenBank: AAB71733) as well as 100% identical to the HAdV-37 fiber (GenBank:
AAB71734).

During our annotation of the HAdV-19 C genome, we identified 8 hypothetical ORFs similar
to ORFs previously archived in GenBank for other HAdV genomes (Table 1). Blast scores for
these putative proteins were all determined to be less than e™. Five of the hypothetical ORFs
were located on the sense strand, and 3 on the complementary strand.

An online sequence alignment program, mVISTA Limited Area Global Alignment of
Nucleotides (LAGAN) (http://genome.lbl.gov/vista/index.shtml) was used for global pairwise
sequence alignment to compare paired viral sequences (Brudno et al., 2003). We compared
genomic sequence correspondence across the whole genome of HAdV-19 C to the 7 completely
sequenced HAdV species D serotypes (Fig. 1). Comparison of HAdV-19 C to HAdV-9, 17,
26, 46, 48, and 49 (Table 2) revealed areas of sequence divergence in the penton, hexon, E3,
and fiber regions. Direct comparison between HAdV-19 C and HAdV-37, another EKC
serotype, revealed divergence in the penton and hexon regions, but conservation in the E3 and
fiber regions.

Phylogenetic analysis of the whole HAdV-19 C genome compared with other completely
sequenced AdVs located within GenBank allowed us to view HAdV-19 C in the context of
adenoviral evolution. A bootstrap confirmed neighbor joining tree further confirmed the close
sequence relationship with HAdV-37 and other HAdV species D viruses (Fig. 2).

In summary, we determined the 35 231 base pair genome of a clinical HAdV-19 isolate, taken
directly from a patient with EKC. Through annotation, we identified 35 putative HAdV-19 C
genes along with 8 hypothetical ORFs. Comparison of the HAdV-19 C genome to other HAdV
species D identified areas of sequence divergence in the penton, hexon, E3, and fiber regions.
Comparison of HAdV-19 C to another cornea tropic adenovirus, HAdV-37, revealed
divergence in only the penton and hexon regions. The similarity between HAdV-19 C and
HAdV-37 in the E3 and fiber regions was expected and similar to previous reports (Arnberg
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et al., 1997; Burgert and Blusch, 2000). These data suggests the possibility of a prior
recombination event or genetic drift to account for the very similar genomes of these two
viruses. ldentification of identical E3 and fiber regions in HAdV-19 and 37 compared to other
non-cornea tropic viruses distinguishes these as possible determinants for corneal tropism.
HAdV-37 fiber protein interacts with CD46, its primary receptor, and this interaction has been
thought to restrict tissue tropism (Wu et al., 2001; Wu et al., 2004). However, the use of CD46
for viral binding cannot alone account for corneal tropism, because HAdV species B have been
shown to also use CD46 for viral binding and do not typically cause corneal infections.
Therefore, it seems likely that other regions in the HAdV genome work alone or in conjunction
with the fiber protein to confer corneal tropism. Our analysis revealed the E3 region of
HAdV-19 C to be identical to that of HAdV-37, but highly divergent from other HAdV species
D viruses. The coding sequence within this area is also not well conserved across other HAdV
species and could represent an important effector of tissue tropism across the entire spectrum
of adenoviral infections.

Whole genome sequencing of human adenoviruses is vital to understanding adenoviral
evolution. Past techniques for identification of serotypes through serological methods provided
a less distinct picture of the true diversity of HAdVs, and phylogenetic trees built solely on
single genes reveal only part of the evolutionary story. Sequence variance between related
serotypes likely represents selection events during viral evolution. The recent identification of
a natural recombinant of HAdV-22, HAdV-8, and HAdV-37 (Aoki et al., 2008; Engelmann et
al., 2006) may allow determination of those genes important to the pathogenesis of EKC,
specifically the genetic foundations of corneal tissue tropism. Further analysis of divergent
regions in the adenoviral genome may help to identify new therapeutic targets for adenoviral
infections, and allow for more targeted gene therapy using adenoviral vectors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Global pairwise sequence comparison of HAdV-19 C with 7 other HAdV species D serotypes
using the online sequence alignment program, mVISTA LAGAN. Percent sequence
conservation is reflected in the height of each data point along the y axis. The penton, hexon,
E3, and fiber regions of HAdV-19 C diverged from those of all other serotypes within species
D, except for HAdV-37. The E3 and fiber regions were 100% identical between HAdV-19 and
HAdV-37.
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Fig. 2.

Bootstrap confirmed neighbor joining tree designed from MEGA 4.0.2 demonstrate
phylogenetic relationships between HAdV-19 C (arrow) and all other completely sequenced
adenovirus genomes (Saitou and Nei, 1987; Tamura et al., 2007). The nucleotide p-distance
model was used, with pairwise deletion options. Bootstrap confidence levels (1000 replicates)
are shown as percentages on each branch (Felsenstein, 1985).
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Table 2
Nucleotide accession numbers for fully sequenced HAdV species D viruses
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Human Adenovirus (HAdV) serotype GenBank Accession Number

HAdV-9 AJ854486
HAdV-17 AC_000006

HAdV-19 C EF121005
HAdV-26 EF153474
HAdV-37 DQ900900
HAdV-46 AY875648
HAdV-48 EF153473
HAdV-49 DQ393829
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