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Abstract
Adenoviral infections are typically acute, self-limiting, and not associated with death. However,
we present the genomic and bioinformatics analysis of a novel recombinant human adenovirus
(HAdV-D56) isolated in France that caused a rare neonatal fatality, and keratoconjunctivitis in
three health care workers who cared for the neonate. Whole genome alignments revealed the
expected diversity in the penton base, hexon, E3, and fiber coding regions, and provided evidence
for extensive recombination. Bootscan analysis confirmed recombination between HAdV-D9,
HAdV-D26, HAdV-D15, and HAdV-D29 in the penton base and hexon proteins, centered around
hypervariable loops within the putative proteins. Protein structure analysis of the fiber coding
region revealed similarity with HAdV-D8, HAdV-D9, and HAdV-D53, possibly accounting for
the ocular tropism of the virus. Based on these data, this virus appears to be a new HAdV-D type
(HAdV-D56), underscoring the importance of recombination events in human adenovirus
evolution and the emergence of new adenovirus pathogens.
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Introduction
Human adenoviruses (HAdV) were first isolated in 1953 as respiratory pathogens (Hilleman
and Werner, 1954; Rowe et al., 1953), and cause an array of human diseases including
respiratory, gastrointestinal, renal, urinary tract, ocular surface infections, opportunistic
infections in immune deficient individuals, and possibly obesity (Arnold et al., 2010; Chu
and Pavan-Langston, 1979; Dhurandhar et al., 1992; Dingle and Langmuir, 1968;
Kojaoghlanian, Flomenberg, and Horwitz, 2003; Wood, 1988). HAdVs cause infections in
infancy and childhood, but are rarely diagnosed in neonates. Moreover, while adenoviruses
cause significant morbidity, fatal infections are less common. Since the first adenovirus was
characterized, a total of 55 types have been formally recognized and classified into 7 species
(A–G) on the basis of serology, whole genome sequencing, and/or phylogenomics (Jones et
al., 2007; Kaneko et al., 2009; Walsh et al., 2009; Walsh et al., 2010).

Recently a HAdV was associated with fatal pneumonia in a 10-day-old neonate in France
(Henquell et al., 2009). Ten days after death, three health care providers developed
keratoconjunctivitis. Hemagglutination inhibition for viral isolates from the infant and health
care providers was similar and revealed a HAdV species D type 9 (HAdV-D9) fiber protein.
(Henquell et al., 2009) However, hexon sequence was consistent with a HAdV-D15, D29
origin – HAdV-D15 and D29 are known to be nearly identical in the hexon region. Notably,
another HAdV was previously reported as a putative recombinant HAdV-D15/H9 (“H” for
hemagglutinin identity) (Adrian et al., 1985; Hierholzer and Rodriguez, 1981; Notzel et al.,
1985; Wigand, Keller, and Werling, 1982) and is known to cause acute follicular
conjunctivitis as well as infections of the respiratory tract, but the complete genome
sequence of the virus previously described as HAdV-D15/H9, was never determined.

Since serology and hexon sequencing reveal only a small fraction of the complete viral
genome, and did not provide a clear picture of the origins of the virus newly isolated in
France, the entire genome of this apparently novel HAdV was sequenced. Complete genome
analysis confirmed the previously reported fiber and hexon protein coding region origins
(Henquell et al., 2009). Further, 70% of the virus appears highly similar to HAdV-D9. The
hexon gene was identical to HAdV-D15 and D29, indicating a recombination event. Based
on the presence of recombination resulting in a virus with parts from at least two other
viruses, and a change in biological behavior and tropism – neither HAdV-D9, HAdV-D15,
HAdV-D26, or HAdV-D29 have been associated with keratoconjunctivitis – it is proposed
that this virus should be classified as a new type, HAdV-D56. The apparent emergence of
this virus underscores the importance of homologous recombination within HAdV-D as a
fundamental mechanism for the emergence of new human pathogens. (Kaneko et al., 2009;
Robinson et al., 2009a; Walsh et al., 2009; Walsh et al., 2010).

Results
Nucleotide sequence analysis of HAdV-D56

The complete genome of an adenovirus isolate from the neonate as well as an isolate from
one care provider who developed keratoconjunctivitis was sequenced. Computational
analysis confirmed the genomes to be 100% identical. Whole genome phylogenetic analysis
established that the virus belongs to HAdV-D and further identified a close sequence
relationship with HAdV-D9 (Fig. 1A). The HAdV-D56 genome contains 4 early, 2
intermediate, and 5 late transcription units, including 36 open reading frames (ORFs),
similar to those previously identified in other sequenced HAdV-Ds. The genome of HAdV-
D56 was determined to be 35,066 base pairs in length, with a GC content of 57%, also
consistent with other HAdV-D (57–59%) (Shenk, 1996).
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An on-line sequence alignment program, mVISTA Limited Area Global Alignment of
Nucleotides (LAGAN), was used for global pair-wise sequence alignment (Brudno et al.,
2003; Frazer et al., 2004; Mayor et al., 2000; Robinson et al., 2009a; Robinson et al., 2008;
Robinson et al., 2009b) of the whole genome of HAdV-D56 to the 14 completely sequenced
HAdV-D types available in GenBank. Distinct differences in the penton base, hexon, E3,
and fiber genes were found, with a higher degree of conservation in other regions (Fig. 1B).
Interestingly, HAdV-D56 revealed sequence conservation in the penton base compared to
HAdV-D9 and HAdV-D26, which are themselves nearly identical in this region, and with
HAdV-D9 in the fiber protein coding region (Fig. 1B)

Bootscan analysis shows recombination in the HAdV-D56 penton base and hexon genes
Based on the similar sequence seen in the penton base, Simplot 3.5.1 was used to identify
possible recombination sites (Lole et al., 1999). Bootscan analysis identified two possible
recombination loci in the penton base coding region between HAdV-D56, HAdV-D9, and
HAdV-D26 at nucleotides 200–600 (Variable Loop 1 region) and 650–1150 (RGD loop)
(Fig. 2A). Bootstrap-confirmed neighbor-joining phylogenetic trees of HAdV-D penton base
genes using Molecular Evolutionary Genetics Analysis (MEGA) 4.0.2 were constructed to
impute viral evolution (Tamura et al., 2007). Phylogenetic analysis of the entire penton base
gene confirmed a close relationship of HAdV-D56 with HAdV-D9 and HAdV-D26 (Fig.
2C).

Global pairwise alignment of HAdV-D56 to other HAdV-D types also identified areas of
sequence divergence in the hexon (principal viral capsid protein) (Fig. 1B). The bootscan
analysis was extended to all HAdV hexon genes in GenBank and this identified
recombination between HAdV-D56, HAdV-D15, and HAdV-D29 (Fig. 2B). Upon closer
examination, it was revealed that loop 1, consisting of hypervariable regions 1–6, was 100%
identical to both HAdV-D15 and HAdV-D29 (previously shown to be identical in this
region (Madisch et al., 2005)), while loop 2, consisting of hypervariable region 7, was 100%
identical to HAdV-D29, which in this loop is distinct from HAdV-D15. The conserved
region of the hexon gene, located just downstream of loop 2, was 98% identical to HAdV-
D15; amino acid sequence for this region was 100% identical to HAdV-D15 as well as other
HAdV-D types. Phylogenetic analysis confirmed the similarity identified in Bootscan
analysis (Fig. 2D).

HAdV-D56 fiber analysis
Next, the entire fiber protein coding region (primary host cell binding ligand) was analyzed.
Previous serological data as well as mVISTA LAGAN analysis revealed sequence
conservation between HAdV-D56 and HAdV-D9. Blast analysis revealed HAdV-D56 fiber
nucleotide sequence and its amino acid sequence were each 99% identical to HAdV-D9,
with the imputed amino acid sequence differing in only one amino acid (Ser2 to Ala2) (data
not shown). Interestingly, the fiber knob, which acts as the primary ligand for binding to the
target cell, differs only in one base, and its imputed amino acid sequence is 100% identical
to that of HAdV-D9. This amino acid sequence was also 100% identical to the previously
sequenced HAdV-D15/H9 fiber knob (Darr et al., 2009). A comparison of the Bootscan and
Simplot analyses of the HAdV-D56 fiber gene (Figs. 3A and B, respectively) suggested high
levels of identity with the fiber genes of multiple HAdV-D genomes. In addition to HAdV-
D9, regions of the HAdV-D8, HAdV-D53, and HAdV-D54 fiber genes were highly similar
(~90%) to HAdV-D56. In the fiber knob coding region, HAdV-D19p, HAdV-D19 (C), and
HAdV-D37 also showed high similarity to the same region in HAdV-D56. Phylogenetic
analysis of the fiber protein coding region confirmed the Simplot results and revealed a
close relationship between HAdV-D56 and HAdV-D9, and also with HAdV-D8, HAdV-
D53, and HAdV-D54 (Fig. 3C). Also, the fiber gene of HAdV-D56 appears by phylogenetic

Robinson et al. Page 3

Virology. Author manuscript; available in PMC 2012 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



analysis to be closely related to HAdV-D19 (C) and HAdV-D37. Interestingly HAdV-D8,
HAdV-D19 (C), HAdV-D37, HAdV-D53, and HAdV-D54 are all known to cause epidemic
keratoconjunctivitis (EKC) (Desmyter et al., 1974; Engelmann et al., 2006; Jawetz et al.,
1955; Kaneko et al., 2009; Mitsui and Jawetz, 1957; Robinson et al., 2009b; Walsh et al.,
2009)

To analyze possible amino acid similarities between viruses associated with EKC and
HAdV-D56, a multi-sequence amino acid alignment was performed. Analysis revealed
HAdV-D56 to have three unique residues when compared to EKC-causing HAdVs (Fig.
3D). A model of the HAdV-D56 fiber knob was constructed using HAdV-D19p (Burmeister
et al., 2004) (PDB: 1UXB) as a template. Residues Lys193 and Ala294 are unique to HAdV-
D56 compared to the EKC-associated HAdVs (Fig. 3E). It is unclear how these mutations
might affect binding to the host cellular receptor. Glu248 is also disparate, but is located on
the posterior side of the fiber knob (data not shown). Previously, Lys240 in HAdV-D37 was
implicated as the main determinant for binding to conjunctival cells when compared to the
nonpathogenic HAdV-D19p (Huang et al., 1999). HAdV-D56 shares a conserved residue
(Ala236) with HAdV-D8 and HAdV-D54 at this position while Glu240 appears to be unique
to HAdV-19p (Figs. 3C and D), confirming the prior analysis by Huang and coworkers
(Huang et al., 1999). The two key residues Tyr309 and Lys342, identified in binding of
HAdV-D37 to sialic acid, are also conserved in HAdV-D56 (Burmeister et al., 2004).

Discussion
In summary, the 35,066 base pair genome of a novel human adenovirus causing death of a
10-day-old neonate and subsequent keratoconjunctivitis in three health care providers, was
determined and computationally analyzed. HAdV-D56 showed 70% genome similarity with
HAdV-D9, and bioinformatics analysis reveals possible prior recombination events with
HAdV-D15, HAdV-D29, HAdV-D9 and HAdV-D26 as well as a genomic sequence that is
unique to HAdV-D56 or a recombinant from a currently un-sequenced and unknown HAdV
(Fig. 4). HAdV-D56 fulfills the criteria for a new type within species D, as it is recombinant
between several previously characterized viruses, contains previously unknown nucleotide
sequence, and shows a change in tropism from its most closely related virus, HAdV-D9, not
previously associated with either fatality or keratoconjunctivitis (Javier et al., 1991;Javier,
Raska, and Shenk, 1992;Shenk, 1996;Tabrizi et al., 2007;Weiss et al., 1997;Weiss,
McArthur, and Javier, 1996). These criteria for a new adenovirus type were used previously
to identify HAdV-G52, HAdV-D53, HAdV-D54 and HAdV-B55 (Jones et al., 2007;Kaneko
et al., 2009;Walsh et al., 2009;Walsh et al., 2010).

Previously an emergent pathogen referred to as HAdV-D15/H9 was described as a
recombinant adenovirus (Hierholzer and Rodriguez, 1981; Notzel et al., 1985), based on its
serological properties. Serotyping by viral neutralization revealed a HAdV-D15 hexon
epitope, while hemagglutination was consistent with a HAdV-D9 fiber. HAdV-D15/H9
reportedly caused acute respiratory tract infections as well as follicular conjunctivitis
(Hierholzer and Rodriguez, 1981), similar to HAdV-D56 (Henquell et al., 2009). It is
possible that HAdV-D15/H9 and HAdV-D56 are the same virus, but corneal infection
(EKC) by HAdV-D56 suggests an expanded tropism. Genomic analysis of the earlier isolate
would be necessary to determine if HAdV-D15/H9 and HAdV-D56 are otherwise related.

In neonates, adenoviral infections (including keratoconjunctivitis) are rare, but when they
occur are often fatal (Abbondanzo et al., 1989; Abzug and Levin, 1991; Bhat et al., 1984;
Elnifro et al., 2005; Kim et al., 1997). In adults, adenovirus keratoconjunctivitis occurs
commonly and is caused predominantly by HAdV-D8, HAdV-D19, and HAdV-D37 (Ford,
Nelson, and Warren, 1987). Recently two new adenovirus types causing EKC, HAdV-D53
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and HAdV-D54, were identified in Germany and Japan, respectively (Engelmann et al.,
2006; Kaneko et al., 2009; Walsh et al., 2009). Although the HAdV-D56 genome appears to
be a recombinant between viruses not typically associated with keratoconjunctivitis,
examination of the fiber knob binding site to the host cell receptor revealed conservation
with HAdV-D8 and HAdV-D54, both of which cause EKC. Also, it is known that HAdV-
D8 and HAdV-D9 show cross-reactivity serologically via hemagglutination (Wigand,
Keller, and Werling, 1982), suggesting that HAdV-D9 might be an occult cause of EKC,
because of the misidentification as HAdV-D8. While the cellular receptor for specific
HAdV-Ds remains controversial, analysis of HAdV-D56 fiber knob suggested it may bind to
a common corneal epithelial receptor, either CD46 or sialic acid. A possible low affinity
interaction with the coxsackie and adenovirus receptor (CAR), based on sequence identity to
HAdV-D9 is also feasible (Arnberg, Pring-Akerblom, and Wadell, 2002; Kirby et al., 2001;
Roelvink, Kovesdi, and Wickham, 1996; Wu et al., 2004). Interaction between the EKC-
associated viruses and their cellular receptor is also believed to be charge dependent
(Arnberg et al., 2002). The theoretical isoelectric point (pI) for HAdV-D56 fiber knob is 7.8,
lower than the EKC viruses (pI ~ 9.0), but higher than what was previously reported for
HAdV-D9 (Arnberg, Mei, and Wadell, 1997).

The mechanism of acquisition of HAdV-D56 by the affected neonate is unknown. Neonatal
infection may occur by horizontal or vertical transmission. HAdV-D8, HAdV-D19, and
HAdV-D37, the principal causes of EKC, are commonly isolated from the genitourinary
tract (de Jong et al., 1981; Phillips, Harnett, and Gollow, 1982; Swenson et al., 1995),
suggesting vertical transmission. HAdV-C1, HAdV-C2, HAdV-D9, HAdV-D10, HAdV-
A18, HAdV-D22, HAdV-D26, and HAdV-D32 have also been reported as genitourinary
pathogens (Harnett, Phillips, and Gollow, 1984), but are not associated with
keratoconjunctivitis. Coinfection of cells within the genitourinary tract could facilitate
recombination within HAdV-D, leading to new types. This genomic and computational
analysis of HAdV-D56 provide new insights into the genetic determinants of tropism and
the molecular evolution of adenoviruses.

Materials and Methods
Cells, virus stock, DNA purification

HAdV-D56 was originally cultured from both a pulmonary biopsy of a 10-day old neonate
and from a conjunctival swab from a care provider (Henquell et al., 2009). HAdV-D56 was
kindly provided by Henquell and coworkers (Henquell et al., 2009). Virus stocks were
grown in A-549 cells (ATCC, CCL-185). Virus was purified by CsCl gradient, dialyzed, and
stored at −80°C. DNA extraction was accomplished by the addition of proteinase K,
phenol:chloroform extraction, and finally ethanol precipitation.

Sequencing and annotation
Purified DNA was sequenced on a Roche 454 DNA sequencer (Branford, CT), by Eurofins
MWG Operon (Huntsville, Alabama). Quality control included sequence annotation and
comparison with HAdV genome landmarks. The genomes from both virus isolates from the
neonate and health care worker were found be 100% identical (data not shown). Annotation
was performed using a custom annotation engine (Dyer and coworkers, unpublished), with
confirmation from the NCBI open reading frame (ORF) finder
(http://www.ncbi.nlm.nih.gov/projects/gorf/). Artemis, a genome viewer
(http://www.sanger.ac.uk/resources/software/artemis/), was used to record and manually
review the data (Carver et al., 2008; Rutherford et al., 2000). Open reading frames were
compared against available databases in GenBank for confirmation and protein similarity.
Splice sites were predicted using the GenScan web server at MIT
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(http://genes.mit.edu/GENSCAN.html), and confirmed by comparisons to previously
annotated genomes.

Sequence analysis
An on-line sequence alignment program, mVISTA Limited Area Global Alignment of
Nucleotides (LAGAN, http://genome.lbl.gov/vista/lagan/submit.shtml), was used for global
pair-wise sequence alignment (Brudno et al., 2003; Frazer et al., 2004; Mayor et al., 2000;
Robinson et al., 2009a; Robinson et al., 2008; Robinson et al., 2009b). Sequences were
aligned using the ClustalW (Larkin et al., 2007) option within the software Molecular
Evolutionary Genetics Analysis (MEGA) 4.0.2 (http://www.megasoftware.net/index.html)
(Tamura et al., 2007). Phylogenetic analysis was preformed using bootstrap-confirmed
neighbor-joining trees (500 replicates) also designed with MEGA 4.0.2. DNA sequence
recombination analysis was performed with Simplot 3.5.1 software
(http://sray.med.som.jhmi.edu/SCRoftware/simplot/), including the options of Bootscan and
Simplot analysis, to identify possible recombination sites (Lole et al., 1999). The default
settings were used and HAdV-D56 was used as the reference sequence for each analysis.

Protein analysis and modeling
Multi-sequence amino acid alignment was performed using CLC sequence viewer 6
(http://www.clcbio.com/index.php?id=28). A model of the HAdV-D56 fiber knob was
constructed using SWISS-MODEL (http://swissmodel.expasy.org/) for homology modeling
(Arnold et al., 2006; Kiefer et al., 2009). The crystal structure of HAdV-D19p (Burmeister
et al., 2004) (PDV: 1UXB) was used as a template for the model. The identity between
HAdV-D19p fiber knob and HAdV-D56 fiber knob was 85%. UCSF Chimera software
(http://www.cgl.ucsf.edu/chimera) (Pettersen et al., 2004) was used visualization and
analysis. The theoretical isoelectric point (pI) was calculated using pI/Mw tool within the
ExPASy Proteomics Server (http://ca.expasy.org/tools/pi_tool.html) (Bjellqvist et al., 1994;
Gasteiger et al., 2003)

Nucleotide sequence accession numbers
The HAdV-D56 genome and annotation were deposited in GenBank prior to manuscript
submission; accession no. HM770721. The following HAdV genomes (GenBank accession
numbers) were used: HAdV-C1 (AF534906), HAdV-C2 (AC_000007), HAdV-B3
(AY599834), HAdV-B3 (Guangzhou01) (DQ099432), HAdV-B3 (Guangzhou02)
(DQ105654), HAdV-B3 (NHRC 1276) (AY599836), HAdV-E4 (AY594253), HAdV-E4
(Vaccine) (AY594254), HAdV-E4 (NHRC 3) (AY599837), HAdV-E4 (NHRC 42606)
(AY599835), HAdV-C5 (AC_000008), HAdV-C5 (ARM) (AY339865), HAdV-C5 (NHRC
7151) (AY601635), HAdV-C6 (FJ349096), HAdV-B7 (AY594255), HAdV-B7 (vaccine)
(AY594256), HAdV-B7 (NHRC 1315) (AY601634), HAdV-D8 (AB448767), HAdV-D8b
(AB448768), HAdV-D8e (AB448769), HAdV-D9 (AJ854486), HAdV-B11 (AY163756),
HAdV-A12 (AC_000005), HAdV-B14 (AY803294), HAdV-B14p1 (FJ822614), HAdV-
D15 (DQ149617), HAdV-B16 (AY601636), HAdV-D17 (AC_000006), HAdV-A18
(GU191019), HAdV-D19p (AB448771), HAdV-D19 (C) (EF121005), HAdV-D19 (19a)
(AB448772), HAdV-D19 (1997) (AB448773), HAdV-D19 (2001) (AB448774), HAdV-B21
(AY601633), HAdV-D22 (FJ404771), HAdV-D26 (EF153474), HAdV-D28 (FJ824826),
HAdV-D29 (DQ149627) HAdV-A31 (AM749299), HAdV-B34 (AY737797), HAdV-B35
(AY128640), HAdV-D36 (GQ384080), HAdV-D37 (DQ900900), HAdV-D37 (1991)
(AB448776), HAdV-D37 (1996) (AB448777), HAdV-D37 (2004) (AB448778), HAdV-F40
(NC_001454), HAdV-F41 (DQ315364), HAdV-D46 (AY875648), HAdV-D48 (EF153473),
HAdV-D49 (DQ393829), HAdV-B50 (AY737798), HAdV-G52 (DQ923122), HAdV-D53
(FJ169625), HAdV-D54 (AB448770), HAdV-B55 (FJ643676), HAdV-B55p1 (FJ597732),
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SAdV-G1 (NC_006879), SAdV-G7 (DQ792570), SAdV-B21 (AC_000010), SAdV-E22
(AY530876), SAdV-E23 (AY530877), SAdV-E24 (AY530878), SAdV-E25 (AC_000011).
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Fig. 1.
Whole genome analysis of HAdV-D56. (A) Bootstrap- confirmed neighbor-joining tree
designed from MEGA 4.0.2 demonstrates relationships between HAdV-D56 and all other
completely sequenced adenovirus genomes. (arrow: HAdV-D56). Bootstrap values for the
species nodes were 100. The bootstrap value for the HAdV-D56 and HAdV-D9 node was
also 100. (B) Global pairwise sequence comparison of HAdV-D56 with fourteen other
completely sequenced HAdV-D types. Percent sequence conservation is reflected in the
height of each data point along the y-axis. The penton base, hexon, E3, and fiber protein
coding regions are divergent within species D, except for the penton base and fiber regions
of HAdV-D9 and HAdV-D26 (*).
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Fig. 2.
Bootscan recombination and phylogenetic analysis of HAdV-D56 penton base and hexon
genes. (A) Bootscan analysis comparing the HAdV-D56 penton base gene with completely
sequenced HAdV types. (B) Bootscan analysis comparing the HAdV-D56 hexon gene with
other HAdV-D types. (C) Phylogenetic analysis of the penton base gene from completely
sequenced HAdV-D types (arrow: HAdV-D56). (D) Phylogenetic analysis of the hexon
gene from all available HAdV-D types (arrow: HAdV-D56). Bootstrap values below 80 are
indicative of low confidence.
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Fig. 3.
Genomic and structural analysis of the HAdV-D56 fiber. (A) Bootscan analysis comparing
the HAdV-D56 fiber gene with each HAdV-D type. (B) Simplot analysis comparing the
HAdV-D56 fiber gene with each HAdV-D type. (C) Phylogenetic analysis of sequenced
HAdV-D fiber genes (arrow: HAdV-D56). (D) Multi-sequence alignment of the fiber knob
designed from MEGA 4.0.2 software. HAdV-D56 unique residues compared to other EKC
viruses designated by *. HAdV-D19(C) and HAdV-D53 were left out of the analysis based
on 100% identity to HAdV-D37 and HAdV-D8, respectively. (E) HAdV-D56 protein trimer
model based on homology modeling from the crystal structure of HAdV-D19p. Unique
residues Lys193 and Ala294 are highlighted in blue and white, respectively. Ala236, which
may play a key role in host receptor binding, is highlighted in red.
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Fig. 4.
Transcriptional map of the recombinant HAdV-D56 genome. Genes with high sequence
identity to HAdV-D9; HAdV-D9,D26; HAdV-D26; and HAdV-D15,D29 are indentified in
red, purple, blue, and green, respectively, where HAdV-D9,D26 refers to genomic sequence
for which HAdV-D9 and HAdV-D26 are nearly identical, and HAdVD15,D29 refers to
sequence where HAdV-D15 and HAdV-D29 are nearly identical. Genes with unique
sequence are identified in black.
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