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Computational analysis of a species D human adenovirus
provides evidence of a novel virus
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Abstract

A human adenovirus (HAdV) species D, was isolated from a hospitalised child with severe lower respiratory infection. It was
initially detected in the nasopharyngeal aspirate of the child followed by conventional PCR amplification of the hexon, penton
base, and fibre genes. Sanger DNA sequencing and phylogenetic analyses showed characteristics of a recombinant genome
not described before. Next Generation Sequencing analysis was performed to reconstruct its complete DNA genome after
viral isolation in adenocarcinoma human cell line (A549). A complete genomic sequence of 35.2kb in length, with a G
+C content of 57 % was obtained, related to HAdV-D29 (96 % identity). Imputed serology analysis demonstrated its novel type
with a nucleotide sequence identity of 95.3% (hexon loop 1) and 96 % (hexon loop 2) to HAdV-D9. The penton base gene
showed a novel sequence, distantly related to HAdV-D44. The E3 and E4 regions evolved significantly from their ancestors.
The fibre gene was almost identical to the knob region of HAdV-D15 but showed an unrelated shaft sequence. In conclusion
the genomics of this novel HAdV, designated the HAdV-D83 [P83H9F15] prototype and bearing a new penton base gene,
supports the importance of viral evolution to understand modified tissue tropism, enhanced transmission, or altered

virulence.

INTRODUCTION

HAdVs cause a wide range of clinical manifestations in
humans (from mild to life-threatening diseases),
compromising organ systems such as respiratory, gastroin-
testinal, ocular, and renal, among others, with billions of
infected people worldwide [1]. They belong to the Adenovir-
idae family, and are divided into five genera (Mastadenovi-
rus, Aviadenovirus, Atadenovirus, Siadenovirus, and
Ichtadenovirus) [2]. Human adenoviruses belong to the
Mastadenovirus genera, and are grouped into seven species
(HAdV-A to HAdV-G), with over 80 types, according to
phylogenomics, serum neutralisation, haemagglutination
inhibition and biochemical criteria [3, 4]. Adenoviruses are
icosahedral, non-enveloped, double-stranded linear DNA
viruses, with a genome of approximately 35 000 bp. Virions
consist of a protein shell (capsid) surrounding the genome.
The icosahedral shell is composed primarily of 240 capso-
meres of hexon trimers (12 per triangular facet of the icosa-
hedron), 12 pentameric penton base capsomeres at each
vertex of the icosahedron, and 12 fibres extending from the
penton bases, each a trimer of the fibre polypeptide. Loops

with hypervariable sequence on the external surface of hex-
ons are important for type-specific immunogenicity and
neutralisation [5, 6].

Identification of novel HAdV prototypes was based almost
exclusively on neutralisation assays (the first 51 ‘serotypes’),
but nowadays analysis of whole-genome sequence data has
evolved as an alternative standard in the identification and
characterisation of novel multirecombinant HAdV types
(starting with type 52) [7].

HAAdV-D is the largest of the seven species, currently with
46 types. The major sites of infections for this species are
the eye and gastrointestinal tract, but not the respiratory
tract [8]. HAdV-D8, a main etiologic agent of a severe eye
infection called epidemic keratoconjunctivitis, was the first
to be classified in this species [9]. Most HAdV-Ds were
identified during the first two decades of the AIDS epi-
demic [10], and frequent homologous recombination
between types of the same species has been described. Both,
recombination between species D types and selection of
novel neutralisation epitopes (‘immune escape’), contribute
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to the generation of genome diversity [11, 12]. Except for a
few types that cause epidemic keratoconjunctivitis, most of
the types of HAdV-D are not associated with severe
diseases.

This communication describes a new type of HAdV species
D, isolated from nasopharyngeal aspirate of a hospitalised
child with severe acute respiratory infection. Whole-genome
sequencing and bioinformatics analysis showed multiple
recombination events in its phylogeny and the Human Ade-
novirus Working Group (http://hadvwg.gmu.edu/) has des-
ignated it as HAdV-D83.

RESULTS

Molecular typing by conventional PCR

The amplification and sequencing of hexon, penton base,
and fibre genes (directly from the clinical sample) were the
initial data about the recombinant nature of the HAdV-D
detected. A phylogenetic analysis of the penton base gene
showed its relatedness to HAdV-D44; the hexon gene (3
conserved terminal region) and the fibre gene showed its
relatedness to HAdV-D15 (data not shown).

Deep next-generation sequencing of whole genome

To reveal the genetic characteristics of the HAdV-D
detected, we carried out deep next-generation sequencing of
its whole genome. A single contig representing its genome
was constructed using both de novo and reference assembly.
The whole genome was 35207 bp in length with 57 % G+C
content, and a base composition of 28.67 % G, 28.57 % C,
22.49% A, and 20.27% T. The genome was predicted to
encode 30 ORFs with an organisation similar to other mem-
bers of the species HAdV-D. Similarity analyses using the
HAdV-D83 sequence as a query in LAGAN software with
the most closely related prototype sequences of HAdV-D
suggested multiple recombination events in its phylogeny
(Fig. 1). The complete genomic sequence of HAdV-D83 was
deposited in GenBank database (accession number
KX827426).

Molecular phylogeny of penton base gene

The penton base gene clustered as a separate branch, and
was related to HAdV-D44, Fig. 2(a), with 97.3 % identity
(86 % bootstrap value). HVRI and HVR2 both clustered as
a separate branch (not shown). HVR1 showed 92.6 % iden-
tity to HAdV-D45, whereas HVR2 showed 95.3 % identity
to both HAdV-D32 and HAdV-D44.

Bootscan analysis of the penton base gene, Fig. 2(b), showed
distant relationships with other members. No evidence of
recombination in flanking nucleotide sequences for the pen-
ton base gene was found.

Molecular phylogeny of hexon gene

The hexon gene was most closely related to HAdV-D9,
Fig. 3(a), with an overall 96.8 % identity (72 % bootstrap
value). Bootscan analysis showed highly similar HVL1 and
HVL2 to HAdV-D9, Fig. 3(b).

Molecular phylogeny of fibre gene

The fibre gene was related only to HAdV-D15, Fig. 4(a),
with 91.7 % identity (100 % bootstrap value). Bootscan anal-
ysis showed similar knob sequence to HAdV-D15, but an
unrelated shaft sequence, Fig. 4(b).

Whole-genome of HAdV-D83

Thus, following the convention criteria to classify novel
types of adenoviruses (i.e. ‘P’ refers to the penton base, ‘H’
to the hexon HVLI region, and ‘F to the fibre knob) [7],
HAdV-D83 should be designated [P83H9F15].

Phylogenetic analysis of the whole-genome sequence of
HAdV-D83 with other prototypes of HAdV-D indicated a
common ancestor with HAdV-D25, HAdV-D29, HAdV-
D58, and HAdV-D63, with the highest sequence identity to
HAdV-D29 (96 % identity), and 60% bootstrap value
(Fig. 5). Similar results were obtained using both Simplot
(Fig. 6) and bootscan (Fig. 7) analyses.
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Fig. 1. mVISTA global pairwise sequence alignment of HAdV-D83 compared to representative types from D species (HAdV-D9, HAdV-
D15, HAdV-D29, and HAdV-D44). The penton base, hexon, E3, and fibre genes are divergent within species D (indicated by arrows),
except for the hexon and fibre regions of HAdV-D9 and HAdV-D15 (*).
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Fig. 2. (a) NJ tree of penton base gene, using 46 HAdV-D prototypes. HAdV-D83 is marked with a filled black circle. Bootstrap values
greater than 80 % are shown at branch nodes. Branch distance is indicated by a scale bar at the bottom of the tree. (b) Bootscan analysis
of HAdV-D83 penton base gene. A window size of 250 bp and a step size of 20 bp were implemented for analysis using the SimPlot
software.
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Fig. 2. (cont.)
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DISCUSSION

Whole-genome sequencing and bioinformatics analysis
showed multiple recombination events in the phylogeny
of this new HAdV type, and the Human Adenovirus
Working Group (http://hadvwg.gmu.edu/) has designated
it as HAdV-D83. The novel HAdV-D83 [P83H9F15]
prototype showed key features of a recombinant genome.
Its complete genome was determined to be 35207 bp,
coding for 30 putative ORFs. Comparison of HAdV-D83
with other HAdV-D genomes identifies sequence diver-
gence from these in most of its genome regions. The
hexon and fibre genes were related to other HAAV types,
as a result of a (probably recent) homologous recombina-
tion with HAdV-D9 (previously detected in gastrointesti-
nal tract) and HAdV-DI15 (previously detected in upper
respiratory track and ocular surface), respectively. On the
contrary, the penton base gene, E3 and E4 regions
showed high diversity (under 97.3 % of identity). In fact,
the penton base gene was characterised as a novel HAdV
type. For molecular typing by imputed serology analysis,
the hexon HVLI and HVL2 known as the major neutral-
isation epitope ¢ and a critical region for the develop-
ment of adenovirus vaccines [13], is more significant
than the clustering of the complete hexon gene [14].
Minimum nucleic acid sequence identity thresholds to
the most closely related prototype have been defined for
molecular typing with the help of HVL1 (97.6 %) and
HVL2 (97.5%) sequences [14]. Both HVL1 and HVL2
nucleic acid sequence identity data (95.3 and 96 % to the
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most closely related HAdV-D9) suggested that HAdV-
D83 was a new type.

DNA replication and recombination are intimately associ-
ated, as suggested by experiments in which recombination
was delayed by blocking DNA replication [15]. Besides
homologous recombination (proposed as the main mecha-
nism for the evolution of HAAV types), illegitimate recom-
bination has also been proposed as a mechanism,
particularly in the hexon hypervariable regions, probably by
slippage-misalignment of the HAdV DNA polymerase in
repetitive polypurine stretches during single-strand DNA
replication [16].

In spite of multiple recombination events in the phylog-
eny of HAdV-D83, most parts of its genome were novel
HAdV sequences with unique phylogenetic relationships.
As the hexon contains the major neutralisation epitope
€, positive selection for immune escape can result in
rapid evolution of the hexon gene [16]. In fact, HAd-
D83 recombined its major neutralisation epitope (HVLI1
and HVL2) with HAdV-D9. In general, the ratio dN/
dS=0.224 did not indicate positive selection acting on its
genome.

HAAJdV-Ds species are associated to infections of the eye and
gastrointestinal tract, but not the respiratory tract [8].
Exceptional cases of respiratory infections, however, have
occurred worldwide [17, 18], including fatal outcomes [11,
19]. In some cases, novel recombinant HAdVs can cause
unexpected outbreaks. For example, HAdV-D22 has been
identified as the source of the novel HAdV-D53, which
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Fig. 3. (a) NJ tree of hexon gene, using 46 HAdV-D prototypes. HAdV-D83 is marked with a filled black circle. Bootstrap values greater
than 80 % are shown at branch nodes. Branch distance is indicated by a scale bar at the bottom of the tree. (b) Bootscan analysis of
HAdV-D83 hexon gene. A window size of 250 bp and a step size of 20 bp were implemented for analysis using the SimPlot software.
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Fig. 3. (cont.)
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caused a severe ocular disease outbreak of keratoconjuncti-
vitis in Germany [20]. In our study, we did not find evi-
dence of an outbreak of HAdV-D83, in four years of study
in the same hospital.

Since HAdV-D83 was isolated from a child co-infected
with PIV1, we cannot conclude that HAdV-D83 infec-
tion was the cause of the disease. In human lung cell
culture, however, HAdV-D83 produced characteristics
CPEs after two viral passages (10days). The CPEs
included cell rounding, detaching from the culture sur-
face and cell lysis.

In conclusion, the new type 83 is a HAdV-D with multi-
ple, consecutive recombination events in its phylogeny.
This supports the hypothesis of persistent infections, facil-
itating co-infections and thus promoting homologous
recombination as a key factor for the evolution of HAdV-

D types.

METHODS

Clinical case and isolation of HAdV-D83

A 9 months old male child was hospitalised with symptoms
of severe acute respiratory infection in July 2010, at the Hos-
pital Pedidtrico Nifios de Acosta Nu (San Lorenzo, Para-
guay). The patient presented fever (>38.5°C), cough, and
dyspnea, without cardiac or pulmonary disease; it was posi-
tive for rotavirus (using latex agglutination test). A multi-
plex real-time PCR (FTD Respiratory pathogens 21 plus,
Luxembourg) performed in the respiratory sample (naso-
pharyngeal aspirate) showed a co-infection with PIV1 and
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HAdV. Amplification of hexon, penton base, and fibre
genes were carried out directly from the clinical sample by
conventional PCR [21]. After 9days of hospitalisation the
patient left the hospital healthy; bronchiolitis and anaemia
were the final diagnosis.

Isolation of HAdV-D83 was performed using 50 pl of the
nasopharyngeal aspirate sample, inoculated in human lung
carcinoma cells A549 (ATCC CCL-185), maintained in D-
MEM (Life Technologies), and collected at 90 % CPE for-
mation. Viral DNA was extracted from cell culture superna-
tant using an AxyPrep Body Fluid Viral DNA/RNA
Miniprep Kit (Axygen Biosciences), following manufac-
turer’s instructions.

Next-generation sequencing and bioinformatics

The HAAV-D83 library was prepared using a GS-FLX Tita-
nium rapid library preparation kit (Roche). Briefly, 500 ng
of input DNA was simultaneously fragmented and ligated
to adaptors. Adaptor-ligated fragments were amplified for
50 cycles using an emulsion-based clonal PCR kit (Roche),
and size-selected using AMPure XP beads (Beckman Coul-
ter). The final library was sequenced on a GS-FLX Titanium
platform (454 Life Sciences, Roche). Inverted terminal
repeats were sequenced using an ABI 3730XL (Applied Bio-
systems) through PCR amplification. Quality control
included base qualities, GC content, absence of sequence
contamination, and sequence comparison and annotation
with HAdV-D genome landmarks. The raw sequence data-
set was assembled by de novo and reference methods using
NextGENe software (version 2.4.1; SoftGenetics, LLC.), via
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Fig. 4. (a) NJ tree of fibre gene, using 46 HAdV-D prototypes. HAdV-D83 is marked with a filled black circle. Bootstrap values greater
than 80 % are shown at branch nodes. Branch distance is indicated by a scale bar at the bottom of the tree. (b) Bootscan analysis of
HAdV-D83 fibre gene. A window size of 250 bp and a step size of 20 bp were implemented for analysis using the SimPlot software.
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Fig. 4. (cont.)
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floton assembly method and default parameters. Minimal
sequence coverage was 17- to 19-fold, and accuracy above
99 % (Q20 or better).

Phylogenetics and recombination analysis

Whole-genome and gene alignments were performed using
Kalign program [22], which is available online (http://
www.ebi.ac.uk/Tools/msa/kalign/), using default parame-
ters. The alignment was visualised and checked for errors
using BioEdit v.7.0.5 [23]. A global pairwise alignment
was performed using the mVISTA option as part of
the LAGAN toolkit (http://lagan.stanford.edu/lagan_web/
index.shtml) [24]. Phylogenetic relationships were recon-
structed by the NJ method with Kimura’s two-parameters
as the model of nucleotide substitution, as incorporated in
MEGA V5 [25], with 1000 bootstrap replicates.

The ratio dN/dS was estimated using the Nei and Gojobori
(1986) method as implemented in the Perl-based SNAP
program (http://www.hiv.lanl.gov/content/sequence/SNAP/
SNAP.html) [26].

For recombination detection, the multiple alignments were
analysed using a bootscan approach implemented in Sim-
Plot version 3.5.1 [27]. For complete genomic analysis, a
window size of 1000 bp and a step size of 200 bp were set.
Hexon, penton, and fibre genes were analysed by bootscan
using different combinations of sequence datasets (both
close- and distantly-related HAdV-Ds). The following com-
plete genomic nucleotide sequences representing all avail-
able prototypes of the HAdV-D species were used for the
analysis (GenBank accession numbers in parentheses):
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HAdV-D8 (AB448767), HAAV-D9 (AJ854486), HAdV-D13
(JN226747), HAdV-D15 (AB562586), HAAV-D17
(AF108105), HAAV-D19 (JQ326209), HAdV-D20
(JN226749), HAdV-D22 (FJ404771), HAdV-D23
(JN226750), HAdV-D24 (JN226751), HAAV-D25
(JN226752), HAAV-D26 (EF153474), HAdV-D27
(JN226753), HAdV-D28 (F]824826), HAAV-D29
(JN226754), HAdV-D30 (JN226755), HAAV-D32
(JN226756), HAdV-D33 (JN226758), HAdV-D36
(GQ384080), HAAV-D37 (DQ900900), HAdV-D38
(JN226759), HAdV-D39 (JN226760), HAdV-D42
(JN226761), HAAV-D43 (JN226762), HAdV-D44
(JN226763), HAdV-D45 (JN226764), HAAV-D46
(AY875648), HAAV-D47 (JN226757), HAdV-D48
(EF153473), HAdV-D49 (DQ393829), HAdV-D51
(JN226765), HAAV-D53 (FJ169625), HAV-D54
(AB333801), HAdV-D56 (HM770721), HAdV-D58
(HQ883276), HAAV-D59 (JE799911), HAAV-D60
(HQ007053), HAdV-D62 (JN162671), HAV-D63
(JN935766), HAdV-D64 (EF121005), HAdV-D65
(AP012285), HAdV-D67 (AP012302), HAAV-D69
(JN226748), HAdV-D70 (KP641339), HAdV-D71
(KF268207) and HAdV-D72 (KF268335).

Ethical approval

Written informed consent was obtained from parents or
guardians prior to study participation. This study was
approved by the Ethics Committee at Instituto de Investiga-
ciones en Ciencias de la Salud-Universidad Nacional de
Asuncién, and Hospital General Pediatrico Nifios de Acosta
Nu.
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Fig. 5. NJ tree of whole HAdV-D genomes. HAdV-D83 is marked with a filled black circle. Bootstrap values greater than 80 % are
shown at branch nodes. Branch distance is indicated by a scale bar at the bottom of the tree.
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Fig. 6. Simplot analysis of HAdV-D83 whole genome. A window size of 1000 bp and a step size of 200 bp were implemented for analy-
sis using the SimPlot software.
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Fig. 7. Bootscan analysis of HAdV-D83 whole genome. A window size of 1000 bp and a step size of 200 bp were implemented for anal-
ysis using the SimPlot software.
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