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ABSTRACT

COMPUTATIONAL ANALYSIS OF HUMAN ADENOVIRUS EVOLUTION AND
DEVELOPMENT OF BIOINFORMATICS TOOLS

Elizabeth Liu, Ph.D.
George Mason University, 2015

Dissertation Director: Dr. Donald Seto

Human adenoviruses (HAdVs) may be highly contagious and may be human pathogens
that can cause a wide range of illnesses including respiratory, gastrointestinal and ocular
infections. Individuals with immune deficiency are especially prone to such infections,
leading to fatalities. Even though adenoviruses continue to cause concerns due to notable
mortality and morbidity in human populations, their existence may also provide a
possible benefit for patients with a broader range of illnesses as well. In recent studies,
for example, adenoviruses have been used in gene therapy and vaccine vector
development. Recently, bioinformatics and genomics are both high-resolution approaches
and resources available for studying the adenovirus for such purposes. One observation is
that genome recombination is a driving force in the molecular evolution of human
adenoviruses. This has implications for their use as vectors, particular across host species.
Computational analysis of this event can provide a better understanding of the role

recombination plays in the human adenovirus evolution and pathology, which may later



provide for a rational design of vaccines and for gene delivery vector development.
Custom developed bioinformatics tools will also help to facilitate the process of data
mining and analysis, and its presentation. In the course of this project, the genomes of
three respiratory and gastrointestinal pathogens, HAdV-B16, B21, D58 and D59, were
analyzed using bioinformatics tools to understand their origins and evolution as
pathogens, in particular, changes in their genomes. To facilitate this, several tools were
developed to assist this genome analysis. The analysis of both HAdV-B16 and HAdV-
B21, archived 1950s prototypes, provided examples of “then novel and emergent”
HAdVs arising as the result of genome recombination events with simian adenoviruses,
across host species. Recently emergent HAdV-D58 and HAdV-D59 are novel pathogens
that are characterized by genome sequencing and analysis. Their results have shown also

that recombination plays an important role in their molecular evolution.



CHAPTER 1 - INTRODUCTION

Introduction

The first two human adenoviruses (HAdVs) were isolated around the same time in
1953: 1) from a child’s adenoid tissue as a non-specific human respiratory infectious
agent and 2) from an U.S. Army recruit that presented with respiratory disease (Rowe et
al., 1953; Hilleman et al., 1954). Since the first isolation of the virus, numerous members
of the Adenoviridae family have been identified and characterized. It is likely all
vertebrates are affected by adenoviruses (AdVs), including but not limited to fish, frogs,
snakes, birds, canines, and primates, for example, chimpanzee and human. Human
adenoviruses are grouped under the genus Mastadenovirus (mammalian) (Fenner et al.,
1993). Within this, there are seven species (A-G) of HAdVs recognized, with more than
70 types that are identified based on immunochemistry, originally, and homologies of
nucleic acid sequences and hexon and fiber protein sequences, as well as biological and
genomic properties recently (Lion et al., 2014). The different types are associated with
different tissue tropism, such as the upper and lower respiratory tracts, urinary and
digestive tracts and eyes, allowing for characteristic diseases in these tissues and organs.

AdVs are non-enveloped icosahedral viruses comprising a nucleocapsid and a

linear double strand DNA with a genome size average of 30 kb that encodes about 30



proteins (Rowe et al., 1953). The icosahedral capsid contains 12 vertices and seven
surface proteins (Figure 1) It has a unique spike-like fiber protein, associated with each
penton base of the capsid, which is the cell recognition domain, enabling the attachment
of the virus to the host cell. The major outer proteins of the capsid are 240 hexon (protein
1), 12 penton base at the vertices (protein 1), and 12 protruding trimeric fibers (protein 1V)
attached to each of the penton base. These outer capsid proteins define individual virus
types, and include the recognition site for host's immune system interaction. They are

also very useful for serotyping e.qg., antibody assay, which was the main method for the
classification of AdVs. Recently, computational analyses of whole genome sequence and
the individual protein sequences have proved to be a faster, more complete and more

efficient process for typing AdVs (Jones et al., 2007).
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Figure 1 - Structure of a human adenovirus.

The hexon proteins provide structural stability while penton base and fiber proteins are responsible for host recognition
and virus penetration. Adapted from Waye, M.M.Y .; Sing, C.W. Anti-Viral Drugs for Human

Adenoviruses. Pharmaceuticals 2010, 3, 3343-3354.

Known diseases caused by HAdVs include but are not limited to, gastroenteritis,
acute febrile pharyngitis, pharyngoconjunctival fever, acute respiratory disease,
pneumonia, keratoconjunctivitis, pertussis like syndrome, acute hemorrhagic cystitis,
meningoencephalitis and hepatitis (Jones et al., 2007). The HAdV-A species has also
been shown to initiate sarcoma development in certain rodents (Ogawa K. 1989).
Respiratory diseases are mainly due to species HAdV-B, E, and C. Ocular diseases are

caused by HAdV-B, E, and D species. Gastroenteritis is due to the HAdV-F serotypes 40



and 41, although recent studies have shown HAdV-D serotype causes also gastroenteritis
(Liu et al., 2011; Liu et al., 2012). HAdV-E only has one serotype, 4; it is primarily
responsible for acute respiratory disease but may cause ocular disease at times. HAdV-4
is also one of the two HAdVs that has a vaccine developed against it (Jones et al., 2007),
indicating its importance as a respiratory pathogen.

The classification of AdVs is complex. As mentioned earlier, HAdVs are
classified under the genus Mastadenovirus. Currently there are more than 70 accepted
HAdV types (unpublished observation) based on genomics (HAdV-1 to HAdV-70),

which are categorized in seven species (HAdV-A to G) as shown in Table 1.

Table 1 - Taxonomy of Human Adenoviruses.
Using genomics and bioinformatics approaches, all of the recognized types of human adenoviruses are parsed into
species. These conform to original observation based on serology, sequence comparisons and biological attributes.

Species | Types

A 12,18, 31, 61

B 3,7,11, 14, 16, 21, 34, 35, 50, 55, 66, 68

-B1 3,7,16, 21, 50, 66, 68

-B2 11, 14, 34, 35, 55

C 1,2,5,6,57

D 8,9, 10, 13, 15, 17, 19, 20, 22, 23, 24,25, 26, 27, 28, 29, 30,
32, 33, 36, 37, 38, 39, 42, 43, 44, 45, 46, 47, 48, 49, 51, 53,
54, 56, 58, 59, 60, 62, 63, 64, 65, 67, 69, 70

E 4
F 40, 41
G 52

In the past, HAdV serotyping and species classification were defined by reactivity
of the outer coat proteins to discriminating antibodies. Additional biological properties

were used as well, e.g., oncogenic potential and hemagglutination properties (Lion et al.,



2014). However, these are lacking since they only probe a small view of the virus, for
example the antibody epitope DNA sequence for the hexon protein is approximately 2.6%
of the entire genome. Another drawback is that they are also expensive and time
consuming to perform. Recent studies using DNA sequencing and bioinformatics
methods, including phylogenetic analysis and amino acid sequence analysis, have
provided a suitable alternative that is cost-effective, quantitative and much less time-
consuming. Thus, bioinformatics has become a preferred and reliable method for
demonstrating how those viruses are related through molecular evolution by using
primary sequence data (Seto et al., 2009).

Currently, bioinformatics tools are lacking for mining viral genome data. Several
computational tools were developed to meet this need and were applied to the study of
four human adenovirus pathogens. The main objective of this thesis is to examine the
genomes and determine the mechanisms of the molecular evolution of three respiratory
and one gastrointestinal human pathogens, HAdV-16, 21, 58 and 59. This is
accomplished by studying the changes in their genomes in order to understand the

genesis of emergent and novel human viral pathogens.



CHAPTER 2 - COMPUTATIONAL ANALYSIS OF HUMAN ADENOVIRUS
Type 16

Abstract

Molecular evolution of human adenoviruses (HAdVs) is driven by recombination.
The computational analysis of HAdV-B16, a subspecies B1 member, provides evidence
for recombination between subspecies B2 genomes within the second half portion of the
hexon gene, previously unreported, and HAdV-E4, species E, within the first half
portion, an interspecies recombination event previously not known. As HAdV-B16 is a
candidate human gene transfer vector and HAdV-E4 is an important human pathogen,
understanding the role recombination plays in the evolution and pathoepidemiology of
HAdV has applications in the rational design of vaccines and for gene delivery vector

development.

Introduction

Human adenoviruses (HAdVs) have been characterized using available assays
since the 1950s (Hilleman et al., 1954; Rowe et al., 1953). As pathogens, they are of
interest because they may occur in highly contagious outbreaks infecting 100s (Binn et al.,

2007; Engelmann et al., 2006; Ishiko et al., 2008) and can also cause a wide range of



diseases, including respiratory, ocular, gastrointestinal and metabolic (Echavarria et al.,
2009). There are 70 different types partitioned into six (A-F) species based on biology,
immunochemistry and recombinant DNA methodologies, with genomics recently
providing additional prototypes for defining a new species G (Echavarria et al., 2009;
Ishiko et al., 2008; Jones et al., 2007; Walsh et al., 2009).

Genomics and bioinformatics are high-resolution approaches and resources that
are available for studying HAdVs at the primary nucleotide sequence level.
Computational analysis of the genome data is providing insights into the molecular
evolution of HAdVs, with the three novel “types” (HAdV-G52, D53 and B55)
characterized and christened using sequence analysis (Jones et al., 2007; Walsh et al.,
2009a; Walsh Seto et al., 2009) rather than serological characterization. Two of these are
the results of genome recombination (Walsh et al., 2009a; Walsh et al., 2009b), providing
support for the hypothesis that recombination is a major driving force for novel
prototypes (Crawford-Miksza et al., 1996). This was also recently suggested by the
limited analyses of sixteen species C field isolates by serology (Lukashev et al., 2008). A
re-examination of archived prototypes by genomics provides additional support that
novel HAdV arise as the result of recombination. An example is a penton base
recombination characterized in HAdV-D22 (Robinson et al., 2009).

This project describes two partial hexon recombinations uncovered during the
computational analysis of HAdV-B16. One is as an acceptor and the other is as a donor.
The donated sequence was from HAdV-E4 (Dehghan et al., 2013), representing an

interspecies event. Previous hypotheses and limited laboratory data indicated



interspecies recombination does not occur for the HAdV genomes (Lukashev et al., 2008;
Wadell et al., 1980; Williams et al., 1975).

Species HAdV-B is subdivided into two subspecies; using molecular biological
techniques and taking into account their biology as well as proteome differences
(Echavarria et al., 2009; Wadell et al., 1984; Wadell et al., 1980). Members of B1
(HAdV-B3, B7, B16, B21 and B50) are human acute respiratory disease (ARD)
pathogens, with two exceptions, HAdV-B50 (De Jong et al., 1999) and HAdV-B16.
HAdV-B16 was isolated originally from conjunctival scrapings in 1955 and recognized
as a new serotype (Bell et al., 1959; Hierholzer et al., 1991, Pereira et al., 1963). It was
therefore associated with ocular disease (Bell et al., 1959; Feng et al., 1959) originally,
but subsequently recognized as a respiratory pathogen as well, causing
pharyngoconjunctival fever (Echavarria et al., 2009), pneumonia (Morgan et al., 1984)
and other respiratory disease (Metzgar et al., 2005). HAdV-B16 appears to be either an
underreported or uncommonly encountered HAdV (D’Ambrosio et al., 1982; Metzgar et
al., 2005; Morgan et al., 1984) as there are few mentions in the literature. Members of
subspecies B2, with the exception of HAdV-B14 (Louie et al., 2008; VVan Der Veen et al.,
1957) and HAdV-B55 (formerly “HAdV-B11a”) (Walsh et al., 2010; Yang et al., 2009;
Zhu et al., 2009), are not associated with respiratory disease (Echavarria et al., 2009).

Aside from its pathogenicity, HAdV-B16 is of interest as a vector candidate for
gene delivery in gene therapy protocols (Skog et al., 2007). It is reported to infect human
low-passage brain tumor cells as well as cancer stem cells, unlike HAdV-C5, giving it an

important advantage.



Materials and Methods

HAdV-B16 is archived at the American Type Culture Collection (ATCC;
Manassas, VA) as “VR-17”, strain ch. 79. This was obtained and processed using a
protocol described for similar HAdV sequencing projects (Purkayastha et al., 2005; Seto
et al., 2009), with virus growth in A-549 cells and DNA purification outsourced to
Virapur, LLC. (San Diego, CA). Commonwealth Biotechnologies, Inc. (Richmond, VA)
sequenced the genome, using the Sanger chemistry with the DYEnamic ET Terminator
Cycle Sequencing kit (Amersham Biosciences; Piscataway, NJ); sequence ladders were
resolved on an ABI Prism 377 DNA Sequencer (Applied Biosystems; Foster City, CA);
and assembled it using DNA Sequencher (GeneCodes, Inc.; Ann Arbor, MI). A
minimum of three-fold sequences, covering both directions, with overall five-fold
coverage, was supplemented with PCR-driven amplification and re-sequencing of areas

that were found to be ambiguous upon sequence assembly and genome annotation.

Results

Genome sequence analysis

HAdV-B16 has a genome of 35,522 nucleotides with a GC content of 51%,
consistent with subspecies B1 (51%) and differing from species B2 (49%) and other
HAdV species; GC% is a species-defining criterion. Its genome is approximately 94%

identical to the HAdV-B1 members and 82% to HAdV-B2 members, with lower



identities to other serotypes and species (the next highest is HAdV-E4 at 72%). It
contains two VA-RNAs, as well as other genome and proteome attributes, that fit it into
subspecies B1 rather than B2 (Wadell et al., 1980; Wadell et al., 1984). Mapping of

HAdV-B16 proteins is shown in Figure 2.

HAdV-16 Hhole Genome Mapping
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Figure 2 - HAdv-B16 whole genome mapping.
Whole genome protein mapping of HAdV-B16 with GemeMap software on binf.gmu.e.du/eliul/genemap/
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Comparative genome analysis
Initial comparative sequence analysis was performed using zPicture

(http://zpicture.dcode.org/), a blastz algorithm based dynamic alignment visualization

tool, to align the HadV-B16 hexon genome against each of the eleven sequences from the
respiratory pathogens of species E, subspecies of B1 and B2 members. The zPicture
genome results showed sequence divergence across the genomes for the B1 genomes,
including within the hexon sequence. However, the B2 genomes showed sequence
conservation at the distal portion of the hexon gene, with similarity levels higher than the
B1 genomes (93% vs. 88%). Interestingly, HAdV-E4 showed a low similarity at the
distal portion, 81%, but a much higher level 97%, at the proximal end. The zPicture
sequence comparisons of the hexon sequences are shown in Figure 3.

Further analysis of HAdV-B16 included using the EMBOSS NEEDLE pairwise
sequence alignment tool (EMBL-EBI 2015) to calculate percent identity to each of the
eleven genomes to provide a more detailed relationship between each of the major
protein genes. The findings are consistent with zPicture results. The hexon sequences
showed that the proximal HAdV-B16 sequence that is highly similar (94.6%) to its
HAdV-E4 counterpart, comprising approximately 900 nucleotides that represent 31.9%
of the HAdV-B16 hexon gene and 2.53% of the whole genome. This is in line with
similar hexon recombinants reported in the literature for HAdV-D53 and B55 (Walsh et

al., 2009; Walsh et al., 2010).

11
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Figure 3 - zPicture Analysis of HAdV-B16.

The HAdV-B16 hexon gene was aligned, using zPicture, against subspecies B1 (HAdV-B3, B7, B21, B50 and SAdV-
B21), subspecies B2 (HAdV-B11, B14, B34, B35, and B55), and HAdV-E4. The x-axis ranges from nucleotide 1 to
2800. Numbers along the y-axis represent the percent identity from 50% to 100%. Hypervariable regions L1 and L2
are indicated at the top of the alignments, for reference and are approximate locations. GenBank accession numbers:
HAdV-B16 (AY601636), HAdV-B3 (AY599836), HAdV-B7 (AY594255), HAdV-B21 (AY601633), HAdV-B50
(AY737798), SAdV-B21 (AC_000010), HAdV-B11 (AC_000015), HAdV-B14 (AY803294), HAdV-B34 (AY737797),

HAdV-B35 (AC_000019), HAdV-B55 (FJ643676) and HAAV-E4 (AY594253).
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In contrast, the distal sequences of HAdV-B16 showed 92.5% identity with
HAdV-E4, where the zPicture alignments showed that the distal portion of the HAdV-
B16 hexon as having high similarities to the subspecies B2 sequences, for example
percent identity results showed 98% identity with HAdV-B11, HAdV-B34 and HAdV-
B35; 97% with rest of the HAdV-B species, see Figure 3. This region represents
approximately 34.0% of the hexon and 2.70% of the genome (Table 2). Also noted is that
HAdV-B16 has the highest percent identity of 95% with HAdV-B3 and B7 in the penton
base gene, while the rest of percent identities of the reference genomes are in the low to
mid 80%. The fiberknob region of HAdV B-16 also shows the highest percent identity to

Simian Adenovirus (SAdV) 35.1 and 35.2 of 97.4% and 97.9% respectively.

Table 2 - Percent Identity of HAdV-B16.
Percent identities of the nucleotide coding sequences of selected HAdV-B16 coding regions to homologous sequences
form viruses in species HAdV-B, HAdV-E and SAdV-B.

Species | Types Penton | Hexon Hexon Hexon | Fiber

base Proximal | Distal | knob
Human | HAdV-B3 95.0 86.8 75.4 97.4 61.8
Human | HAdV-B7 95.0 86.8 75.2 97.4 52.3
Human | HAdV-B21 84.8 85.2 72.4 97.2 52.2
Simian | SAdV-B21 84.0 85.0 718 97.6 79.4
Human | HAdV-B50 84.7 86.1 74.2 97.2 51.9
Human | HAdV-B11 84.2 85.5 72.1 98.0 51.7
Human | HAdV-B14 85.1 85.4 72.2 97.8 50.9
Human | HAdV-B34 85.9 85.2 71.6 98.0 51.9
Human | HAdV-B35 84.1 85.3 71.8 98.0 51.9
Simian | SAdV-B35.1 | 84.5 84.7 71.7 97.0 97.4
Simian | SAdV-B35.2 | 84.5 84.7 717 97.0 97.9
Human | HAdV-B55 85.4 85.4 72.0 97.8 50.6
Human | HAdV-E4 80.2 93.5 94.6 92.5 29.7
Simian | SAdV-27.1 84.9 85.2 74.1 96.0 55.7
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Hexon recombination

To explore the zPicture and percent identity results in greater detail, and to
examine its origins, the HAdV-B16 genome was examined using software to detect
sequence recombination, SimPlot 3.5.1

(http://sray.med.som.jhmi.edu/SCRoftware/SimPlot). SimPlot calculates and plots the

percent identity of the query sequence to a panel of reference sequences in a sliding
window, which move across the alignment of steps (Lole et al., 1999). This was
approached initially by using whole genome and hexon sequences from all of the
sequenced HAdVs, and then narrowing the eventual query set to the B1, B2 and E
genomes. Bootscan analysis, an option of SimPlot, revealed a high degree of similarity
of the proximal portion of the HAdV-B16 hexon with HAdV-E4 (Figure 4A). SimPlot
analysis of the distal portion of the HAdV-B16 hexon indicated conservation to the B2
species collectively (Figure 4B). Iterations of recombination analyses using each of the
B2 genomes separately showed each contributed equally to the proximal recombination
as shown with the Bootscan analyses (Figure 5A). Together, these provide evidence for
a recombination event with an ancestral species B2 genome at the distal portion of hexon
(Figure 5B), unlike the two other HAdV recombinations described recently involving the
proximal portions of the hexon gene (Walsh et al., 2009; Walsh et al., 2010). Bootscan
analysis is an option of SimPlot, with adjustable window, step and repeat sizes; it
repeatedly generates bootscan phylogenetic trees using random halves of the sequence
within a given window. The reference sequence that has been clade with the query

sequence the most number of times will be represented on the top of the plot.
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Figure 4 - Whole genome recombination analysis of HAdV-16.

A) Whole genome Bootscan analysis of HAdV-B16 with representative HAdV genomes, showing sequence similarity
to HAdV-E4 at the hexon sequence, with all four subspecies B2 genomes contributing equally and diluting out the
similarity. (window size 1000bp, step size 200bp, repeat 100) B) Whole genome SimPlot analysis of HAdV-B16 with
representative HAdV genomes. (window size 1000bp, step size 200bp, repeat 100).
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Figure 5 - Whole genome recombination analysis of HAdV-16.

A) Hexon Bootscan analysis of HAdV-B16 with representative HAdVs. This is a composite, using HAdV-B14 as a
representative of the subspecies B2. Additional iterations with each B2 shows the identical pattern, and inclusion of all
B2 members “competed” out the high similarity. (window size 200bp, step size 20bp) B) Hexon SimPlot analysis of
HAdV-B16 with representative HAdVs, showing the subspecies B2 sequence contributions. (window size 200bp, step
size 20bp) GenBank accession numbers, in addition to ones noted earlier, are as follows: HAdV-A12 AC_000005,
HAdV-C5 AC_000008, HAdV-D9 AJ854486, HAdV-D53 FJ169625, HAdV-F40 NC_001454, HAdV-G52 DQ923122.
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The second recombination event, involving the proximal portion of the hexon,
suggests HAdV-B16 contributed to the evolution of HAdV-E4 (Dehghan et al., 2013), or
vice versa. This is hypothesized as a host adaptation event as HAdV-E4 is the only
human HAdV of species E with the rest being chimpanzee adenoviruses (SAdV-E22 to
E25). The virus was reported as originating from a zoonotic event (Purkayastha et al.,
2005).

Given the whole genome recombination analysis, without clear similarities to
other genomes, it is likely the HAdV-B16 genome is an “ancient” sequence that has
accumulated enough nucleotide changes to show divergence from other genomes as
shown in the recombination analysis. The distal B2 recombination is likely a “recent”
event, as it retains a high level of identity to the B2 sequences, e.g., without subsequent
accumulated nucleotide changes. The “donation” of the proximal sequence to HAdV-E4

is likely recent as well, from the HAdV-E4 genome perspective (Dehghan et al., 2013).

Phylogeny analysis

Molecular Evolutionary Genetics Analysis (MEGA) 4.0.2 (Tamura et al., 2007)
was used for phylogenetic analysis using bootstrap-confirmed neighbor-joining trees of
the HAdV genomes, hexon gene and its parts, penton base gene and fiber gene, allowing
a detailed examination of HAdV evolution and providing an additional view of these
recombination events (data not shown). Figure 6 displays a portion comprehensive
whole genome phylogeny analysis tree. Shown in this phylogenetic snapshot are the B1

and B2 genomes forming a subclade together, as species B, but branching separately as
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subspecies. As expected, HAdV-B16 subclades with species B1 members. HAdV-E4 is
also shown in a subclade separated from species B and the other HAdV species. This
clade includes other members of species E, the chimpanzee adenoviruses (Purkayastha et

al., 2005; Purkayastha et al., 2005) (data not shown).
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Figure 6 - Whole genome phylogenetic analysis of HAdV-B16.

The phylogenetic tree was constructed from aligned sequences using MEGA, via the neighbor-joining methods and a
bootstrap test of phylogeny. Bootstrap values shown at the branching points indicate the percentages of 1000
replications produce the clade. A Bootstrap value of 70 and above is considered to be robust.
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Phylogeny analysis of the hexon genes (Figure 7) shows HAdV-B16 in the same
clade as, but branching away from, HAdV-B3 and B7. It has a similarity to the B2
subclade and the chimpanzee SAdV-B21 and HAdV-B21 subclade. Dividing the hexon
sequence into proximal and distal subsequences, (Figure 8A and 8B), defined in the
zPicture analysis, the proximal portion subclades with HAdV-E4. The distal portion of
hexon branches with B2 subclade. Both hexon and fiber phylogeny trees presented the
same results as the whole genome tree, the HAdV-B16 genes subclade with B1 members
and away from both species E and subspecies B2 (data not shown). These results are

consistent with and support the findings of the zPicture and the Bootscan analyses.
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Figure 7 - Hexon phylogenetic analysis of HAdV-B16.
Bootstrap neighbor-joining trees hexon gene sequence relationships, with the species B members and representatives of
the other HAdV species for reference.
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Figure 8 - Hexon halves phylogenetic analysis of HAdV-B16.
A) Proximal portion of Hexon sequence phylogenetic relationships. B) Distal portion of Hexon sequence phylogenetic
relationships. Phylogenetic trees were generated from aligned sequences using MEGA, via the neighbor-joining

method and a bootstrap test of phylogeny.

The phylogenetic analysis of HAdV-B16 fiber portion especially the fiber knob
region appears to be grouped closest to the simian adenoviruses, SAdV-B35.1, SAdV-
B35.2 and then to SAdV-B21, away from rest of the HAdV-Bs, the closest human

adenovirus is HAdV-B3, while rest of the HAdV-Bs were branched separately (Figure 9).
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Figure 9 - Fiber knob phylogenetic analysis of HAdV-B16.
Phylogenetic tree was constructed from aligned sequences using MEGA, via the neighbor-joining method and a
bootstrap test of phylogeny

Discussion

Recombination, molecular evolution and new serotype

As double-stranded DNA viruses, HAdV genomes are relatively stable with
minor nucleotide changes, such as base substitution and insertion/deletions. This was
documented in genome sequence comparisons between prototype and vaccine strains of

HAdV-E4 and B7 (Purkayastha et al., 2005), as well as with a recent HAdV-B7 field
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strain and its prototype(Seto et al., 2010). A similar result was found for longer time-
spans, e.g., across minimum of fifty years of circulation, for five HAdV-B3 genomes
(Mahadevan et al., 2010), and forty-two years, shown for several strains of HAdV-B7,
which were assayed for antigenic differences, presumably reflecting strain variations, by
serum neutralization tests and hexon sequencing (Crawford-Miksza et al., 1999); this
contrasted with the HAdV-E4 genomes noted in the same study

HAdV genomes also undergo relatively large-scale changes, as recombination,
which is noted as antigenic shifts. As the hexon is a target for neutralizing antisera
(Toogood et al., 1992), it would be expected that changes in this epitope would result in
altered serological response. In the past, this signified a novel HAdV serotype. A
striking example is demonstrated recently for the newly recognized HAdV-B55
(misnamed as “HAdV-B11, QS” and “HAdV-B11a” (Zhu et al., 2009)). Thisisa
recently reanalyzed HAdV identified as the recent re-emergent pathogen responsible for a
highly contagious ARD outbreak (Walsh et al., 2010; Yang et al., 2009; Zhu et al., 2009)
in which a recombination of the proximal portion of the hexon results in a change in
serum neutralization patterns. The genome “chassis” of HAdV-B55 is predominantly
HAdV-B14 (97.4%), with the partial hexon sequence of HAdV-B11 (2.6%) allowing it to
serotype as HAdV-B11, a renal and urinary tract virus (Li et al., 1999; Numazaki et al.,
1968). The genome recombination resolves the cell tropism riddle of “B55” having the
cell tropic characteristics of B14 while serotyping as “B11” (Li et al., 1991; Mei et al.,

1998). The original naming of HAdV-B55 as “HAdV-B11a” by serology was also
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inconsistent with its biology and pathology as a respiratory pathogen, which archetype
HAdV-11 was not.

In this study, HAdV-B16 is revealed to present a unique recombination event. To
date, the only two hexon recombinants characterized in genomic detail involve a transfer
of the proximal sequence (Walsh et al., 2009, Walsh et al., 2010), in contrast to this
HAdV-B16 recombination. The distal portion of an ancestral B2 HAdV genome is
shuffled, resulting in a “then-new” HAdV that warranted the recognition of a new
serotype in the 1950s (Bell et al., 1959; Hierholzer et al., 1991; Pereira et al., 1963). This
study also shows that HAdV-B16 contributed a proximal portion of its hexon gene to
HAdV-E4, an interspecies event (the second such noted), perhaps allowing that virus to
adapt and optimize to a human host following a zoonotic infection from chimpanzees to
humans (Purkayastha et al., 2005; Purkayastha et al., 2005). In addition, this genome
analysis explains earlier reports, and resolves a riddle, that of the “bilateral cross-
neutralization observed between Ad16 of subgenus B and Ad4 of subgenus E” reported
in the literature twenty-five years ago (Hierholzer et al., 1991).

HAdV genome recombination has been reported in the literature (Williams et al.,
1975). Using molecular typing and/or serological techniques to characterize new variants
and more virulent strains, such as HAdV-B7h (Kajon et al., 1996), as well as “intertypic”
or “intermediate” strains (Boursnell et al., 1981; Engelmann et al., 2006; Hierholzer et al.,
1988; Hierholzer et al., 1976; Ishiko et al., 2008), recombinants have been suggested.
Recombination was noted as a frequent event during the analyses of sixteen species C

field isolates (Lukashev et al., 2008) and noted in a survey of novel AIDS-associated
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HAdVs (Crawford-Miksa et al., 1996). Recombinant HAdV genomes have also been
generated in vitro (Boursnell et al., 1981; Mautner et al., 1984). Given all these
observations, recombination was hypothesized as a driving force for the molecular
evolution of new HAdV serotypes (Crawford-Miksa et al., 1996). Recent reports using
genomics have reconfirmed this, e.g., identified, characterized and christened HAdV-D53
and HAdV-B55 as novel recombinant HAdV, with partial proximal hexon transfers
(Walsh et al., 2009; Walsh et al., 2010). Re-analysis of HAdV-22 by genomics and
computational methods shown this is also a recombinant, albeit at the penton base gene
(Robinson et al., 2009). Genomics has extended and refined these observations, for
example, disproving a hypothesis with limited molecular typing data for sixteen species
C field isolates that interspecies recombination does not occur for “available complete
genome sequences of AdB, AdC and AdD species” (Lukashev et al., 2008).

It should be noted a recombination does not automatically define nor necessitate
the recognition of a new “type”. An example of this is described for two recently isolated

and characterized field strains of HAdV-E4 (Dehghan et al., 2013).

Conclusion

Genomic and bioinformatics comparisons of the HAdV-B16 genome to other

HAdV genomes identified two exclusive and partial hexon gene recombination events,

one as an interspecies donator to HAdV-E4 and the other as an acceptor of an ancestral

subspecies B2 sequence. The former event explains the observed serological cross-
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reaction, noted in the literature, with HAdV-E4. This is a unique snapshot of the
molecular evolution of HAdV, and represents an exception to the previous hypotheses

and observations that HAdV genomes did not shuffle sequences across species.
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CHAPTER 3 - COMPUTATIONAL ANALYSIS OF HUMAN ADENOVIRUS
TYPE 21

Abstract

One driving force of human adenoviruses (HAdVs) molecular evolution is
genome recombination resulting in emergent and novel pathogens in the past and the
present. HAdV-B21 is a human respiratory pathogen that is a recombinant containing a
large genomic sequence, including the major capsid proteins penton base and hexon, that
has near sequence identity with genomic sequences identified from both chimpanzee
(SAdV-B35.1) and bonobo (SAdV-B35.2) AdVs. Understanding the role that
recombination plays in adenovirus evolution and pathoepidemiology is important in
vaccine development, along with their long-term effectiveness and in the development of
gene therapy vectors, using SAdVs as an alternative to viruses with pre-existing
immunity in humans. Genome recombination provides the realization that non-human
simian species are reservoirs for potentially highly contagious and deadly human

adenoviral pathogens through zoonosis.

Introduction
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This study of the detailed analysis of HAdV-B21 is a genomic examination of an
archived prototype, circa 1950s. The purpose of this genomic analysis is very similar to
the analysis of HAdV-B16 discussed in Chapter 2, which is to support additionally that
novel HAdVs may arise from genome recombination. HAdV-B21 also belongs to
subspecies B1, whose members are usually responsible for respiratory diseases. There
has been a report that shows an increase in the incidence of fatal adenovirus infections
(Rowe et al., 1953). A number of those severe disease cases have been linked to HAdV-
B21 (Lahm et al., 2010). The exact etiology for this unexpected high mortality remains
unknown; the referenced case reports a patient with severe pneumonia resulting in
hemophagocytic lymphohistocytosis (HLH) with acute respiratory distress syndrome and
rapid progressive multi-organ dysfunction syndrome. It was proposed that an association
between HAdV-B21 and HLH may, at least in part, explain the recent observed increase
in incidence of fatal adenoviral infection (Lahm et al., 2010). To explore whether genome
recombination is involved in the molecular evolution of HAdV-B21 in general, this study

reexamines the original isolate using genomic and bioinformatics.

Material & Method

HAdV-B21 (AV-1645) was purchased from the American Type Culture

Collection (ATCC; Manassas, VA). This virus was processed using protocols described

for similar HAdV sequencing projects (Lauer et al., 2004; Purkayastha et al., 2005a; Seto
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et al., 2009) by Virapur, LLC. (San Diego, CA); these include growth in A-549 cells and
subsequent DNA purification.

Genome sequencing was outsourced to Commonwealth Biotechnologies, Inc.
(Richmond, VA), applying the Sanger chemistry with the DYEnamic ET Terminator
Cycle Sequencing kit (Amersham Biosciences; Piscataway, NJ); ladders were resolved
on an ABI Prism 377 DNA Sequencer (Applied Biosystems; Foster City, CA); and
assembled using DNA Sequencher (GeneCodes, Inc.; Ann Arbor, MI). Across the
genome, an average of five-fold sequencing and a minimum of three-fold coverage, and
both directions. Re-sequencing of areas that were found to be questionable upon
sequence assembly and genome annotation was PCR-driven amplification and
sequencing. Quality control included genome annotation, with comparisons to earlier
types 1, 4, and 7 genome data, including the prototype and vaccine (Lauer et al., 2004;
Purkayastha et al., 2005a; Purkayastha et al., 2005b). Annotation was performed using
the Genome Annotation Transfer Utility (GATU) software tool (Tcherepanov et al.,
2006), and recorded and visualized using Artemis, a genome viewer (http://
www.sanger.ac.uk/resources/software/artemis/) (Rutherford et al., 2003).

Whole genome sequences used in this analysis are listed here along with their accession
number; HAdV-B21 (AY601633), HAdV-B16 (AY601636), HAdV-B3 (AY599836),
HAdV-B7 (AY594255), HAdV-B50 (AY737798), SAdV-B21 (AC_000010), HAdV-
B11 (AC_000015), HAdV-B14 (AY803294), HAdV-B34 (AY737797), HAdV-B35
(AC_000019), SAdV-B35.1 (FJ025912), SAdV-B35.2 (FJ025910), HAdV-B55

(FI643676) and HAdV-E4 (AY594253).
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Results

Genome sequence analysis

HAdV-B21 has a genome size of 35,382 nucleotides with a GC content of 51%,
consistent with subspecies B1 (51%) and differing from B2 (49%) and other HAdV
species; GC% is a species criterion. Its genome is approximately 95% and 83% identical
to the HAdV-B1 and HAdV-B2 members respectively, with much lower identities to
other species and serotypes, next highest is HAdV-E4 at 74%. The virus fits into
subspecies B1 instead of B2 as it contains two VA-RNAs, as well as other genome and

proteome attributes as noted by earlier reports (Wadell et al., 1980; Wadell et al., 1984).

Comparative whole genome analysis

Comparative whole genome sequence analysis was performed using zPicture.
This dynamic alignment tool aligns the HAdV-B21 genome against genomes of the B1
and B2 members, all HAdVs, along with SAdV-B21, SAdV-B35.1 and SAdV-B35.2,
which are from non-human simian hosts. The zPicture whole genome results showed
sequence divergence across the genomes for the B1 genomes and the SAdV genomes
(Figure 10). The HAdV-B21 genome is almost identical to HAdV-B50 genome, except
for the divergence in the proximal hexon region. Rather, the proximal hexon region

shows high sequence conservation with SAdV-B35.1 and SAdV-B35.2 instead.
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Figure 10 - zPicture Analysis of HAdV-B21.

The HAdV-B16 hexon gene was aligned, using zPicture, against HAdV-B50, B16, B7 and SAdV-B21, B35.1 and

B35.2. The x-axis ranges from nucleotide 1 to 36000. Numbers along the y-axis represent the percent identity from 50%
to 100%. Protein regions are indicated at the top of the alignments, for reference and are approximate locations.

Each surface protein of HAdV-B21 was further analyzed by calculating its
percent identity to the rest of the reference genomes mentioned above. These results are
shown in Table 3. HAdV-B21 penton base region has a percent identity of 99.3 to
HAdV-B50, SAdV-B35.1 and SAdV-B35.2. The hexon region has the highest percent

identity of 98.0 and 98.1 to SAdV-B35.1 and B35.2 respectively. Upon closer

30



examination, the proximal portion of HAdV-B21 only has 84.7% identity of HAdV-B50
and 99.3% identity to SAdV-B35.1 and B35.2. This region comprises approximately 900
nucleotides that represent 31.9% of the HAdV-B21 hexon and 2.5% of the total genome.
In contrast the distal hexon region is 100% identical to HAdV-B50, and 99.8% identity to
SAdV-B35.1 and B35.2. The fiber knob region is well-conserved with HAdV-B50; it has

a percent identity of 99.7% and diverges away from the SAdVs numbers.

Table 3 - Percent identity of HAdV-B21.
Percent identities of the nucleotide coding sequences of selected HAdV-B21 coding regions to homologous sequences
form viruses in species HAdV-B, HAdV-E and SAdV-B.

Species | Types Penton | Hexon | Hexon Hexon Fiber

base Proximal | Distal knob
Human | HAdV-B3 85.8 855 | 749 95.6 57.0
Human | HAdV-B7 85.6 859 |759 95.4 59.7
Human | HAdV-B16 84.8 85.2 72.4 97.2 52.2
Simian | SAdV-B21 97.7 91.3 |831 99.0 56.7
Human | HAdV-B50 99.3 926 |84.7 100.0 99.7
Human | HAdV-B11 92.2 93.5 |89.1 97.6 59.4
Human | HAdV-B14 92.0 90.2 |825 97.4 60.0
Human | HAdV-B34 92.5 90.3 |824 97.6 95.2
Human | HAdV-B35 92.3 91.3 |84.6 97.6 94.8
Simian | SAdV-B35.1 | 99.3 98.0 |96.1 99.8 53.4
Simian | SAdV-B35.2 | 99.3 98.1 |96.3 99.8 53.1
Human | HAdV-B55 92.2 92.4 87.1 97.4 60.0
Human | HAdV-E4 83.9 833 |729 92.9 26.0

Hexon recombination
To further explore the zPicture and percent identity results in greater detail, and to
examine HAdV-B21’s origins, a sequence recombination detection software SimPlot was

used to calculate and plots the percent identities of the HAdV-B21 to a panel of reference
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sequences in a sliding window that moves across in steps of the alignment in order to
detect recombination (Figure 11A and 11B). A closer examination of the hexon region is
done by SimPlot and Bootscan analyses, they displayed a high degree similarity of the
proximal half of HAdV-B21 with SAdV-B35.1 and B35.2; distal half of the HAdV-B16
indicated conservation to HAdV-B50 (Figure 12A and 12B). Due to the near-identical
percent similarity between SAdV-B35.1 and B35.2 that will compete against each other
in Bootscan graph and obscuring the true result, SAdV-B35.1 was excluded and SAdV-
B35.2 was used in this figure to represent the recombination event.

Given the whole genome recombination analysis and the hexon recombination
analysis, it is likely that HAdV-B21 is an ancient genome sequence that has accumulated
nucleotides changes across species and shown divergence from other genomes. The
proximal SAdV-B35 recombination contains a high level of identity to HAdV-B16 which
can be a recent event. The zoonotic transfer is consistent with the ones observed in

previous studies, with the direction of the zoonosis undetermined (Dehghan et al., 2013).
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Figure 11 - Whole genome recombination analysis of HAdV-21.

A) Whole genome Bootscan analysis of HAdV-B21 with representative HAdV genomes, showing sequence similarity
to HAdV-B50 at the hexon sequence. (window size 1000bp, step size 200bp, repeat 100) B) Whole genome SimPlot
analysis of HAdV-B21 with representative HAdV genomes, shows high similarity of SAdV-B35.1 and B35.2 at the
distal region of hexon (window size 1000bp, step size 200bp, repeat 100).
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Figure 12 - Whole genome recombination analysis of HAdV-21.

A) Hexon Bootscan analysis of HAdV-B21 with representative HAdVs. This is a composite, using HAdV-B35.2 as a
representative of the SAdV-B35. Additional iterations with each SAdV-B35.1 shows the identical pattern, and
inclusion of all SAdV-B35 members “competed” out the high similarity. (window size 200bp, step size 20bp) B)
Hexon SimPlot analysis of HAdV-B21 with representative HAdVs, shows the SAdV-B35 sequence contributions.
(window size 200bp, step size 20bp)
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Phylogenetic analysis

MEGA was used for phylogenetic analysis with bootstrap confirmed neighbor
joining trees of the HAdV genomes, penton base, hexon and its parts, and the fiber knob
region. This provides an additional view of the recombination events and allowing a
closer examination of the HAdV evolution. Whole genome phylogenetic analysis shows
B1 and B2 genomes forming a subclade together as part of the species B but also

branching separately with SAdV-Bs in between (Figure 13).
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Figure 13 - Whole genome phylogenetic analysis of HAdV-B21.

The phylogenetic tree was constructed from aligned sequences using MEGA, via the neighbor-joining methods and a
bootstrap test of phylogeny. Bootstrap values shown at the branching points indicate the percentages of 1000
replications produce the clade. A Bootstrap value of 70 and above is considered to be robust.
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Phylogenic analysis of the hexon gene (Figure 14) shows HAdV-B21 in the same
clade but branching away from, as rest of the B1s. It has higher similarity to SAdV-B35.1,
B35.2 subclades and SAdV-B21, HAdV-B50 subclades. For detailed analysis, the hexon
sequence is then divided into the proximal and distal subsequences (Figure 15A and 15B)
defined in zPicture. This shows that the proximal portion subclades with SAdV-B35.1
and B35.2 while the distal portion subclades with HAdV-B50. These results are

consistent with and support the findings from the zPicture and SimPlot Bootscan analyses.
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Figure 14 - Hexon phylogenetic analysis of HAdV-B21.
Bootstrap neighbor-joining trees hexon gene sequence relationships, with the species B members and representatives of
the other HAdV species for reference.
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Figure 15 - Hexon halves phylogenetic analysis of HAdV-B21.

A) Proximal portion of Hexon sequence phylogenetic relationships. B) Distal portion of Hexon sequence phylogenetic
relationships. Phylogenetic trees were generated from aligned sequences using MEGA, via the neighbor-joining
method and a bootstrap test of phylogeny.

The phylogenetic analysis of the fiber knob region shows HAdV-B21 clade
closest to HAdV-B50 then to HAdV-B34 and B35. It branches away from rest of the

Simian Bs and away from rest of the B1s and B2s. (Figure 16).
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Figure 16 - Fiber knob phylogenetic analysis of HAdV-B21.
Phylogenetic tree was constructed from aligned sequences using MEGA, via the neighbor-joining method and a
bootstrap test of phylogeny.

Discussion

With the applications of bioinformatics methods and genomic technology
available today, we understand the relationship of infectious diseases and microbial
pathogens in greater detail (Relman et al., 2011). Potentially emergent pathogens may be
predicted using genome sequence data, as noted for a HAdV (Robinson et al., 2013). The
recently availability of a large quantity of genomic data also provides valuable
information to understanding the molecular evolution mechanism for emergent and novel

pathogens (Robinson et al., 2009; Walsh et al., 2009).
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In this study, HAdV-B21 presents a unique recombination event between human
and simian adenoviruses. Although the recombination direction cannot be determined,
DNA sequences are transferred laterally between human and simian viruses. These
viruses from zoononic transfers may become optimized and adapted through evolution to
the new host (Dehghan et al., 2013). HAdVs are important biomedical tools as vectors for
gene and epitope delivery (Darr et al., 2009; Stone et al., 2006). Simian adenoviruses are
increasingly being considered as alternative to its human strains due to seroprevalence
concerns. There recent attentions to SAdVs as potential gene vectors have brought more
genomes sequences into the data set (Roy et al., 2004), allowing for more comprehensive

analyses and deeper insights, such as reported here for HAdV-B21.

Conclusion

Bioinformatics and genomic comparisons of HAdV-B21 genome to other HAdV
genomes revealed two recombination events in the penton base and hexon genes with
both chimpanzee (SAdV-B35.1) and bonobo (SAdV-B35.2) AdVs. Comprehending the
role that recombination plays in adenovirus evolution is important in gene therapy vector
development and in the development of vaccines. Similar to the previous chapter, this
also represents another exception to the previous observations and hypotheses that HAdV

genome did not exchange sequences across species.
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CHATPER 4 - HUMAN ADENOVIRUS TYPE 58

Introduction

Human adenovirus type 58 (HAdV-D58) is the first novel gastrointestinal
adenoviral pathogen identified since the 1990s (De Jong et al., 1999). It was isolated
from the stool sample of an AIDS patient who presented with severe chronic diarrhea.
The virus contains a novel hexon gene coding sequence as well as a novel recombinant
fiber gene. Serological analysis also demonstrated that HAdV-D58 has a different
neutralization profile than all other HAdV characterized to date since the 1990s. The
characterization of this gastrointetinal pathogen has public health significance, especially
in Argentina and South America where it was first isolated, as well as other “developing”

regions.
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Abstract

In February of 1996 & human adenovines (formery known & Ad-Cor-96-487) was isolated from the stod of an AIDS patient
wiho presented with severe chronic diarrhea. To dharacterize this apparently novel pathogen of potential public healtth

. the com phete genome of this ademnovines was sequenced to ducidate its onigin. Bioinform atic and phylogenetic
analyses of this genome demonstrate that this virus, heretofore referred to a5 HADV-DSE, containg 2 novel hexon gene a3
wiell as a recombinant fiber gene In addition, serological anahsis demonstrated that HAGV-DSE has a different
neutralization profile than all previously characterized HAdVS. Bootscan analysis of the HADV-DSE fiber gene strongly
Sugppests one recom bination event.
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Intreduction Based npon whol e genomic and bininfrmatics analysis, this vims

Human sdenovimses (FlAdVs) wene first isolated in 1953 from
pﬁdimi:aduuid.ﬁuutmdﬁumamiﬁnwhﬁ:hhuu
isolated and chamscterized [31{-,515‘?] Cuwrrently, there are 56
HAdVs inthe genis Mastadenovims in the family ddeasinidee that

mu:pm.mﬁdmtnmmq:ﬁnum—ﬂ-] [3.4, 7 A]. Indnidnal H AV
typees were oniginally differentiated hased on immmmnochemical or

serological methods, ot more recently, genomics and bisindor-
matic analyses have spplanied serology [H]. Members of each
species are highly similar at the nucleafide leve, and do not appear
i recombine readily with members of another species. Species
growping ako reflect 2 tendency for specific human diseases: for
example many HAdVs within species HADV-I) mme epidemic
kerataconjimetivits [9], whersas HAdVs in species HAJV-B are
Inown: 1o canse respimtory infections [10].

Cumendy there are three human admovimss (HADV-F4,
HADV-F41 and HAdV-(352) that are associated with gastroemerits
[7,8]. Gastroenterifis & sssodaied with an estmaied 5,000 deats
per year in Uniied Stages [11]. It is Heely that the efickogical agents
of gasiroenterits ndude yetto-he jdent fied pathogenic agems.

In this repornt we examined an adenovims Holaed from the stool
of an AIS patient who presenied with severe chronic diarrhea.
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appears to helong oo species HAAV-I, with the propossd name
HAAV-TI5A.

Results
Microbiological Imeestigation

In Felwuary of 1996 an adenoviris was olated from the: stool of
a Jl-year-0ld AIDS patient who presented with severe chromic
diarrhea amd was subsequenthy hospitalimed. Crypicpanidume ponum
and (Gixdia lowmblis were also found in the fecal mater of the
patent; therefore, the clinical symptoms cannot be exchmively

Amplification and sequendng of the novel adenovins

Partial lﬁqumm;ufHMVDﬂ, praviously published os the
Ad-Cor-96-487 srain [13], via impuoted serum nentrebrstion,
demonsiraded that portions of the hexon and fiber genes resembled
HAIV-ID33 and HADV-D29, respectively [12]. This suggesed
that this novel HADV Baolawed from an AIDE patisnt originated at
least in part by mecombinafion. To echcidate the genetic
chamceristics of HAAV-DD50, the entie genome has bheen
sequenced] and smatyred.
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Computationa Amalyss of a Movel Human Adenovisus
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a low of 00.72% (HAJV-IME phylogenetic distance of L0711) o
93.97% (HAJV-D4% phylogenetic dizance of (0341),

Genomic recombination analysis

Comparimnn of HADV-158 with the fuld ength genomes of viruses
in species HAIV-I) using Sim Flot analysis revealed significant sequ-
ence divergencein the hexon, E3, and fiber codingsequences (Fig. 2).

Genetic analysis of the novel adenovirus hexon coding

SEQUEnces

Anshesi of the HADV-ID5 genome via pairwise oomparismn
suggesied that the hexon coding sequence was unfike any other
known human adenovirus hexon sequence (Fig. 3). To determine
if the hewon gene was novel | we perinmmed SmPlot snabysi nsing
all hexon loop 1 (I.1) and lop 2 (12) coding sequences in species
HAIV-T). L.]1 and 1.2 contin the epsilon (g] determinant, which
cm@in the epitopes for serum nentairation [153]. SimPlo
anahysis confirmed that the hexon gene of HAdV-D5H is unique
compared with all other hexon genes in species HADV-T) (Fig. 3).
In terms of mcleotide identty, the L1 and 13 of HAJIV-T33 were
mest similar o HAAV-D58 with 844 and 898% mucleotide
identity, repectively (Table 211 No substantial evidence of

Computationa Amalyss of a Movel Human Adenovisus

Analysis of the B genes

In the E3 region 19K, RTDw, RIDE, and 147K are the only
genes that have heen imestigassd. The fimction of the E3/ 19K
protein & i prevent human MHC class T molscnles from heing
transported i the cell surfce [14]. Specifically, aming acids Wi,
MAT, and W36 were shown o he important for HLA-T
madulation [14]. A sscond finction of E3/19K & to inhibit NEK
cells from recogmizing HAdV-infected cells by sequesiering MHO-
I chainrrelawed proeins A and B (MICASE) [15]. The 147K
protein prodoct inhikis the inemafimton of THNF recepinr 1
[16]. The RID< and RIDE prosins down-m odulae the apopinss
recepraor Fasd/ Apo-1 [17].

Bootscan analysis srongly suggests that there was a remmbi-
nation event in the middle of the open reading fromes of 19K and
CR 1=y (Fig. 4). These recombination evens did not dismpt amy of
the E3 open reading frames in the HAAV-D50 genome. Analysis
of the 19K open reading frame in HADV-D50 demonsmaied that
mming adds W32, MA7, and W6 were present (data not shown).
The percent identifies of the HAJV-DEA 19K, RTDa, RIDE, and
147K open reading frames were 966, 909, 90.4, and 97 peromt
identical to the homologous open reading frames of E3 ooding

cem for HADV-THE-19EK, HAIV-D36-RIDa, HA4V-I)1 5

recambination in the hexon coding sequence was revealed.
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t. an important detesminant of neutralzation.
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Fiber recombination analysis
To determine whether or not there was recombination in e
fiher gene of HADV-DD58, we performed Booscan and Sim Flot
analysis using the fiber sequences in GenBank Our resuls
suggesied the fier gene of HAAV-D51 containg two remmmbina-
ton sites (Fig. 5). The first was in the middle of the shaft aoding
and the second wes in the shaft/imob boundary. The
possibile: necom himafion at the shaft knob bommdary is enuous sinee
it is not possible i di ferentiate hetwesn HADV-T235 and HAIV -
X238 at this unction as evidenced by SimPlot anahsis (Fig. 5B).

Phyogenetic analyds

Fenomes and selected coding seq , perommed with nud eo-
tide dam, confirmed that FAdW- was a novel adenovims
(Figs. 8. The wes opology of HAAV-D5E wes diflerent
depending on the protein analymed The whole gename sequence
of HAAV-D5E was clksest to HAIV-D2 (Fig. 6A). Using
sequences available in GenBank, along with inpublished sequenc-
ex, the pemton hase of HAAV-DER growped with HAJV-DA
*Trim"”, which & a prototype genome (Fig. 6B). Hexon loops 1
(I.1) and 2 (13) both chstered to HADV-D¥33 (Fig. 7A and 7E),
which was similar to results reponted by Ferreyma et al [132]. The
fiber knob was Sghthy Enked to HAIV-D29 (Fig. H).

Viral neutralization

Sincee hicinformafic snahwis showed that HAAVDSE &
genefically similar to previowsly typed HADVS, comrdating this
dam o is sermm neuwmalration profile & imporant. Only
anfiserum i HADVAX2Y, at a dimfon of 1:32, was shie
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nautralize HADV-I358 (Tahle 1). In contrast, anfiserum to FAdY-
DX neumafed HAGV-IN29 at 1:512 (Table 1). These remits
demonsiraded that FLAJV-TI50 has 2 uni que nenirafzation profile.

Serum neutrdization vs. Phylogenetic analysis

A previoas simdy proved that when the muclsstde identity of 12
in the hexon differs by =2.5%, a new HADV tpe & sispeced
[13]. To provide a eosrelation betwem serum nentralimation dam,
malemlar typing (ie, mpued senm  nenmafration), and
phyviogenomics dam for the determination of a new HADV type,
the hexon L2 sequence of the proposed nove HAJDV-D5EE was
compared against the L2 sequences of HADY-INE3, -TH9, and
=68 (the closest phylogenetic relatives of the HADV-TG8 13).
The difference in percent nucleafide identity between 12 of
HAAV-1)33, -9 and -1)38, and that of HADV-DSH was 10.18,
20.73, and 2509 percent respectively. This, wing the 12
sequencing criteria estahlished by Madisch et al abo demonstrates
that HAJV-DE & 2 new type

Discussion

In the past, luman adenovimses were characerized primarily
tased on thedr serological profile and hemaggd ufination properties
[18]. Today the clessification methads wmed for novel sdenovimsss
has been expanded to inchide whole genome ssquencing and
higinformatic analysis [19]. We used whole genome sequencing,
higinformafic analysik, and serology to imefumbly demonstrate
that HAAV-D5A & 2 movel himman adenovims type.

The seralogical and genomic charsceristes of HAD -5 ane
unique. Specifically, the hexon gene of HAJV-D58 wa s genefically
dissimilar i all mown HADY hexon genes (Fig. 5. Furthermore,
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this was mmoboed by nentrafrstion dets that demonsimied
bhoth 16~ and fi-fiold differences with antiserum fiom FLAV-1029
and FHADY-TE3, respectively (Table 1)

We found that the fiber gene of HA IV-D5 8 containg at kest one
recombination event and possibly a seoond (Fig. 5] The sscond
possibl e remmbination site i loied af the shaft/ nob boandary. Tt
i nit cumendy possitle i deermine i frecombi nation happened at
the shaft/inoh boundary (Fig. 5B). A prior study dexribed 2
recombinaton hotpot in the fiber gene of species HAAV-I) af the
shaft inob homdary [30]. However, our Bootsmn analysis on the
samme: fiher ooding sequences Beted in Diaor etal [20], did notreveal
evidmoe of recombination (Fig. 9). This result was absn oo
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amalysis describing recombination in the fiher proteins of HADV-
IHT and HADV-D3E0 utiimed comsenms sequences for two of four
afignments [A]. The problem with this analysk & that consemsms
seqences do not exist n nadinne and could mduce arifetnel dats
when intoduced inio recombination analyss. Furthermore, the
anly way tore-create the supposed recombination events (propesed
by Dam et al] [20] that created FADV-IN2) was by combining
sequences  HAAV-DAFM21056]1 and HAIV-D23-FMI1054),
which are 100% identical (Tahle 3], with the 3' ssquences of
HAIV-D2AEAJ 11444 and HAIV-D23-AJA 11446 (s Maeriaks
amid Methods], respectively (Tahle J). We were also ahle torecmeate

Lepiember 2011 | Volume & | bue 9 | e



Computationa Amalyss of a Movel Human Adenovisus

1 ul bacde LEvid

A Whole genome B Penton base |

Ead® 053

R T

) EFL2A00E Huuon sdeimicss L phvain © we M BAlIP 124

W1 paanta0l Heor sdepouitos wvps 37 oisalac Ik “'-I'I_-'H
= ETw0d77. Hemor elcwrovivas 22 Loalote AT " 1 T::“‘ 1=
E BT DIO0EG Fumen sdesoy iyay TUT Comalsis ==
— FI169626 Tumen cabinizss’ B2 complilar o fiwts 20

Ly - HRAG-RAN (Cerdche) " Tad3 s
o AEESEEAY Fuwan odmpsice 9 E5G o Hdedid—1 s
5 ATETESLE Hunn slowasives teas A5 ompls N
I: FIRLLEIE Fumon adioviyes 38 sweoin 3F 3 W;H::';:':‘
FTLEAEFd Tamen mbniiwinom Lops 26 cosgle ’

r— EFL52a77 Hasor sdenouiiis tvpe 43 compls :*E Eadf L2

_'U-‘L Fadv 137
Eal® D3

P33 28RS Honan cn'vamreiens by owe d3 camal

L

L EOIE4080 Huisg elenosivas J6 [xon TEL oo 1 HEAT [33
fm— &

ATERANIE Human adcaowi=es epe 9 cooplon E
I__ — TANT ™A
Y AEAAE73Y Buran cdoaiclrwe Bowoiin.s THL
Jeti-E wWlw| T onn
FRF-E4
HLTU-RIR T Ny
- [ o iy aan_g10
LEy JWl5-HLL
ancrE b SERETTHY
— ' — e b
- i :
b Haay oE
e Had¥ k17 3 il
Wil v—? . i
ELEN R
B —— HuI¥ [43
T Sk D53 @ FLF VE FRI
o i P B T2
“ Hid¥ UEd dbsbincs :
N Td
C CRi1 ar Hui-[53-FILE36E5 el B na
5 EATE D22 FT414571 gz 12?22t
I: il ey o
“ EaJ7-D.7-3E108.0% Wit 20
) - HEY DL FRLILOCE ady-E55
= ORAIE-RER-TG S INGAN beo— Eadd L4
ey FEAV—ii -7 175047 w Hhdb-CE-Trzn
s Hidv-no-t 1R 9RF i |—:-.r'-.- S
- T E=TE=IEITO 1 i I: Eali D:2
M (R EREEEST B R DR "o 1 A Tk
e TasE-Da4-HI 21917 Hidv—24
[EE T PSR T i FLAR-R A
1 -
fa AT 2E-F 1024050 n T = |
HAHY-LEh-EF1E d vk HinR-CR
L
HedVDqE-EFLEI47] ]
Easi-Fal

m Hamt gk LIEEL
3 - & Ladv—dil g
W ————— Haad VL4 3=l I3

Q05 Lk

FAgure & Phylogenetic analysis of whole genome, penton base, and E3 OR1-§ in HadV-0:58. P hylogenetic nabysis i based on the nuder
a0d sequence of (A) whole genomes, {8 penion base, and ) CA1-f. Phylogenetic trees wese construded from digned sequences using MEGA, via
the nedg hbor-jaining meethods and a bootstap test of phylogeny. Bootstap sbus shown at the banching points indicate the perontages of 1000
mplications produced the dade.
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the propossd recombination svent that creased HAJY-I25 when HEACR]-f ORF [7,21]. Inerestingly, Booscan anal ysis suggests

we combined the ssquences of HAJV-I25-FM2 10542 and HAJV-
D26-FM2 10543, which ane akso 100% identical (Table 2], with the
3 sequendes of HADY-TD25-AM1 14460 and HAN-T26AJ 11449
(sex Materiaks and Methods), respectively (Table 2). When this data
i comsidered ingether, we find no conorete evidenoe that the shaft!
Inaoh junction & @ hot-spot o remmbination

For HAdVs, the number of E3 ORF's anges betwesn 6 and 9
[7,21]. HAdVs in species HAAV-D) and HADV-G contain the
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that the E3 region of HADV-DI5A wes cresied by recombinadion
with HAdAV-IX29 (Fig. 4). However, analysis of all ssquenced E3
megions in species HAdY-1D demonstrates that recombinaton hot
spoits dio niot exist in this part of the genome for species HADV-I
{daia not shown). Thas, it & difficult oo speculate whadt sdvantage
there & for & seemingly random recombination in the E3 region.

Phylogenetic analysis of the HAdV-D5 genome showed 2 close
relationship to HADV-I29, however indhvidual protdns of HADV-
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D5A clade with different types from species HADV-D (Fg. 6A).
For example, the HAdV-D5A penton, hexon, and fiker ading
sequences showed close relationships o HAAV-D53, HADV-1N33,
and FlAdV-1X29, respectively (Figs. 68, 7, and 8). These resul s ane
consistent with results from other studies that ako ussd bioindor-
matic analysis to identfy novel ademovims stats D recently
sequenced adenovins genomes [3,4.5, 7). Maoneover, phylogenetic
analysis resulis are alwy consivent with the findings from our
2imPlot analysis (Figs. 2, 4, and 3).

Condusions

In this smdy, we sequenced the genome of an apparend y novel
sdemovims. The nowel hewon coding sequence, coupled with
higinformafic analysi, demonstrated that this genome is different
from all previously chamcterized HAdWVs, and is 2 novel human
adenovims,
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Materiaks and Methods

Ethics Statement

The: work neponted herein was performed under United Sttes
Ar Fore Surgeon Generalapproved CGhnical Investigafion
Mo, FDRGANKWOIME, by the Instittional Feview Board at the
Diandd Grant [TRAF Medim] Center. Informed Consent was not
meqpuired, hecanse we did not use clinical samples.

Vinses, cells and neutralization test

The isolation of HAJV-I50 (previosly nown as Ad-Cor-96-
H17) was previously described [12]. In brief, the stool sample was
inoculawed ints Hep-2 cels and sbmiwed in Earde's MEM
sipplemented with 10% of fefal hovine seum (FBS), peniciliin
(200 U/ml), Lghtamine (2 mM], Fungizens (1 pgfmll, and
sreptomycin (200 pgdml. HADVD58 was investigated serologi-
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cally by vial neutraliztion asmay (V) wing horse palydonal
antisera directed against promntype srains of FHAD-T8, -149, -0,
=IN35, D5, -DN7, -9, -T8 3, 143, -IM4, -TH5, -THE and -TM7.
VN tests were conducted on Hep2 cells grown in 96wl
microplates. The Hepe2 cellsusedinthis smdy were med pravdioushy
[22] amd are & commm on cell fine naed for adenovimsressanch Type-
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Table 1. Serum neutralization of HADV-D58 with hyper
FIFT Lo SEfiamm
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specific anfiera were inactvated af 5690 for 30 min and serially
cihmed twodndd, 30 pl perwedl with four replicate wells per dilution.
A working dilution ofvins (H AdGV-D5H) containing 100 TCIDS0in
50 pl wasadded to each well, amd the plates were incubaied ot 3790
in 5% (0O, for 1 h. During the incubaSon period, Hep-2 cells wene
wypwinized and resuspended at 5x10° cels per ml Afier the
inmbation, 100 pk of el sspension were added to each wel. The
conents of each well were mixed, snd the plates were fnonbaied at
F70En 5% 00y for 6 days. Afer 6 days, the medium was removed
and cells were stained with crystal vioket sohmbion (1.46 g crystal
vialet, 50 mi ethanod, 300 mil frmaddetnde, G50 mil distilled wader].
The neutralization ter was calenlated a5 the macdmum dilnson of
antiserum that completely inhibited viral growth as evidenced by
the lack of cympathic offecs.

Momendature

‘This vimis was named FAdv-158 beramse the mmbser 57 was
already tken in GenBank (FICIO03817). For muls of sdenovirs
muomenclatre, see it S haderwg g edu .

Mudeotide sequence accession numbers

The HAIV-T58 genome and annomtion heve heen deposited in
GenBank prior i manscripe subomission:  acoession. namnber
HOBA3ITA The following HADV gemomes ((GmBank scorssion
mmmhes| wene nsad for compamdive anahysis: HADV-D0 (AB4+6 767,
HADN-DAE (AMSHERE, HANTISC (EF121005), HADN-D22
(FJeM771), HAN-D2G (EFSMHM), HAN-DZA  (FHEME26),
HADNDE6 (GOS80, HADV-DE7 (DOE00900, A -DH6
(AVATSEE] HAN-DHR (EFE373), HAIV-I9 DO393829),
HADN-DES (FJ169625), HAIV-TE4 (AB333801), and HADN-DS6
(HMT70721)

Amplifiation of the HAdV-D58 genome

To amplify regions of HAJV-D5A flanking the sequences
previmsly described by Ferreyma et al. [12], we designed primers
hased on onserved sdenovirs saquences in species HAdV-I. Al
amphicomn  were then ssquenced wing primer waldng. The
Fename was asmembled using SeqMan, which & an assemblhy
program inside of the Lasergene 8 software suite
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Fgure 9. Bootscan analysis of seected fiber gones in speces HADW-D. (4] HidV-Da7, 8 D@6, () - 030, and {0) D20 This figure s 2

mmeched repeat of Figune 2 in Caer et al [20]
doi 10,1377/ joumal pone 0024457 g
Nudeic Add lsolation

HADV-D5 parfcls were sepamted flom Hep-2 cells by
umecenrifigation. Genomic DNA wes acquired from wiral
mrides wing Awwfrg Genomic DNA Fxmaoion Kit (Bionesr
Comporation). Finally, the viral ININA wes resuspended in desomnized
wader and stored at = 200 untl use

Bioinformatics
The availahls genomes from specis FAAV D) were afigned nsing
the chuzalW [23] alignment method which & svailable though o

wehinerface ot hipe S wwavehi 2 nkf Took/chetahed) index html.
The defimlt parameters for gap open penaby and gap exension
penalty wene mmed

Hexon coding squences mwmed for amalysi wene  HAdV-TA
(ABHATET), HAIVIA (AJRSH-6, HAINV-DID (AB3GI56R),
HAD TS DO 496 16,1 HAIV-1215 (AB3 30096.1 ), HAD D190
(ABHATM), HAN-D20 (ABIZN0L1), HAIV-DD22 (F]619037],
HAD-D24 (ABI30106.1), HADV-025 (ABI30106.1 ), HADV-D26
(EF153474), HADV-DIT (AB330108.1]), HAIV-D28 (FIHMA26),
HADDZ9 (ABS62587), HADV-DE0 (AB330111.1),HADV-1E2

Table 2. Comparison of the nudleode sequences used by Darr et 8l 1 show eaombinstin events in the fibesknob jundion.
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P DO F D 0580 v HUR-D03-FRl 5
R et DDA B B v Bt 3R 3 T

RO B N e v b e LD B s ool R0 i i g T s D it .
R0 3 B N v e e LD B s oo R0 3 i i g T M D it

e D SF D 1050 v HUR-D0E-FRl 0 543
R et D0 S8 B 1 B v B’ R NS T

e’ S-FAA IS v el it M) B i o A0S e i Py 26 sy Do o
R S5 v e Dk 2 Bk s o HAAI0E i i P, 25 vy Do ot .

¢ §

L]

R

Iﬂth‘ui"lﬁ:—ulﬂ'ﬂ'ﬂ“m

r@l Plof OME | wew plosone ong

49

Lepiember 2011 | Volume & | bue 9 | e



(AB3301135.1), HADV-XA3 (AB330 14£1), HAIV-TEE (GOSHE080),
HAN-DET ([DOE00900), HAIV-IE (AB3301149.1), HADN-D39
(AB330120.1), HADV-TH2 AB330123. 1), HADV D43 (AB3 301 24.1),
HADN-DHE (AB33025.1), HAAV-THS (ABIZ0126.1), HADV-THE
(AVATSEEN, HAIV-THT (AB3S201), HADNIHA (EF153473),
HADN-THS ([D33829), HAIV-D51 (AB330321), HAD-D53
(EJ169625.1), HADNV-I54 (ABII3801 | and HAD D56 (HMT70721).
EmPle soffware was 1sed to comple® 2 hootscan anahss of te
afigned hewon genes of the avadlahle HAMN-T genomes [24] The
aripping, ditance model, and mee mode] were, respectvely, 200, 20,
100, “on™, “Kimma”, and “Neighbor Joining™. The HAJdV-DSA
hewon was chosen as the reference squence for the analysis [24]

Fher mding sequences used for anahss were HAJV-TH
(ABHETET), HAIV-IE (AJSHD6), HADV-DID (AB369368),
HADN-DI0 (ABHAT 74, HADN-D 19 (C3501 726), HADV-D22
(FJ619037), HAIN-IE6 ([EF153M), HAN-D2Z (FE226),
HADNDZ29 (ABSG25AT), HAN-DSE (GOS0, HADN-D3I7
MC00e0Y), HAIV-IME (AVATHRHE, HA-DHE (EF153473),
HAD-DH9 (DO 333829), LAY -T64 (AB3 33801), and HADV-D56
(HM770721). Fiher genes from spedes HAAV-D genomes were
afigned wwing ChetalW [23]. The defanlt gap opening and gap
exiension penalties were used (150 and 666).

To smalyze the remls by Darr ef al [20], we med fher genes
HADN-DIE (X905, HADV-D20  (AJR11448, HADN-D23
(ATBI1HE] HAN-D2E (AJIIHT), HAN-DZS  (AJR14HE8),
HADN-D2G AR, HAINV-TET (AJS]450), HAN-D30
(APHTI9T), HAIV-IE6 (AJB1143, HADV-IH2 (AJBI1457),
HADN-DHT (A1 1463, and HAD-THS (AJA]1 1464, To necreate
the remuls acquired by Darr et al in figure 2, we amalgarmaded
HAN-D2-FM210561 to mudeatides 375 through 816 of HADV-
IR-ABA 4], HAD-DIFFMII0EHD to mckofds 36
through 821 of HADV-D253-ATR1 1446, and HAN-D26-FM210543
n nudeatides 373 dhrough 799 of HADV-D26-A1 1449, Next, we
genemaied an alignment wwing the amalgmaed saquences of FLAJV-
D20, 4323, and 186 with AJA11460, AJA1 1450, and AJA11462,
then performed BootSeans with SimPlot. Furthermare, figures 24
and I of Darr & 2l nssd severn] “conmnss !IF.HIH“ which
onrain wobhle hoses [20].
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CHAPTER 5 - HUMAN ADENOVIRUS TYPE 59

Introduction

Human adenovirus type 59 (HAdV-D59) is a novel human respiratory pathogen
that was isolated from an AIDS patient’s bronchoalveolar lavage (BAL) biopsy sample.
The patient presented with a fever, cough, tachycardia and expiratory wheezes. Using
bioinformatics and genomic analysis, the genome sequence was examined for insight into
its molecular origins. The results suggest that HAdV-D59 is an emergent pathogen with a
molecular evolution pathway that includes multiple recombination events in the penton
base, hexon and fiber genes. These were apparently transferred from parental genomes
HAdV-D19C, HAdV-D25 and HAdV-D56 respectively. Furthermore, serological
analysis shows a neutralization profile for the hexon epitope that is similar to but not

identical to HAdV-D25, suggesting a divergent but common ancestor.

52



% pros one

mﬂm Frouly xallable vallne

Computational and Serologic Analysis of Novel and
Known Viruses in Species Human Adenovirus D in Which
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Abstract

In November of 2007 2 human adenovines HADV] was Bolsted from a bronchoahe olar lavage (BAL) sample recovered from
& biopay of an AIDS patient who presented with fever cough, tachyeandia, and epimtony wheers_ To better wnderstand
the isolsted virs, the genome was sequenced and analyzed using bicinformatic and phylogenomic analysis The results
supgest that this novel vines, which is provisionally named Had VD59, may have been created from multiple recom binstion
eventd Specifically, the penton, hexon, and fiber genes have high nucleotide identity to HADV-D19C, HADV-D25, and Hadv-
D56, respectively. Semlogical results demonstrated that HADV-D59 has & nevtralizstion pofile that s sSmilar yet not
identical to that of HAdV-D25 Furthermare, we observed a two-fold difference between the ability of HADV-D 5 and HAdv-
D25 to be neutrali=d by reciprocal antiserom indicating that the two heon proteins may be more similar in epitopic
oonfonmation than previowsly assemed. In contras, hexon loops 1 and 2 of HADV-D15 and HAGV-D25 share 7913 and 9256
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percent nucleatide identity, respectively. These data suggest that serology and genomics do not slways comelste.
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Introduction

The: first human adenovinmses (FLADVS) wereisolated in 1953 fiom
& military hasic traines and the adenoid Game of a pediatric patient as
respimatory pathogens [1]. Presendy there are greater tham 6 types
mesthadsor, mone recendy, genomic methads [2,3,456]. HADVs ane
dassified into the Masodenovirms gems and ane further parsed inin
scven specis (A-G) [.£5678]. Originally, HAIV fypes weme
and hemaggintination inhibfion sesays among other haokogical

nping novel HAAV: [34£568,10]. At the mdsotide level the
members of each adenovirns species ane highly similar i each other,
and do not commenly recombine with members of other specdies. The
SpeCies FTICALPE TR, in part, may neflen the ol topism of the virmes,
25 well a5 the remlfing sympinms and disessrs camsed by the
indfadual HADV fypes. For example, species HAIV-B] vinmes ane
Inown in canme repirinTy indections of the lower hng [11] whereas
vinges in species HAD-D can canse omlar disease inchuding
epidem ic keratocon] unctivits [17], and gasmoinestinal disease [3,13].
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In thi report, an adenovims isolated from & bronchosheolar
presented with fever, cough, tachywardia and expiratory wheess &
examined 1mwing genomics and hininformafim. Based upon the
whinle genomie anal ysis and suppaornied by limited serological dad,
this adenovirs belongs to species HAAV-D, and & a ‘never seen
hefore’ novel ving, i be given the name of HAJDV-159.

Materials and Methods

Ethics Statement

The work repaonted herein was performed under United Sttes
Air Force Surgeon Genealapproved Chnical Investgation
Mo, FDAGANHOI24E, by the Instintional Review Board at the
Diandd Grant [ISAF Medim] Center. Informed Consent was not
mequired, hecanse we did not use clinical samples.

inses, cells, and serum neutralization assay

Adenovimus nenimfrafion swmays were mun a8 previoushy
described [14]. Briefly, seronping of adenovimus isolates was
perinmmed using 2 smndand dose of vimus against specific mbhit

1 March 2012 | Valume 7 | e 3 | &332



anfisers raked sgminst refrence stock sdenovimsss types 1-49
from the collection maimntained by the Viral and Ricketsial
Disease Labomatory of the Cafifornia Deparmemn of Pubfic
Health, Richmond, CA  Reference wvimses were ariginally
obiined from the reporting imvestigaors: the Ressarch Reference
Beagents Branch, National Insitutes of Health; the Respiratory
Wiral Dbsease Unit, Centers fior Disease Control and Prevention;
or the American Type Colure Collscfion. Stock vims culiures
were passaged in AS49 cdls (American Type Cultime Caollection,
Roclville, MLY), the cells were disrupted by vontexing, and cell-fres
spemmatant fluid wes then fromen ar = 707G,

Equal volumes of diheted virs and immime semom wene mixed
and incubated for one hour in 5% 005 ot 37°0C. Thereafier A549
cdls were added, mixed, and incubated at 3770 in 5% 00y fr 7
days. Earh ossay comained a hack timation of the vims used.
Living cells were disinguished from desd cells by messmring the
amount of Finter's Neutal Red [15] present as indicated by
ahsmhance at 550 mm using a microplae spectrophotomaer (Bio-
Tek Instumens, Winooskd, VT). Vims nentmafimton fiers wene
determined by equaiing cdl desth to vimus growth (no vims
nentmalizmtion). Nentmafration was plotted a5 a percenmge of cell
cmiral shsorhance, to defermine endpoint vims and semm tiers.
Thres independent experiments were mn yielding similar resnlts.

Mudeotide sequence accesdon numbers

The HAAV-D59 genome saquence and is annotafion ane
depesited in (renBank and retrievahle 28 accession number
JFT3911. In addition, the Hlowing HADY genomes (GmBank
acoemsion numbkers) were med for compamative compumtional
analyses: HADV-I8 (ABHHI767), HADV-DA (AJ5-E6, HADN -
D15 (ABSZ586, HAIVIDIT (AFI08105), HAD-I190
(EF121005), HAAV-D2 (FHM4771), HAIV-DZ5 junpublshed),
HAGV-ING ([EF15374), HAIV-D2A (FJA24826), HADV-1D36
(GOIBH0AN, FAIV-DET [DOE0ME00), HADV-DHE (AY 87564,
HAAV-THA (EF153475), HAJV-THS (TH]393029), HAJV-1153
(FJ169625), HAIV-D54 (ABI33801), HADV-D36 (FEIM770721),
and HASV-DE8 (FIOAR3276).

Fiher coding ssquences weed for onahwis wers = follows:
HAIV-TH (ABHATEY), HAIV-TA (AMSHB6), HADV-DID
(ABIGO36H,  HAAVIDIGC  (ABHATM),  HAV-D19a

E1A EiB > -
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(CE301 726, HAIVD22 (F]619037), HAIV-D26 (EF153474),
HAIV-I2 (FA24826), HAIV-D29 (AB362587), HAIV-D36
(GFOSBH080, HADN-TXET (DOE00900), HADV-DHE (AYET 564,
HAAV-IDHA (EF153473), HAIV-D49 [TR393029), HAIV-DS
(AB333A0Y), HAIVIDSE HM7IMN721, and HAIV-DSA
(HOQARZITE). Fiher genes from species HADV-D genomes wene
afigned using ChisalW [16]. For this analysis, the defank gap
apening and gap scenson penalties were 150 and 666

Amplification and DNA sequencing of the HAdV-D59
genome

To amplfy regions of HAIV-I)59 using the polymerase chain
meaction. (POR] protocol, comerved adenovims sequences in
species HAdV-I) wene nsed to design primers. All amplicons wene
then ssquenced an an ABI 31 30k] nsing o primer wallbng sraegy.
The HADV-IIFS genome was sequenced i Bfold coverage
inllowing PCR. amplification, with both strands represenied.

Bioinformatics

The: HAAV-1}59 genome was compared sgainst a select numbser
of viral genomes from the HAAV-I) group based om s GO
content, which & indicative of HAJV spaciem. The selecfion of
which genomes was based on inidal overall high mcleotde
identity to HAIV-DD59. The datas presemted are final ferafions of
analyses that injtially inchuded all of the sequenced genomes in
species FADV-TL

Recombination analysis

Whale genome sequences of HAAV-DS9 ond members of
species HAAV-I) were first aligned with kafign (hitpe/ fwwew ohi.
2 ukST ook/msa/kalign/) for a broad perspective of the genome.
EimPlot [17] was then mwed to cmstruct 2 Bootscan anahysis of the
afigned sequences. The window size and step sime were set to 1000
amd 200 respentively.

Following this, to provide 2 dediled close inspection of
mecombination events, the penton base gene, hewon gene, E3
onding region and fiber gene from the HADV-ID) genomes wene
afigned to their connerpars wng ChistaIW [16]. This was ako
ol e by recommibsnation anabysis wing SmPlotwit the window
size and step size s to 250 and 50, respectively.
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FAgure . Comparative genomic analyss. {A) Pairsise nuckeotide mmpasison of sdeded HAdY-D genomes to HAdV- D59 usng Ficue. The

amows above the x-ads demanate the

of penion base, hexon, B mgion, and fiber mding sequenas in the genome of HAdV- D53, The y

ands notes the percent identity. HAdV-09, Hisdv Dz, HAdV-D19C, Hadv-025, HAdV-028, HADV-D36, and HAdv-D56 wene used for mmpasison to
Hidv-053 berause they share high nuckeotide identity to the Afioremensioned wins in different sections of ther genomes. (B ‘Whole genome
phylogenetic andiysic The phylogenetic tee wos @metuded fiom aligned sequences using MEGA, via the neighborjoining methods and a
bootstog test of phylogeny. Bootshop values chown at the banching poinis indiaite the perosntsges of 1000 replcations produced the dlade &

Bootirap walie of 70 and ahowe i onsidered to be mbust.
dol 10137,/ journal pone 00330212 gild?

Percent Identity

Whaole genome, penion base gene, hexwon gene, E3 mding
region and fiber gene nucleofide sequences of HAAV-1)59, along
these were then compared to each other hosed on pencent identity
vahies cabrulaed with Chimera [18].

Phyogenomic analysis of HADV-D59

Sequence alignments for phylogenomic analysis were generaied
wing the kafign method noted sarfier. Phydogenefic fraes were
Analysis Software (MEGA 4.1; htpo! Swww megasofiware net), via
nei ghhor-joining methods and hootsrap st of phyvlogeny with
replicates ®t to 1000,

Results
Clinical Investigation

In Novemher 2007, an AIDE patient was admitted to San
Francisco (General Hospinl presenting with fever. The patent
abo complained of 2 cough productive of yellow sputim and
hiond. Chniral easminafion revealsd a body temperamre of
101°F, tachyeardia snd expiramnry wheeses. During the hospim]
say, 2 T smn dsplayed resils smggestive of a codimry ing
kesion. This promped a bronchoabeolar lavage (BAL] for a
diagnaostic specimen (via bronchoscopy). A vims was colorad from
the BAL sample and sant i the California Department of Pubhic
Health ({CIDFPH) for further anahysis and ddentification. Mo other
prthogens were olawd from this patent.

The vims was propagaied at the Viral and Rickettsial Dinease
Labhoratory at the California Department of Poblic Health, and
was identified o an unknown adenovims by semum neralizad on
asmsay. Inifial sequence anahysis of amplicons derived from the
hexon and the fiber genes revealed similarify to gene sequences
from HADV-I25 and HADN-D56, respectively. The possihility

Table 1. Percent identities of the nudeotide coding

sequences of selected HADV-DS59 coding regions to
|homolodgous sequences from other virueses in $pecies Hadv-D.

Fnrilesn Haxen L1 Hason L2 E3 [Filsasr
HA e O SLEFE T 5.5 BEEEN MU
HA P D4 5 F10Fe TR A BT TTAS
HASA OIS0 9303 TEA N -3 B TS5
HA Pt D03 TESR EIFe B B 3.0 T
HA D05 P S AR FEN 3.7 T 0e%
HA 2 D03 13 T AS% B2 TTEFE AT
HA DBE 93 TS50 51 B30 S
HA P D5E FL A TBIFE EER, SESER  HUEFR
HA D53 L EFE ™I T2 22 55 e
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that this vims might repreent a novel, recombinant pathogen
povoked whole genome amalysis in onder o characerine this
imnlate more thonoughly.

Amplification, sequencing and genetic characteristics of
the novel adenovirns

To elucidate the genetic charscteristics of this pathogen | HADV-
58], we sequenced and analymed the entire genome. The genome
length of HAdV-1059 is 35,072 hase pairs (Figure 1), with 2 base
compasition of 224% A 20.4% T, 20.5% G, 28.7% C. The GO
conient of 57.2% & onsisient with the values foamd for members
of species HAIV-DY (mean of 57.0%). The arganization of the 36
open reading frames (R Fs) that were amnotted had a gemnome
arganization similar to other mestadenovimses (Fig. 1) The
inverted wrminal repeat (TR sequences for HAD-TES were
determined o he 151 bp in length. Within species FHADV-I,
HAAV-1)59 hasa genome pereent identity mnging from = low of
92.06% (HAAV-IM o 96.40% [HADV-DE).

Genome Analysis

Hince initial DNA sequencing suggested evidence of recnmbi-
nafion, we anahmed the HADV-IEY genome wing zFicmre, a
dymamic blasz alifnment visalimation program designed for
oomparative analss (hipo! S mpicmre doode ongd).  Comparisons
of the HAdV-D)59 genome with the whole genome sequences of
HAIV-TA, -122, -IN 9, -1¥25, -1)28, -1¥36, -1D56 and -D58 wene
periommed. Comsisent with other previously reported vimses in
species HAAV-I) [419], HAdV-D59 shows heterogensiny in the
Pairwise afignment suggesied that these megions had highest
nucleotide identities with sequences from HAJV-IH, HAdV-
D8, HAGV-D25, HAD-D28, and HAD-D66 (Tahde 1)

Comgrehensive phylogenomic anahyses of whole genoms
HAIWVs were performed Using sequences awvailsble in GrenBank
o5 well a5 the unpoblished of HAdV-I¥25, the whole
gename phylngenstic free analysis resmbed in a shclads that
inchides HADV-ID58, HAAVA, and HAIV-DS6 with a2 high
cmfidence hootstrap value of 97 (Fig. 28]

Penton Base Gene Analysis

Recendy it was shown that fwo coding sequences for the
extenal hypervariable loops in the penton base gene contain
hotsposs for remmbination in species HAAV-D [20]. Analysis of
the primary amino acid sequences in species HAIV-I) showed
that the most similar knop] sequences {mucleotides oy that
of HAIV-I)59 were HADV-D20 and HAIV-I236 (B095%). In
sddifion, the most similar RGD bop (nucleatides 650-1150) o
HAIV-DD53 was HAIV-ADZ2 with 100% aming add identity.
Bootscan analysis [17] with penton hase sequences from species
HAAV-I} confimmed the aforementioned relationships (Fig. 3.
Phylogenetic analysi of the HAJV-I59 peninn hase ypervan-
ahle loop 1 abo confirmed that it & acloss rdative of FLADV-TNA
and HAINV-TI36 with a robust bootstrap value of 91 (Fig. 3B).
Phylogenetic analsis ako demonstrated that the FLAJV-INE
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FAgure 3 Computational analyss of the penton base gene. (&) Bootscan analysis of the HAdV-059 penton base gene with fully sequenced
penion genes in species HAdY-D using 2 window size of 250 bpand step sive of 50 bp. {H) Phylogenetic anahss of the hypervariabie loop 1 penton
bese gene sequences in spedes Hdy-0_IC) Fhylbbgeneticanaysis of the AGD motif and sumounding vasiabie region of s equen o= in s pecies Hidv-0
The phylogenetic teees wese genested Som aligned sequenoes wsing MEGA, via the neighbor joining method and a boottrap fest of phylogeny.

doE 101371/ joumnal pone 00330312 gidd

REGI) loop segregates with the subclade that indudes HAGV-
D9 and HAV-T22 with 2 bootsrap vale of 92 (Fig. 3C).

Hexon Gene Analysis
A previows smdy showed that recombination in HAVS can
ooonr within the hexon gene of vimses in spedes HAAV-D [B].
This has alg heen demonstrated in other species of HADVs [$.5].
To determine whether or not the HADV-I¥59 hexon onding region
was either nowvel or the result of a remmbination event, Sim Flot
analysis was perfirmed. S5im Flot results wene not consistent with a
recemnt recombination event in the hexon of HADV-DE9 (Fig. 44).
In addition, the nucleofide percent identity to other hexon mding
in species HADV-I) was dewrmined (Table 1) FLADV-
1259 loops 1 and 2 (L1 and L2) were 36.48% and 95.19% identical
o L1 and 1.2 of HAJV-IX2S, respectvely (Tahle 1), Phylogenetic
anahsi demonstrated that L1 of HADV D59 and HAAV-I)25 ane
a5 distan gy relatedas the fioll owing H AdV pairs which were shown
n he disinct via serology [21]: HADV-T59 and HADY-THS;
HAAV-D37 and HADV-DI13; HAAV-IDS and HADV-DE0;
HAIV-T¥2 and HAIV-1X30; HADV-TF and HAIV-TI32, a5 well
25 HAAV-IMS and HADV-1X26 (Fig. +6). Furthermore, the same
was oheerved for .2 with the eweption of the
HAAV-THS D26 pair (Fig. 40
The difference in nucleatide identity betwesn HAV-1D59 and
HAIV-T¥Z5 (the nearest phylogenetic relative to HAIV-1D59) in
the 1.1 and [2 domains are greater than 2.5% (3.52% and +.81 %,
respactively]. Madisch et ol stated that peroent mcleotide idemntity
ciflerences greader than 24% and 25% i L1 and 12,
respectively, srongly suggests idenfification of 2 novel HADV
[22]. Therefore the percent of nucleotide identity differences in L1
and 12 of HAJV-159 fimther suggess that the aforementionsd
virus & novel.

E3 Genome Region Analysis

EimPlot and Booscan resuls suggest that o lrge portion of te
E3 transcription region (genes encoding for the CRI[, 184 k&
CR 1y, RTDva, RIDRE and 147 k proweins) in HAIV-D59 may
have orignated from a recombination event hetwem  either
HAAV-I56 or HAIV-I9 and anather yet i he described H AV
(Fig. 5). Inerestingly, the S5imPlot results suggest that a
recEmhination event ok place within the open reading frame
of the CRIf gene (Fg. 54). We abo examined ather E3 genes in
species HADV - and did not detert common remmbination koo
(e not shown).

Phylogenetic analyses of two genes (OR1P and CR1y genes) in
the E3 region demonsirae that the coding regions for CRIJ and
CR 1y in FAAW 59 are closdy related to those of HAJV-19 and
HAJAV-TI)56 (Fig. 5B, 50).

Fiber Gene Analysis

SimPlot analyses of the HAAV-IN39 fiher was performed on
fiher sequences eximacted from GenBank The resubs suggesed
that the fher gene of HAIV-DSY & nearly idenfiml with
sequences from both HADV-DS6 and HADVIDS (Fig. 54).
Furthermore, the fiber of HAIV-ID59 had 99.54% and 99.84%
mcleatide identities with HAIV-TY and HAIV-DS6 (Tabde 1),
respectively. Phylogenetic analysis of the fiber genes in species
HAIV-I} confinms that the fber of HAAV-ID39 was dosest in

r@l Plof OME | wew plosone ong
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o the comesponding sequences in HAdV-D56 and
HAAW-I) (Fig. 5I0.

Serum Neutraization

HAIV-I59 was nemralized by both HADV-D25 and HADY-
D5 anteernm, vy not by HADV-D9 antkemm (Tahle ).
Inerestingly, HAIV-I)25 antiserum showed at least o two-fold
higher nentralization fter o HADV-ADSS (greater than 1:4096)
than # &d xgpinst s cognate amtigen HAAVAR5S (1:2048)
(Tahle 2). These resuls demonsimaie that the antgmic profile of
HAAV-T)53 differs from that of HADV-D25 (Table 3. HAIV-TN5
anfiserum demonstrated only a two-finld increase in its shiity o
nentrafize 5 cognate FLAAV-DNS (1:1024) melative to the
haterologons  HAAV-DD25 anfigen (1:512). Similar meciprooml
resuls were obmined with HAAV-ID25 anfiserum  sgeinst
HAAV-I35 (1: 1024) and HADV-125 | 1:2048). When tested with
rabhit serum our resuls indicate that FLAIV-1315 and HADV-1025
are nat 8 serolagically distinet as previoushy repaored [21].

Discussion

Our resul s dermmonsradesd that HADV-D¥25 anfisenom was maorne
effective at nenmalizing HAdV-1)39 than HADV-I25 (Tahie 7).
Zince 1] and 12 protrude from the srbce of HADVs 23], it &
n surprising that there is a dfference betwemn the abiliy of
HAAV-I¥25 antserum to newmabze the &fferant vimsss, Ones
possihility for the differences in nentrafimation may he that the few
differences inthe primery amino acid stucture present the HADV-
D59 hexon thresdimensional stucure in such a way that the
neiralizng epinpes are enhanced, thus making the vims easier o
natrafize. Inerstingly, we abo olserved 2 teo-fold difference
hetween the ahiity of HAIV-DNS and HAIV-DES to be
nautralized by reciprom] anfiserum. This contradicts e smdy
that showed anfisenmn o HAV-IM35 and HADV-I25 did not
cTEs-Teart in reciprocal nemmdation experiments [21]. Howew-
er, our dafa are comsisient with the original chamcieration of
HAJV-D135 and HAdV-I¥25 [previously called BP-1) [24], thus we
omchde that HAAV-INS5 and HADV-IDZ5 are not scpamate
seTotypes aecording to the traditional methods nsed for differen-
tiafing serofypes. These nesults abo demomnsirate that nsing
naumalimton as a oierion o tpe novel admovimses &
complicated by non-standard sernlogy methods and reagents that
may yield interlhoranry varishility of nentrafiration rembits. In
conirast, using genomics a8 a method for typing HADVE &
cmsistent regandess of which bomtory generades the resuls.

Even though HAdV-ID15 and HAJV-IR235 showed only 2 twoe
inld difference via semm nentrafization, they were recognized a=
different serotypes by Rosen ot al, hecomss they had different fiher
proteins [24]. HAGV-A 5 and HADV-1)25 share 79.13 and 92.56
perent nuclenfide idenfity in L1 snd 132, respectively. Thus,
i iinfisrmi afi ¢ anahywis demonsirates that they are aomally dflerent
types using the crieria esmbfished by Madisch et al. which sttes
that the mcleotide idemtity of 1.2 must dfler by greater than 25
perent to fype 2 nowel vins [22]. Furthermore, pairwie
nuclenfide comparison of the hewon coding sequences for
HAAV-1}135 and HAJV-1¥25 show how genetically divergent they
are (Fig. ). Neutralration assays measme the overall efiect of
various amtibodies that bind o muliple epiiopes and may yield
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8]

HAGY-D2E vs. HAdV-D1E

Fgure 6. Pairwise nudeotide o i of the h

genes of Hkd-D15 and Hkd-025. The blastr progem zfcure wes used o

mmpase the hexon genes of HAWD 15 and HAV-D25 The biue region mpesent L1 and the green megion mepresents L2

doE10.1371/ foumnal pone 003301 2 gOds

Table 2. Meutralization of HADV-D59 with hyper immune
S8 UL
Antisrum

aHAeN- O aHAND1S aHAV-D2 S
it O ELE <& B
b DN S <& £ 14004
b 05 <B* 12 12048
it o D5 & L8 1S
P el e,
b 10,1 37 e e 0E 3 2 200

varizhls interis horatory resul® due to nonestandand methads and
resgents. (renomic analyses m fic diffs in the
mﬂuﬂthﬂtﬂnpﬁﬂﬁﬂmaﬂiﬂhpﬂﬂu"ﬂmn{ﬂu
virus and can be independengy verified by most aboannes. The
confresting seralogy and genomics rembs for HAAV-INS and
HAAV-T}25 demonsmaie that these two methods do not aheays
vield concordant resuls.

SimPlot analysis of the HAIV-D3? L1 and L2 regions
demonsraes high nudsofide identity betwesn the hexons of
HAIV-INAS and HAIV-TEY and suggess that they may be
derived from 2 yet undisoovered common ancestor. If L1 and 12
of HAGV-12235 and HAdV-159 are from a common andestor, the
recambination event may be andent, 28 evidenced by 332 and
481 percent nuclentide differences in the L1 and 12 sequences,
respectively. If the recombination evens were recent, SimPlot
anahysi would ilusgrae near 100% nuckeafde identity, which was
shown for HAAV-ID533 and HADV-DS6 [+,5 19] Wiath a dsant
st remmbination event the hexon genes from HAAV-1X25 and
HAIV-T}59 would have mamated over many rephication cycles,
after the inifial recombination, o result in the varation we
detecied.

Muliple studies have shown that HAAVs in species HAAV-DD
recombine with one another in the penton hass and hewon genes
[+,8,20]. In this paper, we demonstrate that recombinat on may
hawve occumed in the E3 negion of HAdV-DD5%; however, after
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emamining all of the sequenced E3 genes in species HAJDV-T), we
foamd that there was not a predicable pattern of recombination
(data not shown). Vimses in species HAAV-I) show variahility in
their ol tropism mnging from growth n ombr teues o
gastroinestinal and/or respimtory theues [425 26]. Given that
the fiber knob & an impontant deerminant of o] tropism, T may
he conchuded that recombination is an impontant molscular
evalution pathway for the diversity observed within species HAdV-
.

The section of the HAJV-1D53, -D56, and 19 genomes that
encades for OR1B, CR1y, RIDa, RIDE, 147K, and fiber show
high nucleotide identity (Fig. 5A). From the nudentide data it &
impossibie to ] whether or not the 3' end of HAIV-ID39 came
from HAAV-D36 or HADV-IE. Alhough HADV-DE was
disoovered in 1957 [235], there has heen no disesse sssociawed
with this virs, In conimast, prior serological evidence suggess that
HAAV-1D56, an ommlar and respiratory pathogen (with hexon and
fiher coding sequences similar o HADV-D5 and HAJV-DA,
respectively] [12,26] has been implicated in homan diseass 2
eardy as 1960 [27] and at other poinks in dme o wel
[27,28,29,30, 31 32]. HAIV-D59 may have alo existed prior o
our cument descripfion yet had gone nundetected during the same
time periods. Thos, it is mpossdhle to say with shsohie certainty
which of the afrementioned viruses exiged first andsor whether
they avolved from a cmmon ancesinr. Future genomic analysis of
nowmn and unknown adenovirises is nesded to elucidate further
the svohtionary history of HADV.
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CHAPTER 6 - BIOINFORMATICS TOOLS DEVELOPMENT TO ENHANCE
VIRAL GENOME ANALYSIS

Introduction

Currently there are limited numbers of efficient and accurate computational
software tools for the bioinformatics analysis of small genomes such as viruses, including
human adenoviruses specifically. Data presentation is an important tool necessary to
convey complex genomic information. Many of the current genome data presentation
methods include manually-drawn figures that are created based on an estimation of
genome location. To provide better visualization of the data, two tools were developed
during the course of adenoviral genome investigations described in the preceding

chapters. The two tools are as follows: 1) DrawBar (http://binf.gmu.edu/eliul/drawbar/)

and 2) GeneMap (http://binf.gmu.edu/eliul/genemap/). DrawBar is a web application that

generates a visual representation to portray accurately gene locations. The result is a
valuable addition to the recombination analysis and presentation of SimPlot and Bootscan
data. GeneMap was developed to display accurately and efficiently the locations of any
proteins sequences encoded in a genome. This enables “landmarks” to be placed along
the nucleotide sequence as references, for example to mark recombination event.

Finally, as a way to convey “state-of-the-art” HAdV information to the research

community and the public, a resource website was created to house human adenovirus
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data and HAdV typing and identification information provided by the Human Adenovirus

Working Group and international human adenovirus research community

(hadvwg.gmu.edu). This resource was suggested by a virology taxonomy
expert/representative from the National Library of Medicine (National institutes of
Health). It is an effort to provide standard for typing and identification, and to coordinate
the process of naming novel human adenoviruses prior to GeneBank deposit.
Furthermore, its goal is to reduce confusion and conflicts and competing deposits of

GeneBank data.

Discussion

DrawBar

In scientific research papers and publications, figures are powerful and important
tools to present data in a visual manner that allows reader to understand the easier large
quantity of complex data. In this sense, the efficient and accurate labeling in a figure is
equally important for the in successful presentation of data. This is especially important
in genome analysis. Currently, most of the sequence analysis tools such as SimPlot,
Bootscan and zPicture, provide figures in which the protein location labeling is done
manually. This can be time consuming and often inaccurate, as the placements of protein
locations were hand-drawn on the figures based on approximation. As an alternative,

DrawBar was developed. It is a web application written in PHP, a general-purpose
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scripting language that is suited especially to web development (PHP, 2015). DrawBar
provides accurate placements of protein location in a pixel to base pair ratio.

DrawBar requires a few specific parameters in order to generate an accurate
labeling for genome sequence data figures. There are the pixel length of the graph that
requires labeling, base pair size of the displayed genome or protein and the specific base
pair position of each target gene’s labeling region. With these, the DrawBar program then
calculates the percentage of each gene position to the total number of base pairs that the
figure displayed, then translates this calculated percentage to pixel positions in relations
to the total pixel length of the figure. In the example provided in Figure 17, protein
labeling is required for a whole genome SimPlot graph that has a width of 600 pixels.
The target genome has a size of 35000 base pairs, and the specific locations of E1A, E1B,
polymerase, penton base, hexon and fiber proteins are required for reference. The
required format for DrawBar is that the gene name has to be a single string without any
spacing. A single blank space separates the gene name and the gene location. The gene
location’s start and end positions must be a single string numeric that is separated by a

hyphen, and each gene name and location must start on a new line in the input box.
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DrawBar

Bar Length m Pixels:
600

Genome protem size:
35000

Example of Gene and Location entry format:
E1A 574-1496

E1B 1541-3383

Polymerase 5409-8621

Penton 13878-13563

Hexen 18434-21303

Fiber 31406-34191

Protem names need to be one entity, ie no spaces:
Protem 1 or Second_protem 1

NOT Gene 1 and NOT Second Gene 1

E1A 574-1496

E1B 1541-3383

Polymerase 5489-3621

Penton 13878-15563

Hexon 18434-21383
Fiber 31486-34191

Submit

To save the above mage:

For PC User: Right-click, Save Image / Copy Image.

For Mac User: Click on image and drag to desktop or desired folder.
This 15 a beta version, if any 1zzue please contact: elm1@ gnm.edu

Figure 17 - DrawBar input screen.

DrawBar (http://binf.gmu.edu/eliul/drawbar/) input page. Parameters include pixel length of the graph that requires
labeling, base pair size of the displayed genome or protein and the specific base pair position of each target gene’s
labeling region.
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The Results page provides a legend bar that can be placed on top of the figure,
with accurately calculated gene locations. Calculated gene locations, in pixel units, are
displayed on the result page for debugging and accuracy check purposes (Figure 18). The
user can right click on the resulting legend bar and save the image, which then can be
pasted on to the SimPlot figure. The resulting legend bar serves as an accurate placement

reference, and the user can then add any additional styling to the legend bar if needed.

DrawBar

ElA

574 1496
EIB

1541 3383
Polymerase
5409 8621
Penten
13878 15563
Hexon
18434 21303
Fiber

31406 34191

600
35000

EiFfELE Poluserase Penton Hewon Fiber
_— -
Save image as...

Copy image URL

To zave the above mage: c :

For PC User: Raght-chick, Save Image / Copy Image. Cpyimags

For Mac User: Click on image and drag to desktop or desired folder. Open image in new tab
This iz a beta versien, if any izsue please contact: elinl @emm edu

Search Google for this image

Print..

Inspect element

Figure 18 - DrawBar results screen.
Resulting legend bar image contains accurately calculated gene locations and serves as an placement reference.
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There are five php files required for DrawBar in order to run on a server,
index.php; index.display.php; header.php; footer.php; image.php and map.php. First,
index.php file contains code that initializes the application and handles the order of
operation. The Index.display.php file contains code that handles the display the input
screen content, and initializes the input variables for later processing. Header.php and
footer.php contains code that displays content in the header and footer of the webpage; in
this case, application title and footer note information. Image.php and map.php handle the
actual calculation of the base pair to the pixel ratio along with the actual drawing of the
image that is displayed in the result page. All of the source codes for DrawBar are

included in Appendix 1.

GeneMap

GeneMap is a web application developed using PHP (www.php.org). Its structure
and concept is very similar to that of the DrawBar tool, providing a map that presents the
locations of all of the important proteins encoded in a genome. This is usually drawn by
hand or through graphic software, again by estimation. The location of each protein is
based on approximation its sequence location in relations to other proteins. This process
can be tedious and extremely inaccurate since the location of the proteins can be over
lapping, and also may include reverse or complement strands and spliced genes.
GeneMap was developed to automate this process and to present an accurate portrayal of
each proteins location. It is used for data presentation in publication, and also can serve

as an accurate protein placement reference for user to draw on if additional styling of the

68



image is needed. This tool has been used in publications to enhance the visual display of
adenovirus sequence data and to support novel findings (Seto et al., 2010)

GeneMap has three input fields that take specific required parameters in order to
generate an accurate protein placement map in a genome. The first required field is a map
name that will be displayed on top of the resulting map. A second require field is the base
pair length of the target genome. The last input box is for specific base pair position of
each target gene’s mapping region with special syntax that can be used to indicate if
reverse complement strand or splice gene is present. This GeneMap program then
calculates the percentage of each gene position to the total number of base pair the figure
displayed, translating this calculated percentage to pixel position in relations to the total
pixel length of the figure, then accurately plot the protein locations on the final map
image. This is very similar to the DrawBar design, but GeneMaps requires additional
features that handle the placements of each protein on the map when there is a potential
of overlapping. GeneMap calculates if there is another protein within the vicinity of the
current protein; if so, it draws the new protein either above or below the existing protein
to avoid over lapping. Also the placement and presentation of reverse or complement
strands and splice genes are different from the regular forward strand proteins. In the
example provided in Figure 19, a genome mapping figure is required for HAdV-B16.
The target genome has a size of 35522 base pairs, with specific locations for all of the
annotated proteins noted. The required format for GeneMap is that the gene name has to
be a single string without any spacing. A single blank space separates the gene name and

the gene location. The gene location start and end positions must be a single string
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numeric that is separated by a hyphen. Each gene name and location must start on a new
line in the input box. In addition, “, ¢ is added in the end of the protein location to
indicate if a strand is reverse or complement. And in the case of a spliced gene, the two

coding or exon locations are separated by a comma.

GeneMap

hlap Namse:
HAFW- 18 Whole Senoms |

Genome Length
35522

Example of Gens and Location entry format

Gena] 1-10

Genel 20-50, 53-80 (for spliced genes)

Gened 100-160, ¢ (¢ indicates opposite sirand codmg)

Gened 100-130, 145-160, ¢ (complement and opposats strand ooding)

Gene namies nesd 1o be one entity, 1 0o spaces

Gene | or Second Gene |

NOT Gene | and NOT Second Gene 1

4 J¥kD $74-1185,1347-1483 .
p STA- 1048, 12471482

574545 ,1247-1348

15982134

1903-2381

£38_31
838 Termingl 8410-18386,1384%-13881,
L1 _SSkDa 18851.13828

L3_ZIEN 12948-13811

L3 _perEen 13902-15580

LI _WIT 15EEI.18158

LIV 16283-172%5

LE_% ATIBA-17HIL

L3_WI 175ES.18184

L3 hexen 184850.20272

3 _SRkDg 213802103

Resel || Submd

To save the above muages:

For PC User: Raght-chiek, Save Image / Copy Image.

For hac User; Chek on mage and drag to desliop or desmred folder,
This ss & beta version, if any issue please contact: el 13 i

Figure 19 - GeneMap input screen.
GeneMap (http://binf.gmu.edu/eliul/genemap/) input page. Parameters include title, pixel length of the map, base pair
size of the displayed genome and the specific base pair position of each target gene’s labeling region.
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The Results page provides final image of map, with accurately calculated and
displayed gene locations. The calculated gene locations, in pixel units, are displayed on

the Results page for debugging and accuracy check purposes (Figure 20).

GeneMap

E14_28kDa
574 1153 1247 1452 foward
ElA_25.7kDa

574 1060 1247 1452 fowvard
ElA_6.3kDa

574 645 1247 1348 foorard
E1B_smallT

1598 2134 foward
EIB_largeT

1903 3381 foward

X

3476 3800 foward

Va2

EXE 10.4kDa

7130 7417 foward
EYB_bmdmng

7826 8422 foward
EXB_12.8kDa

B226 B5T0 reverse
EXB termmal

B4A19 10386 13843 13851 reverse
L1_55kDwa

10851 12020 foward
L] _Iia

12045 13811 foward
L2

139032 15569 foward
L VI

15582 16160 foward
L2V

16203 17255 foward
L X

17284 17511 fonvard
L3 VI

17586 18284 foward
L3 hexen

18450 21272 forward
L3 25kDa

21309 21938 foward
EXA_DNAbmding
22027 23580 reverss
L4 1004Da

23611 26097 foward
T4

Figure 20 - GeneMap result screen 1.
The calculated gene locations, in pixel units, are displayed on the Results page for debugging and accuracy check
purposes.
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The final image indicate all forward strands on the top half of the map and the
reverse strands on the bottom half. Spliced genes have a green connector indicator
(Figure 21). The user can then “right click” on the resulting image to save for later use.
The resulting gene map can also serve as an accurate placement reference, and the user

can then draw on any additional styling to the legend bar if needed.

HAdV-16 Hhole Gemnome Mapping

LS ;lhﬁ.r‘
E3 14.TkDa
E’}_lnl-.?ﬁ.[l'u
L E.3_1-2.3ki‘a
ElE IQI geT E3_7.MkDa
E1E_zmallT E;_' Ld WIII E_3;_.-‘.I.l.5¢.[l\1
¥ .
g6l S-S ez !_il.%rim §-20.1kDa
3,25, 7k0a E2p_binding L pegtog2 ¥ L3, 230 3 EJE319.%0a
._' _28k0a ":"3_1{-.‘1'«.0& Ll Il Q'.—'][ L3 _bemon o Lad_1 o0k 53_16.1!\[& g,mhhma:uq
WHWWHWHW
[ 10 20 20 40 [ &0 70 a0 [ 160
i".f-az o ;Zﬁ_lz.ikﬂd : EI& Dby il i rig ;_S_U ;_d_l?.ﬁ;l:la
gbtaainel S R
& !_l-a i1 ]
h;'l_l3.."-‘-[la

Each Unit on the Hap iz Equivalent to 355 basspair

To save the above mage:

For PC User: Right-chick. Save Image / Copy Image.

For Mac User: Chck on mage and drag to desktop or desired folder.
Thaz 15 a beta version, if any 1ssue please contact: elm 1@ enm.edu

Figure 21 - GeneMap result screen 2.
Result image indicate all forward strands on the top half of the map and the reverse strands on the bottom half.
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There are five php files required for GeneMap to run on a server: index.php;
index.display.php; header.php; footer.php; image.php and map.php. These files provide
the following functions: the index.php file is used to initialize the application and handles
the order of operation; the index.display.php file processes the input screen content
display, and initializes the input variables for later processing; the Header.php and
footer.php files include code that displays the content in the header and footer section of
the webpage; and the remaining two files, similar to DrawBar, image.php and map.php
files handle the actual calculation of the base pair to pixel ratio and creates the drawing of
the image that is displayed in the result page. In GeneMap, these two files also have
additional functions that handle the calculation and differentiate the placements for the
spliced genes, forward and reverse or complement genes. Those functions also provide
placement calculation to avoid overlapping genes on the final image. All of the source

codes for GeneMap are included in Appendix 2.

Human Adenovirus Working Group Reference Website

The Human Adenovirus Working Group has been formed as collaboration
between several adenoviral researchers and a viral genome representative of the National
Center for Biotechnology Information (NIH) in an effort to coordinate and standardize
the process of assigning names to novel HAdVs based on genome data. The website was
built with WordPress (WordPress, 2015), and is a basic web content hosing site. It
provides background information regarding adenovirus typing, criteria for a new HAdV

type and name, instructions regarding how to submit a candidate HAdV and a serotyping
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tool. The serotyping tool was constructed using a DataTables JavaScript library based
plugin that is freely available in the WordPress plugin library. The resulting tool displays

all potential types corresponding to the query serotype entered by a user (Figure 22).

HAdV Working Group

Serotyping Tool

(or molecular typing for the un-serotyped)

i (16

Genome Type L] Serotype [] Accession No. » Species »

Showing 1 to 6 of 6 enfries (filtered from 7o total
entries)

Figure 22 - HAdV Working group website serotyping tool.
Serotyping tool in HAdV Working group website (hadvwg.gmu.edu) displays the result table from the search feature.
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CHAPTER 7 - FUTURE DIRECTIONS

Future Directions

There are many follow-up questions remaining to be answered following this
study of the molecular evolution and characterization of four human adenoviruses
pathogens. Since the directionality of the cross species recombination cannot be
determined, additional studies may provide insight in to these recombination events. This
includes additional genome analysis with a larger data set in order to obtain a more
complete and clearer picture of human adenovirus evolution, and directionality of
horizontal gene transfer.

Standardized typing with genomics and bioinformatics protocols can also
facilitate accurate identification of human adenoviruses. This will reduce long-standing
confusion and conflicts in the naming and typing of novel and archived human
adenoviruses. In addition to standardizing typing of human adenoviruses, standardized
annotation of the genome is also necessary.

Currently the process of sequence annotation and isolation is repetitive and labor
intensive. Also, genome annotation of human adenovirus can vary among research
groups. This can provide inconsistent results in applying various bioinformatics tools

such as sequence comparisons and percent identity calculations. To standardize the
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annotation protocol for human adenovirus, either a manual protocol that can provide
consistent results should be developed or an automated algorithm and tool should be
developed. Both would help facilitate the process to provide a systematic standard that
allows future analyses and understanding of any human adenovirus genome.

Additional research can be directed to software development for the graphical
representation of sequence analysis. Current software such as SimPlot is extremely
helpful and sufficient in graphic data representation, but are not without its caveats. As
demonstrated in the HAdV-B16 and HAdV-B21 analyses and discussions, when there is
more than one genome with high similarity to each other, the Bootscan results became
unreadable as the highly similar sequences interfere with each other. Researchers have to
eliminate the competing sequences manually in order to provide a clear presentation of
the targeted data. It would be much more efficient for the Bootscan software to handle
such competitive similarities and to display accurate results without the need to eliminate
manually a number of sequences.

Software such as GeneMap can also be improved by having higher resolution and
better quality of the resulting map. As PHP has limitations in its graphical outputs, other
languages such as Java or Objective C can be considered in order to improve on the final
results and to provide better data presentation.

All of the methods and tools mentioned in this dissertation have already generated
vast amount of valuable and quality data. As the study of human adenoviruses, and other

viruses, progress, these methods will definitely be improved and advanced.
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APPENDICES

Appendix 1 DrawBar code

<?
//index._php by Elizabeth Liu for Draw Bar graphical output

require_once('header.php™);
require_once(index.display.php™);
//extract ($_GET);

$task = $ GET["task™];

switch ($task){
case process:
DISPLAY_Index: :ProcessData();
DISPLAY_Index: :OutputData();
break;

default:

DISPLAY_Index: :DefaultView();

break;
}
require_once("footer.php™);
?>

7



<?

// index.display.php by Elizabeth Liu

class DISPLAY_Index{

// original index page with 2 forms

// form one is genemap title

// form two is input box for the gene names and length
// two buttons, one clear one submit

function DefaultView(){

?>

<form method="post' action="index.php?task=<?=process?>">
Bar Length in Pixels: <br>

<input type=""text" name="barlength" value=600><br><br>
Genome/protein size:<br>

<input type="text" name="genomesize" value=35000><br><br>
Example of Gene and Location entry format: <br>

E1A 574-1496<br>

E1B 1541-3383<br>

Polymerase 5409-8621<br>

Penton 13878-15563<br>

Hexon 18434-21303<br>

Fiber 31406-34191<br>

Protein names need to be one entity, ie no spaces:<br>
Protein_1 or Second protein_1 <br>

NOT Gene 1 and NOT Second Gene 1<br>

<textarea name="'proteinlocations" rows="20" cols="80">

E1A 574-1496

E1B 1541-3383
Polymerase 5409-8621
Penton 13878-15563
Hexon 18434-21303
Fiber 31406-34191
</textarea><br>

}

<I-—<input type="reset"” value="Clear the form"/>--1>
<input type="'submit" value="Submit"/>

</form>

<?

function ProcessData(){

$barlength=$_REQUEST[ "barlength®];
$genomesize=$_REQUEST[ "genomesize™];
$data=$ REQUEST["proteinlocations™];
$lines=split("'\n", $data);

$i=0;

foreach($lines as $nextLine){

// split input
$test=preg_split("/[\n\t\s,-]+/", $nextLine);
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//remove blank space at end of array
// store gene name In a sepearte array
if(is_numeric($test[1])==Talse){
break;

}
$genename[$i]=$test[0];
//remove genename and leave $test just as gene locations
array_splice($test, 0,1);

echo $genename[$i];
echo ""<br>";

foreach($test as $item){
echo $item;
echo "\t';
}
// sort the array
//sort($test);
$genePosition[$i]=%test;
echo "'<br>";
$i+=1;
}
echo ""<br>";
echo $barlength;
echo ""<br>";
echo $genomesize;
echo "'<br>";
$ SESSION[ "barlength®]=$barlength;
$ SESSION[ "genomesize”]=$genomesize;
$_SESSION[ "names"]=$genename;
$_SESSION["genePosition"]=$genePosition;

$lengthratio = 1;

i f($genomesize>100&$barlength!=0){
$lengthratio=round($genomesize/$barlength);

echo "length ratio is: ";

echo $lengthratio;

echo "<br>";

b
function OutputData(){

// echo "output result here";
echo ""<br>";
echo ''<img src=image.php>";
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<?
// image.php by Elizabeth Liu
session_start();
header("'Content-type: image/png™);

// DRAW BACKGROUND IMAGE

//Calculate image size base on bar length. height of
//the image is 1/50 for now
$imgh=0.05*$_SESSION["barlength”];
$imgl=$_SESSION[ “barlength"];
$im=@imagecreate($imgl ,$imgh)

or die('cannot initialize new GD image stream');
$backgournd_color=imagecolorallocate($im, 255,255,255);
$black=imagecolorallocate($im, 0, 0, 0);
//calculate

// draw a straight line with 2 red stoppers

$linethickness=0.004*$_SESSION["barlength™];

imagesetthickness($im, $linethickness);

imageline($im, O, round($imgh/1.5), $imgl, round($imgh/1.5),
$black);

// Draw Actual Genes

$pxlratio=round($_SESSION[“genomesize"]/$_SESSION["barlength"]);
$blockh=4*$linethickness;
$blockyvalb=round($imgh/1.5)-$blockh/2;
$blockyvale=round($imgh/1._.5)+$blockh/2;

$txth=$blockyvalb-15;
for ($m=0; $m<sizeof($_SESSION["names™]); $m++){

$beg=round($_SESSION[ "genePosition"][$m][0]/$pxlratio);
$end=round($_SESSION[ “genePosition " [$m][1]/$pxIratio);

imagefilledrectangle($im, $beg, $blockyvalb, $end, $blockyvale,
$black);

imagestring($im, 2, $beg, $txth, $ _SESSION[“names ][$m],
$black);
}

imagejpeg($im);
imagedestroy($im);
?>
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Header.php

<?
session_start();
//header .php by Elizabeth Liu

2>

<htmi>

<head>

<meta http-equiv="Pragma" content="'no-cache'>

<meta http-equiv=""Cache-Control™ content="no-cache'>

<meta http-equiv="Expires" content="Sat, 01 Dec 2001 00:00:00 GMT">
<title>DrawBar-Elizabeth Liu</title>

</head>

<body>

<center>

<table border=2px width=800px bgcolor="#f2f5fc" cellpadding=20
cellspacing=0>

<tr><td><hl>DrawBar</hl></td></tr>

<tr><td>

Footer.php

<?

// footer.php by Elizabeth Liu

?>

</td></tr>

<tr><td colspan=2>

<table width=100%>

<tr><td>To save the above image:<br>

For PC User: Right-click, Save Image / Copy Image. <br>

For Mac User: Click on image and drag to desktop or desired folder.<br>
This is a beta version, if any issue please contact: <a href="mailto:
eliul@gmu.edu?subject=Troubleshooting
drawbar'>eliul@gmu.edu</a></td></tr>

</table>

</td></tr></table>

</body>

</html>
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Appendix 2 GeneMap code

<?
//index.php by Elizabeth Liu for gene map graphical output

require_once('header.php™);
require_once(index.display.php™);
//extract ($_GET);

$task = $ GET["task™"];

switch ($task){
case process:
DISPLAY_Index: :ProcessData();
DISPLAY_Index: :OutputData();
break;

default:

DISPLAY_Index: :DefaultView();

break;
}
require_once("'footer.php™);
?>
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<?

// index.display.php by Elizabeth Liu

class DISPLAY_Index{

// original index page with 2 forms

// form one is genemap title

// form two is input box for the gene names and length
// two buttons, one clear one submit

function DefaultView(){

?>

<form method="post' action="index.php?task=<?=process?>">
Map Name: <br>

<input type="text" name="mapname'><br><br>

Genome Length:<br>

<input type=""text" name="maxlength"><br><br>

Example of Gene and Location entry format: <br>

Genel 1-10<br>

Gene2 20-50, 55-80 (for spliced genes)<br>

Gene3 100-160, c (c indicates opposite strand coding) <br>
Gene4 100-130, 145-160, c (complement and opposite strand

coding)<br><br>

}

Gene names need to be one entity, ie no spaces:<br>
Gene_1 or Second_Gene_1 <br>
NOT Gene 1 and NOT Second Gene 1<br>

<textarea name="'geneinfo’” rows="20" cols="80"></textarea><br>
<input type="reset" value="Reset'/>

<input type="'submit" value="Submit'/>

</form>

<?

function ProcessData(){

$mapname=$_REQUEST[ "mapname”];
$maxlength=$_REQUEST[ "maxlength"];
$data=$ REQUEST["geneinfo"];
$lines=split(""\n", $data);

$i=0;

$max=$maxlength;

$min=0;

$reverse=array_fill(0, 500, 0);
$fwd=0;

$rev=0;

foreach($lines as $nextLine){

// split input
$test=preg_split("/[\n\t\s,-]+/", $nextLine);
//remove blank space at end of array

// store gene name in a sepearte array
iT(is_numeric($test[1])==False){
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break;

}
$genename[$i]=$test[0];
//remove genename to calc max and min
array_splice($test, 0,1);
for($a=0; $a < sizeof($test); $a++){
if(is_numeric($test[$a])== false){
if($test[$a]=="c"){
$reverse[$i]=1;

array_splice($test, $a);
}

echo $genename[$i];
echo "<br>";

foreach($test as $item){
echo $item;
echo ""\t";

by

// sort the array

sort($test);

//reverse

if($reverse[$i]==1){
$comp[$rev]=S$test;
$rname[$rev]=%genename[$i];
echo "\t";
echo "'reverse';
$rev+=1;

by

//forward array

else{
$forward[$fwd]=$test;
$Fname[$fwd]=%genename[$i];

echo "\t"';
echo "“foward™;
$fwd+=1;

$genePosition[$i]=%test;
echo ""<br>";

//  if($max<max($test)){

// $max=max($test);
// }
/7  if($min>min($test)){
// $min=min($test);
// }

$i+=1;

by

echo "max is : ";
echo $max;
echo " min is - "
echo $min;
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echo "<br>";
$_SESSION["minMaxFwd"][0]=$min;
$_SESSION[ "minMaxFwd " [1]=$max;
$ SESSION[ "mapName " ]=$mapname;
$ SESSION[ “names”]=$genename;
$ SESSION[ "genePosition”]=%genePosition;
$ SESSION["reverse”]=$reverse;
$ SESSION[ " comp”]=$comp;
$ SESSION[ " forward" ]=$forward;
$ SESSION[ " fname"]=$Fname;
$ SESSION[ " rname”]=$rname;
$ratio = 1;
if($max>100){
$ratio=round(($max-$min)/100);
}

echo "ratio is:
echo $ratio;
echo "<br>";
$yval=290;
for($i=0; S$i<sizeof($genename); $i++){
IT(($i11==0) && ($genename[$i] == $genename[$i-1])){
$yval-=5;
}

for ($k=0; $k<sizeof($genePosition[$i])-1; $k+=2){
$end=intval (($genePosition[$i] [$k+1]-$min)/$ratio)*7+50;
$beg=intval (($genePosition[$i][$k]-$min)/$ratio)*7+50;
echo "pixel beg and ends are';
echo $beg;
echo "
echo $end;
echo "'<br>";

}

b
function OutputData(){

// echo "output result here";
echo "'<br>";
echo ''<img src=image.php>";
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<?
// image.php by Elizabeth Liu
session_start();
header(“'Content-type: image/png™);
$im=@imagecreate(1600,1200)

or die('cannot initialize new GD image stream');

$backgournd_color=imagecolorallocate($im, 255,255,255);
$text_color=imagecolorallocate($im, 233, 14, 91);
$black=imagecolorallocate($im, 0, 0, 0);
$red=imagecolorallocate($im, 255, 0, 0);
$green=imagecolorallocate($im, 0, 255, 0);
imagesetthickness($im, 2);
imagestring($im, 5, 300, 10, $ SESSION[“mapName®], $text_color);

// draw a straight line with 2 red stoppers
imageline($im, 50, 300, 750, 300, $black);
imageline($im, 50, 295, 50, 305, $red);
imageline($im, 750, 295, 750, 305, $red);
$rulecount=1;
$numcount=0;
$tickcount=1;
imagestring($im, 2, 50, 306, "0, $text_color);
imagestring($im, 2, 750, 306, "100%", $text_color);
for ($r=57; $r<750; $r+=7){
// at five, output taller tick mark
if($rulecount==5){
imageline($im, $r, 300, $r, 305, $black);
$rulecount=0;
$numcount+=1;

}
else{

imageline($im, $r, 300, $r, 303, $black);
}

iT($numcount==2){
imagestring($im, 2, $r, 306, $tickcount, $text color);
$numcount=0;

}

$rulecount+=1;

$tickcount+=1;

}

J//==—========== —==== ===
// Calculate Porportion

[ /============ —==== ===
//by default ratio is 1, but not true in most cases
$ratio = 1;

i F($_SESSION[ "minMaxFwd"J[1]>100){
$ratio=round(($_SESSION["minMaxFwd*][1]-
$ SESSION["minMaxFwd"][0])7100);

}
imagestring($im, 2, 5, 585, "Each Unit on the Map is Equivalent to

",$text_color);
imagestring($im, 2, 235, 585, $ratio, $black);
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imagestring($im, 2, 270, 585, "basepair’™, $text color);

//============ —==== —====
// Draw Actual Genes, Fwd and Comp strands
J//====—======== —==== —====
$yval=290;

$ryval=330;

//============ —==== —====
// for comp strand

J//==—==—======== —==== —====

for($i=0; $i<sizeof($_SESSION["rname]); $i++){
// if the names is the same as previous one, then probably very
close together, move up yval
iT(($i1==0) && ($_SESSION["rname"][$i]==%_SESSION["rname"][$i-
1D

$ryval+=15;

else{ // if different name reset to 290
$ryval=330;
iIT(Si1==0){
// calc new beg pixel
// if spliced
$newbeg=round (($_SESSION[“comp"][$i][0]-
$ SESSION[ "minMaxFwd"J[0])/$ratio)*7+50;

for($r=0; $r<sizeof($rrecord); $r++){
// now check record see if too close or not
if($rrecord[$r][2]==%ryval){
$namelen=strlen($_SESSION["rname”][$r]);
$namelen*=10;

iT(($newbeg<$rrecord[$r][0]+$namelen) | | ($newbeg<$rrecord[$r][1]+7)){
$ryval+=15;
}

}

b
for ($k=0; $k<sizeof($_SESSION["comp"J[$i])-1; $k+=2){
// it almost out of frame, reset
if(Sryval>=5385){
$ryval=330;
b

$obeg=round(($_SESSION["comp"][$i]1[0]-
$ SESSION[ "minMaxFwd"][0])/$ratio)*7+50;
$end=round(($_SESSION["comp"J[$i][$k+1]-
$_SESSION[ “minMaxFwd*][0])/$ratio)*7+50;
$beg=round(($_SESSION[“comp ][$i]1[$k]-
$ SESSION[ "minMaxFwd"][0])/$ratio)*7+50;
imageline($im, $beg, $ryval, $end, $ryval, $black);
// arrow
imageline($im, $beg, $ryval, $beg+3, $ryval-3, $black);
imageline($im, $beg, $ryval, $beg+3, $Sryval+3, $black);
imagestring($im, 2, $obeg, $ryval-13, $_SESSION["rname"][$i],
$text_color);
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}
$rrecord[$i][0]=%obeg;
$rrecord[$i][1]=%end;
$rrecord[$i][2]=Fryval;
if(is_numeric($_SESSION["comp " J[$i1[31)){
// draw V for spliced gene, calc midpoint
$sbeg=round(($_SESSION["comp"[$i]1[1]1-
$ SESSION[ “minMaxFwd"][0])/$ratio)*7+50;
$send=round (($_SESSION["comp " J[$i][2]-
$ SESSION[ "minMaxFwd"][0])/$ratio)*7+50;
$mid=round(($send+$sbeqg)/2);
imageline($im, $sbeg, $ryval, $mid, $ryval+5, $green);
imageline($im, $send, $ryval, $mid, $ryval+5, $green);

for($1=0; $l<sizeof($_SESSION["fname"]); $1++){
// if names as same as prevoius one, move up, likely to be close
iIT(($11==0) && ($_SESSION["fname"][$1]==$%_SESSION["fname"][$I-
1D

$yval-=15;

else{ // if different name reset to 290
$yval=290;
if($1'==0){
// calc new beg pixel
$newbeg=round (($_SESSION[ " forward"][$1][0]-
$_SESSION["minMaxFwd"][0])/$ratio)*7+50;
for($F=0; $f<sizeof($frecord); $f++){
// now check record see if too close or not
if($frecord[$F][2]==%yval){
$namelen=strlen($_SESSION[ "fname" ] [$F]):
$namelen*=8;

iT(($newbeg<$frecord[$F][0]+$namelen) | | ($newbeg<$frecord[$F][1]+7)){
$yval-=15;
}

}

3
for ($m=0; $m<sizeof($_SESSION["Forward " J[$1T1); $m+=2){
if(Syval<=15){
$yval=290;
}

$obeg=round (($_SESSION[ " forward"J[$1T1[0]-
$ SESSION[ "minMaxFwd"][0])/$ratio)*7+50;
$end=round(($_SESSION[ " forward"J[$1][$m+1]-
$ SESSION["minMaxFwd"J[0])/$ratio)*7+50;
$beg=round(($_SESSION[ " forward"J[$1]1[$m]-
$ SESSION[ "minMaxFwd"][0])/$ratio)*7+50;
imageline($im, $beg, $yval, $end, $yval, $black);
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// arrow

imageline($im, $end, $yval, $end-3, $yval-3, $black);
imageline($im, $end, $yval, $end-3, $yval+3, $black);
imagestring($im, 2, $obeg, $yval-13, $ SESSION["Ffname"][$1]
$text_color);

$frecord[$1][0]=%0obeg;
$frecord[$1][1]=%end;
$frecord[$1][2]=$yval;

iT(sizeof($_SESSION[ " forward"J[$11)==4){
//draw V

$sbeg=round(($_SESSION[ " forward"J[$1T1[1]-
$_SESSION[ "minMaxFwd"][0])/$ratio)*7+50;

$send=round(($_SESSION[ " forward"J[$11[2]-
$_SESSION[ "minMaxFwd"][0])/$ratio)*7+50;

$mid=round(($send+$sbeg)/2);

imageline($im, $sbeg, $yval, $mid, $yval+5

, $green);
imageline($im, $send, $yval, $mid, $yval+5
}

, $green);
imagejpeg($im);

imagedestroy($im);
?>
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<?

// m
echo
echo
$map

ap.php by Elizabeth Liu
""image here shown';
ll<br>ll;

name=$_REQUEST[ "mapname”];

$data=$ REQUEST["geneinfo"];

$lines=split("'\n", $data);
$i=0;

$max=0;

$min=100000;

foreach($lines as $nextLine){

// echo $nextLine;
//problem, adding an additional space at end of the array still

questionable

splice

?>

echo
echo
echo
echo
echo

//problem temporarily fixed

$test=preg_split("/[\n\s,-]+/", $nextLine);

//remove blank space at end of array

$n=sizeof($test);

// if last item in array is numeric, then keep, if not then

if(is_numeric($test[$n-1])==False){
array_splice($test, -1);
by

//store gene name at seperate array
$genename[i]=%test[0];
//remove genename to calc max and min
array_splice($test, 0,1);
// it next item is not numeric, then break
if(is_numeric($test[0])==False){

break;

b
i F($max<max($test)){
$max=max($test);

}
iT($min>min($test)){

$min=min($test);
s

$array[i]=%test;

/*

echo "number of genes:
echo sizeof($array[i])/2;
echo "<br>";*/

$i+=1;

"max is I "
$max;

"min is I "
$min;
"<br>";
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Header.php

<?
session_start();
//header .php by Elizabeth Liu

?>

<html>

<head>

<meta http-equiv="Pragma" content="‘no-cache'>

<meta http-equiv="Cache-Control™ content="no-cache">

<meta http-equiv="Expires"™ content="Sat, 01 Dec 2001 00:00:00 GMT">
<title>GeneMap-Elizabeth Liu</title>

</head>

<body>

<center>

<table border=2px width=800px bgcolor="#f2f5fc" cellpadding=20
cellspacing=0>

<tr><td><hl>GeneMapBeta</hl></td></tr>

<tr><td>

Footer.php

<?

// footer._php by Elizabeth Liu

>

</td></tr>

<tr><td colspan=2>

<table width=100%>

<tr><td>To save the above image:<br>

For PC User: Right-click, Save Image /7 Copy Image. <br>

For Mac User: Click on image and drag to desktop or desired folder.<br>
This is a beta version, if any issue please contact: <a href="mailto:
eliul@gmu.edu?subject=Troubleshooting
genemap'>eliul@gmu.edu</a></td></tr>

</table>

</td></tr></table>

</body>

</html>
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