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ABSTRACT

MOLECULAR EXAMINATION OF THE EVOLUTION AND SEROTYPES OF
HUMAN ADENOVIRUSES

Michael P. Walsh, PhD
George Mason University, 2010

Dissertation Director: Dr. Donald Seto

Human adenoviruses (HAdVs) are important human pathogens. Recent advances in
genome sequencing and sequence analysis have made it possible to study the evolution of
these viruses in new and interesting ways. These technologies have been used to study
recombinant and non-recombinant HAdVs. Data from studies of these genomes have also

revealed possibilities for improving the current methods for classifying HAdVs.



CHAPTER 1: Introduction

1.1. HAdV biology
1.1.1. AdV

Adenoviruses (AdV) are DNA viruses that comprise the family Adenoviridae.
The first members of this family of viruses were simultaneously isolated as a non-specific
human respiratory infectious agent from the adenoid tissue of a child in 1953 [1] and also
simultaneously by the military [2]. Since their identification, many additional members of
the Adenoviridae family have been identified. These viruses have been shown to affect all
vertebrates, from birds and fishes to higher primates including chimpanzees and humans.
Members of this family are separated into five genera, with the taxonomy still undergoing
revision, particularly those based on new genome and molecular-based data [3]. Human
adenoviruses (HAdV) can cause pathologies or may have no apparent consequence to the
host. The symptoms of adenovirus infections vary, and are organ and tissue specific,
causing illnesses ranging from the common cold to severe gastrointestinal distress and
including death [4]. In spite of the diverse nature of the Adenoviridae family, the
members of this family share elements of a common morphology and similar genomic
organization.

AdVs are non-enveloped or “naked” and have an icosahedral shape. Their genetic
information consists of a double-stranded linear DNA genome covalently linked to a
protein (all enclosed in a protein nucleocapsid). The diameter of the virus particles is
usually 60 to 90 nanometers. Adenovirus genomes have variable sizes ranging
approximately 30 to 38 kilobases in length. All adenovirus genomes produce a core set of
proteins, transcribed as “early” or “late” genes, that play essential roles in the virus'
replication, expression, structure and function [5].

One of the polypeptides produced by AdVs is called “II”, based on a
transcriptional scheme (Figure 1). This protein is often referred to as the “hexon
monomer” because trimers of this polypeptide have a hexonal shape. These trimers
contribute the outer structure of the virus. Three other proteins, which are called “VI”,
“VIII”, and “IX”, are thought to associate with the hexon protein to provide structural
stability to the virus particles. AdVs also produce a polypeptide called “III”’. This protein
forms a pentamer that is referred to as a penton base. The penton base associates with 5
molecules of polypeptide Illa and the resulting complex is essential to the virus'
penetration into host cells. AdVs also produce protein IV that forms trimers called fiber
proteins. These fiber proteins are involved in host interaction and receptor binding
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resulting in cell tropism. Polypeptides V and VI of the adenovirus are called core
proteins and are thought to associate with the virus DNA to serve a histone-like packing
function. Finally, the TP or terminal protein is cross linked to the genome DNA and
serves a function in adenovirus genome replication [5].
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Figure 1. Arrangement of the genes of an adenovirus genome. The multiple elements
(lines) associated with each gene represent alternative splicing products [5].

The hexon, penton and fiber proteins are of great interest as they serve to define
the individual virus. As they are external, they serve as recognition site for interactions
with the host and are subject to evolutionary forces. They are useful for ‘typing’ such as
with antibodies and serve as the first method for separating serotypes and species.

The overall structure of the adenovirus particle contains 240 hexon complexes
and 12 pentons. In addition, each of the pentons has a fiber protein attached to it. A
schematic representation of a cross-section of the particle is contained in the Figure 2.
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Figure 2. A cross-section of the adenovirus particle. The hexon proteins provide the
particle with structural stability. The penton and fiber proteins are involved in virus
penetration and host recognition. The core proteins provide a histone-like packing
capability for the DNA [5].

1.1.2. Transcriptional Circuitry

The life cycle and genomic arrangement of AdVs are conserved from species to
species. The adenovirus life cycle is separated into three categories based on the
transcriptional pathways that these viruses use. The first portion of the cycle is often
referred to as the “immediate early” phase of virus replication. During this phase the
virus produces trans-acting regulatory factors that are responsible for activating the
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downstream genes in its genome [5]. The second phase of the life cycle is the “early”
phase. The genes involved in this phase produce products that help the virus to evade the
host immune response, prevent host cell apoptosis, and activate other genes [6]. The
genes of the immediate early and early phases also alter the host cell so that its proteins
can be used to replicate the adenovirus genome. The last phase of the adenovirus cycle is
called the “late” phase. This phase is responsible for the production of the virus' structural
proteins and their assembly into finished virus particles. All of these phases express genes
that have alternatively spliced products. This allows the virus to produce proteins that can
easily interact with the host cells machinery [6].

Each adenovirus genome contains complementary inverted terminal repeats
(ITRs) at each end. The ITRs allow single strands of the virus genome to form origins of
replication. These single strands are dissociated from the DNA duplex during the virus’s
asymmetric strand synthesis [7]. AdV ITRs also provide transcriptional elements. These
elements have highly conserved sequences including core replication and host
transcription binding sites [8].

Adjacent to the 5’ ITR, the first portion of the adenovirus genome encodes the
E1A and E1B genes. These genes are part of the immediate early phase of the virus life
cycle and code for products that play a role in the transcriptional activation of genes that
are located later in the genome. Further along in the genome are the E2A and E2B genes.
These genes play a role in the early phase of virus replication. Finally, located at the end
of the genome, there is a cluster of L genes and E3 genes. Products from these genes are
responsible for the late phase of virus replication. L genes encode for structural proteins
and the E3 products have been shown to play a role in preventing host cell apoptosis [5].
Figure 1 shows a schematic representation of an adenovirus genomic arrangement.

All adenovirus replication occurs inside the host cell nucleus. Prior to replication,
the virus particle must penetrate the cell. As shown in Figure 3, in the first step in this
process, a fiber (knob) molecule of the adenovirus particle binds to a specific host cell
receptor, hence cell tropism. Next, the virus particle is taken into the host cell vacuole
through phagocytosis. The pentons of the adenovirus particle have properties that are
toxic to host cells and this toxicity causes the vacuole to break open, releasing the virus
particle into the host cell cytoplasm. Finally, the virus particle migrates to the nuclear
membrane and injects its DNA into the nucleus through a nuclear pore [5].

Note, the mechanism(s) of virus binding is(are) still vastly unknown. The penton may also
serve as a recognition protein for cell binding.
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Figure 3. Penetration of an adenovirus particle into a host cell [5].

1.1.3. HAdV

HAdVs are members of the genus Mastadenovirus [3]. There are currently 55
different types of HAdVs that are separated into 7 species based on biology, proteome,
immunochemistry and DNA homology. Three additional novel types are reported based
on genomics [9,10,11]. Both the type number and the species designations are still being
debated, based on changing definitions and genome and molecular data. For example,
Number 52 and species G are recent additions [12]. Species are noted by the letters A
through G. These species are of importance because they infect humans (and other
primates, depending on definitions) and many of them have been studied extensively,
from a biological and clinical point of view.

Species HAdV-A contains three types (HAdV-A12, -A18, and -A31) [13]. The
most studied of these viruses is HAdV-A12. This serotype has been completely
sequenced and annotated. HAdV-A18 and -A31 have also been sequenced and the
analysis of HAdV-A18 will be discussed in Chapter 3 of this document [14]. The most
notable characteristic of this species is that it has been shown to cause the development of
sarcomas in experimentally infected hamsters [15].
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Viruses in species HAdV-B are divided into two sub-species labeled B1 and B2.
The types of the B1 subspecies are -B3, -B7, -B16, -B21, and -B50. The genomes of
these types are sequenced and, with the exception of HAdV-B50, have been shown to
cause upper respiratory infections. The members of the B2 species are types -B11, -B14,
-B34, -B35, and -B55. These genomes have also been sequenced and, with the exception
of HAdV-B14 and B55, have been shown to infect the human urinary tract and kidneys
[16]. HAdV-B14 and HAdV-B55 have been implicated in respiratory infections, a
clinical finding which has been explored further with genomics and bioinformatics
[17,11].

Viruses in species HAdV-C include types -C1, -C2, -C5, and -C6. HAdV-C1, -C2
and -C5 have been sequenced. The members of this species have been implicated in a
large number of respiratory and asymptomatic infections. Infections caused by members
of the HAdV-C species may have latent effects that are not well-understood. The specific
cell types that host this species of adenovirus have not been identified [18]. In addition,
HAdV-C5 is a potential vaccine and vector candidate which will be discussed in greater
detail in Chapter 3 [19].

Species HAdV-D contains approximately 32 types. Thirteen of these serotypes (8,
9, 17,19, 22, 26, 28, 36, 37, 46, 48, 49 and 53) are sequenced. The types of this species
have been linked to a variety of symptoms. For example, HAdV-D36 has been suspected
as a cause of weight gain and obesity in other vertebrates [20]. Also, several members of
the HAdV-D species are known to cause severe eye infections, such as epidemic
keratoconjunctivitis (EKC) [21,10]. One recent isolate, HAdV-D53, is highly contagious,
causes EKC and is the result of molecular recombinations [10]. HAdV type 49 has been
explored as a possible genetic vector [22].

The only virus in species HADV-E that infects humans is HAdV-E4. In addition,
there are also four chimpanzee-hosted AdVs that are contained in species HAdV-E4.
HAdV-E4 is one of the primary agents of an acute respiratory disease (ARD) that affects
a number of military recruits. Some reports suggest that HAdV-E4 is responsible for as
much as 99.9% of the adenovirus-caused ARD in the US military [23]. This particular
type is interesting as the recent versions appear to have a single recombination in the
Inverted Terminal Repeat (ITR) that appears to result in a more robust infection (personal
communication with Donald Seto).

As a result of the public health implications of HAdV-E4, it is one of the few
HAdVs for which there is a vaccine [4].

Species HAdV-F contains two viruses, HAdV-F40 and HAdV-41, which are
linked to gastrointestinal ailments [24]. They are also described as fastidious because
they are difficult to culture in vitro [25]. Both of these HAdV have been fully sequenced.

HAdV species G is the most recently reported and accepted HAdV species. The
sole human representative of this species, HAdV-G52, has been implicated in outbreaks
of gastroenteritis. This species is also the first to be characterized and identified using
bioinformatics techniques [12].



1.2. HAdV Evolution

Molecular evolution is the study of evolution at the nucleic and amino acid level.
It is integral to the study of HAdV diversity. Changes at the genome level of HAdV have
led to an expanding number of new types [9,12,10,11]. These changes range from small
insertion/deletions (indels) and substitutions to homologous recombination events. The
study of the HAdV diversity is advancing quickly due to technological advancements in
whole genome sequencing and bioinformatics methods.

HAdV genomes are relatively small and encode less than fifty proteins. As a
result of this, small indels and substitutions in HAdV genomes can have a large effect on
these viruses. Recent studies have been conducted on the consequences of mutations in
the fiber gene of HAdV-B11. These studies found that a substitution in a single codon,
which encodes for an arginine residue at position 279 of the protein, is capable of
changing the phenotype of the virus to that of HAdV-B7 [26]. Studies such as these help
to illustrate the importance that indel mutations play in HAdV diversity.

Another important driving force in the molecular evolution in HAdV is
homologous recombination. Recombination events are emerging as a primary source of
HAdV diversity. Several recent studies have described recombination events that have
led to changes in cell tropism and phenotype of HAdV [27,10,11]. These events represent
an important source of new HAdV types and their study can help researchers to a greater
understanding of how HAdV evolve.

In the past, the detailed study of HAdV evolution has been hindered by
technology. The limited number of available HAdV genome sequences limited high
resolution studies. Two examples of low resolution HAdV analyses are serum
neutralization (SN) and hemagglutination inhibition (HI) assays. Serum neutralization
assays have been used to explore epitopes contained within the HAdV hexon protein.
This type of assay has been used to classify fifty one distinct “serotypes” of HAdV
[21,28]. Hemagglutination inhibition assays have been used to examine the
characteristics of the HAdV fiber protein and further classify the viruses [21,28]. Until
recently, these assays were the only methods available to differentiate HAdVs.

SN and HI assays possess inherent limitations that can interfere with the study of
HAdV. One of these limitations is that the assays are logistically difficult to perform. The
tests take time and reagents, such as the viruses themselves, can be difficult (or
impossible) to culture or manufacture. The difficulty in growing the reagents can slow
down research. Also, the results of the assays (like many antibody assays) can be
somewhat subjective. This can lead to incorrect or inconclusive results. Another
limitation of these assays is the proportion of the genome that they examine. SN targets
epitopes that are contained within two major loops of the hexon protein [29]. The portion
of the genome that encodes for these loops is less than three percent of the whole
genome. HI tests target the knob region of the fiber protein [30]. The fiber knob is
encoded for by less than two percent of the genome. Even when used together, these
assays provide only a narrow view of a HAdV genome which is only moderately useful
for describing the origins and evolution of the virus.
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A more recently applied technique for the study of HAdV genomes employs
restriction endonuclease (RE) analysis [31]. In this method, a genome is digested with a
panel of defined REs. The resulting genome fragments are subjected to electrophoresis
which creates a “restriction map” from the unique sized fragments. Restriction maps from
different HAdVs are compared to explore the degree of similarity and differences
between genomes.

RE analysis has advantages when compared to antibody-based methods such as
SN and HI. One advantage is that RE analysis explores the whole primary nucleotide
sequence that is ignored by antibody assays. Another advantage of RE maps is that they
can be used to examine the entire length of a genome rather than the smaller portions that
are covered by SN and HI assays.

A disadvantage of RE analysis is the result of low resolution of RE maps. RE
analysis only examines RE sites, which constitute a small proportion of a genome. This
means that two genomes with identical RE maps are not necessarily identical. Also,
small differences in RE sites can lead to large differences in RE maps. Relationships
between genomes must be inferred from RE maps rather than identified from a base by
base examination of the genome sequences. Higher resolution techniques must be used to
characterize accurately HAdV sequences and their evolution.

Advancements in whole genome sequencing are providing an abundance of data
for HAdV evolution research. Combined with bioinformatics tools, whole genome
sequences provide a high-resolution picture of how HAdVs change or evolve in time. It is
no longer necessary to infer relationships based on antibody or RE data. With sequence
alignments, recombination scans and other tools (discussed in Chapter 2 of this
document), the process and pathways by which HAdV species evolve can be
characterized in more accurate and meaningful ways.

Whole genome studies of HAdV are currently providing data that are important in
several different ways. First, these data are important because they provide information
about human pathogens. HAdV-B14 is a recently emerging pathogen that has caused
fatal acute respiratory disease (ARD) outbreaks among civilian and military personnel in
the US [32,33,17]. The whole genome analysis of HAdV-B14 (described in Chapter 3 of
this document) may provide information that can help researchers to determine the
origins of this virus. Second, these data are important because they provide information
about potential human vaccines and vectors. HAdV-C5 is commonly used in vaccines
and genetic vectors because of the virus’s stability over time [19,34,35]. Data from
bioinformatics studies of HAdV-C5 (Chapter 3) will help scientists to ascertain the
source of the virus’s resistance to mutation/recombination and will aid in the search for
other HAdV vaccine/vector candidates. Third, these data are important because they
provide information about less commonly researched HAdVs. HAdV-A18 belongs to
HAdV species A which has been understudied in the past [14]. The data from
examinations of viruses such as HAdV-A18 can be useful as a reference in the
exploration of vaccines/vectors and in recombination studies.

Whole genome studies have also led to a greater understanding of the role that
recombination plays in the evolution of HAdVs. Inconsistent SN and HI results have
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caused researchers to suspect that certain HAdVs are recombinant [36,37,38]. Recently,
an emerging recombinant HAdV ocular pathogen was isolated in Germany [39]. The
resulting bioinformatics characterization of this virus, HAdV-D53 (discussed in Chapter
4 of this document), provided the first computational confirmation of recombination
events in HAdVs at this high-resolution genome level [10].

Recombination studies have been informative as to the nature of re-emerging
HAdV pathogens. HAdV-B55 (discussed in Chapter 4) has been linked to sporadic
outbreaks of ARD in China and elsewhere [40,41]. Early sequenced based examinations
of the hexon of HAdV-B55 indicated that the virus was a variant of HAdV-B11 [41].
However, HAdV-B11 is a renal pathogen that is not associated with respiratory illnesses
[16]. Recombination studies have revealed that the majority (97%) of the genome of
HAdV-B55 comes directly from HAdV-B14, a respiratory pathogen. Furthermore, the
virus contains hexon a recombination with HAdV-B11 [11].

Data from the examinations of HAdV-D53 and B55 demonstrate the potential of
recombination studies to resolve paradoxes and questions from early HAdV research.
Hexon sequence data indicated that both HAdV-D53 and B55 were variants of existing
HAdV types (HAdV-D22 and B11, respectively). However, these data were confusing
because neither virus shared symptoms or tropism with its supposed parents.
Recombination analysis data revealed that these viruses both contain hexon
recombinations that led to mischaracterizations of the viruses. HAdV-D53 and B55 do
not share the properties of their parent viruses because only a small portion of their
genomes are related to their parents. This small portion, the hexon gene, is the source of
the apparent paradox in identification.



CHAPTER 2: Sequence Analysis

2.1. Introduction

In the past, HAdV genome research has been hindered by a lack of sequence data
and bioinformatics tools. Without this data, the study of HAdVs has been limited to low
resolution data such as that gained from restriction enzyme digests and serology-based
interpretations of the genome [21,31]. Recently, advances in whole genome sequencing
technologies have changed this paradigm. As a result of the dramatic increase in the
availability of genome sequence data, the analysis of sequences has become a limiting
factor in HAdV genome research. To solve this problem, a systematic approach to the
analysis of annotated HAdV genomes, including software tools, has been developed.

2.2. Genome Analysis Process

The sequence analysis process developed begins with a newly sequenced HAdV
and includes annotation. In the first step in the analysis of a new sequence, a whole
genome multiple sequence alignment (MSA\) is created that contains the new sequence
along with every other currently sequenced HAdV. As part of this step, percent identity
values are calculated from the MSA. Since HAdVs of the same species are similar to one
another, the percent identity calculations are informative as to the species of the newly
sequenced HAdV. The percent identity values also give researchers the ability to use data
from previous studies to elucidate properties of the new sequence. For example, if
HAdV-D37 shares a high identity with the new sequence, and HAdV-D37 causes eye
infections, it may be worthwhile to explore the possibility that the new sequence causes
eye infections as well. Establishing these types of relationships can increase the quality of
future studies and reduce the time needed to complete them by giving researchers a guide
to studying a new sequence.

Phlyogenomics can be defined as the phylogenetic examination of the molecular
data from a genome [42]. The phylogenomics of the newly sequenced HAdV are
explored in the next step of the analysis process. In this step, MSA’s of the three
serological determinants (penton, hexon, and fiber) of the new virus are created. Next,
two sections of the hexon MSA are extracted, corresponding to previously published
studies and primers that isolate hexon loop 1, the variable and defining region [30], and a
portion of the hexon conserved region [43]. The fiber MSA is then analyzed in a similar
manner using primers [43] designed to extract the variable knob region of the fiber gene.
Finally, bootstrapped (one thousand replicates) neighbor joined phylogenetic trees and
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distance matrices are created from the five resulting MSA’s (whole genome, penton,
hexon loopl, hexon conserved 3 and fiber knob).

Phlyogenetic trees of the new sequence provide several different types of
information. The whole genome phylogenetic tree and distance matrix values reconfirm
data obtained from genome percent identity measurements. The hexon loopl and fiber
knob trees mimic results from serum neutralization (SN) and hemagglutination (HI)
assays which are the classical HAdV typing methods. Using phylogenetic trees in lieu of
these assays greatly reduces the time and effort required to gain information pertaining to
the hexon and fiber of the new genome.

When examined as a whole, the five phylogenetic trees can be used to determine
if a new genome is a variant of an existing genome type or a novel, and perhaps even
recombinant, genome type. Figure 4 shows an excerpt from a phylogenomic examination
of a sequenced HAdV isolate called SGN-1222. SGN-1222 was originally designated as
a variant of HAdV-B11 but forms a clade with HAdV-B55 in all trees. This reveals that
SGN-1222 is a variant of HAdV-B55 rather than a novel HAdV or a variant of HAdV-
B11. The difference in the clades formed between the two hexon trees reveals that both
HAdV-B55 and SGN-1222 contain an intra-hexon recombination between HAdV-B11
and HAdB-B14. Finally, the branch lengths in the clade that contains HAdV-B55, SGN-
1222 and HAdV-B11 in the hexon loop1 tree indicates that these three HAdVs will
provide identical results in serum neutralization assays.
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Figure 4. A phylogenomic examination of (SGN-1222) . Selected phylogenetic trees,
containing HAdV isolate SGN-1222, are pictured. Clades formed in the trees reveal that
the isolate is a variant of HAdV-B55 and that it contains an intra-hexon recombination.

In the third step in the process, the new genome is compared to its closest relative,
as established by percent identity and phylogenomic data, using pairwise whole genome
alignment visualization. Whole genome alignment visualization allows researchers to
examine regions of a new genome to determine relationships and indentify possible
recombination events. Figure 5 shows an example of an alignment visualization that
examines HAdV-B55 using zPicture software [44]. In the alignment, a close relationship
between HAdV-B55 and HAdV-B14 is visible (y-axis 90 — 100% identity). However,
HAdV-B55 shows higher identity to HAdV-B11 in the proximal 3rd of the hexon region.
This pattern indicates a potential recombination event.
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Figure 5. Whole genome alignment visualization. Pairwise alignment visualization of
HAdV-B55 versus its closest relatives is shown. HAdV-B14 and HAdV-B55 show high
identity to each other throughout most of their genomes. HAdV-B55 shows higher
identity to HAdV-B11 in the proximal third of the hexon region indication a possible
recombination event in this region.

In the next step in the sequence analysis process, all of the genes and predicted
proteins in the newly sequenced HAdV are aligned with homologs from other HAdVs
and percent identity values are calculated. The percent identities from the genes are
useful in confirming recombination events or other relationships that have been observed
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earlier in the sequence analysis process (data not shown). Amino acid percent identities
can be used to determine whether or not the relationships are translated as differences at
the proteome level.

In the final stage of the analysis, the new genome is formally examined for
recombination events using computational tools, such as Simplot [45]. In the first step of
this recombination analysis a whole genome alignment containing the new sequences and
several related sequences is examined for such events. When recombination events are
found in a region of the alignment, that region is excised so that it can be examined using
a scan with higher resolution. Finally, results from the recombination scans are combined
with whole genome percent identities, phylogenomic data, genome visualization results
and amino acid and genes. All of the resulting information is used conjunction with
whatever is known about the biological context of the virus to determine the potential for
a recombination event.

2.3. Computational Tools

The genome analyses described make use of a variety of computational tools.
Many of these are freely available in the public domain. However, some of the tools used
were not available and had to be designed and developed.

2.3.1. Genome Alignment and Percent Identity Calculation

Two tools were used to align genomes and calculate percent identities. An
internet accessible and relatively new alignment program, called Multiple Alignment via
Fast Fourier Transforms (MAFFT) [46], was used to align whole genomes. Percent
identity values were calculated, based on these alignments, using the percent identity tool
available as part of the UCSF Chimera program [47]. Both MAFFT and Chimera were
useful in reducing the time required to complete the genome alignment stage of the
sequence analysis process.

MAFFT is a sequence alignment program capable of aligning sequences quickly.
The speed of the program is the result of the algorithm’s incorporation of Fast Fourier
Transforms (FFT), a mathematical formula, to align sequences.

The use of MAFFT to align sequences was convenient, and possibly necessary, due to the
size of the alignments used in this project. There a currently over fifty-five sequenced
HAdV genomes and the length of these genome ranges from 30 to 38 kilobases. Creating
an alignment of this size can take several hours using Clustal, the current standard tool.
The same alignment can be constructed in less than ten minutes using MAFFT.
Furthermore, MAFFT has been shown to be as, or more, accurate than Clustal [48]. The
combination of high speed and accuracy of MAFFT makes it the best option to create
HAdV whole genome alignments.

A program called UCSF Chimera was used to calculate percent identities between
HAdV genomes [47]. Chimera contains a tool that allows for the computation of percent
identities from a MSA. This is in contrast to commonly used software, such as EMBOSS
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[49], which requires pairwise alignment of sequences for calculations. The ability to
compute genome percent identities from one MSA, rather than the several dozen pairwise
alignments that would be required by other programs, reduced the time and effort needed
to complete genome identity calculations.

2.3.2. Phylogenomic Analysis

The primary tool used for phylogenomic analysis of HAdV genomes was
Molecular Evolutionary Genetics Analysis (MEGA) [50]. MEGA is an open source
alignment viewer/editor that provides options for creating phylogenetic distance matrices
and trees. All trees were constructed using the bootstrap, neighbor joining option
available within the program. Default parameters were used in all analysis.

The distances, upon which the distance matrices and phylogenetic trees are based,
were calculated from MAFFT MSA’s using the Maximum Composite Likelithood (MCL)
method [50,51]. This method maximizes the sum of the log likelihoods for all sequence
pairs according to a nucleotide substitution pattern. This method was chosen because it is
the default setting in MEGA, a widely used and well tested phylogenetic program.

2.3.3. Genome Alignment Visualization

Whole genome pairwise alignment visualization was completed using a web
accessible alignment software suite called zPicture [44]. This program is similar to other
types of software, such as mMLAGAN [52], in that it uses a BlastZ algorithm [53] to align
sequences. The resulting alignment can be visualized in two different ways. The first
visualization uses a sliding window (e.g., 100 bp with a 25 bp moving step) to create a
smoothed graph of the similarities between sequences. This method of visualization is
useful for examining sequences of high similarity because it allows for minute
differences between the sequences to be displayed. The second visualization method uses
blocks to show regions of similarity between sequences. The size of the blocks is
determined by gaps in the alignment, and the percent identity is determined and graphed
for each block. This visualization is useful for comparing regions of less similar
sequences and can be used to spot potential regions of recombination.

zPicture and other programs (MLAGAN, PipMaker) use identical algorithms for
alignments. The choice to use zPicture, rather than other programs, was based on several
factors. One of these factors is that zPicture is available on the web
(http://zpicture.dcode.org/) which increases the ease with which it can be used. Also,
zPicture contains certain options that are not available with comparable programs. The
most notable of these options is the ability to visualize alignments using blocks. This
capability allowed for the visualization to be used as a further check for potential
recombination events.

2.3.4. Gene/Protein Alignment and Percent Identity Calculation
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Two tools were used to calculate percent identity values for individual
genes/proteins. The first of these tools was a local database (db) of annotated HAdV
genomes from GenBank. This db was used to facilitate the retrieval of gene/protein
sequences. The second tool was a Java-based protein alignment percent identity
calculation program. This program was used to compare homologs from different HAdV
genomes. Both tools were developed during this project and will be made available to the
general public via web server.

Currently the majority of sequenced and annotated HAdV genomes are stored in
GenBank. GenBank, however, is not limited to HAdV and encompasses a large body of
all sequence data. Retrieving HAdV sequence data from GenBank is difficult because
users must circumvent many thousands of sequences. To alleviate this problem, a local
HAdV specific db was created for this project.

The schema for the local HAdV-DB, shown in Figure 6, has four tables that store
information from HAdV genomes. The Adenovirus table houses reference information
relating to each genome. This table allows user to retrieve general information about the
HAdV including the species, serotype, strain, etc. The remaining tables store the
sequence information for the virus. The Genome table contains the genome sequences of
the viruses so that they can be easily accessed for genome alignments and recombination
studies. The NonCodingFtrs table stores sequence information for all of the non-coding
features of HAdV genomes. Non-coding sequences are beyond the scope of this
investigation but were included in the db in the event that they become useful for future
studies. Finally, CodingFtrs table contains nucleotide sequences and amino acid
translations of all of the coding sequences in HAdV genomes. This table allows for
retrieval of sequences by gene/protein name which is useful when aligning homologs
from different HAdV genomes.
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Figure 6. HAdV DB Schema. An entity relationship diagram of the schema of a local
HAdV DB is displayed. Lines indicate foreign key relationships.

A series of Java programs was used to populate the HAdV DB. A Java framework
called BioJava [54] was used to write a script that retrieves genomes from GenBank;
parses out the necessary information; and feeds that data into the appropriate tables of the
DB. Another Java framework, Hibernate [55], was used to communicate
programmatically with the DB. Hibernate has many functions that simplify the process of
ensuring that the information in the DB remains consistent and synchronized.

The majority of the programs available for alignment and calculation of percent identities
were insufficient for this project because they focus on determining relationships between
one set of homologs rather than all sets of homologs. For example, the percent identity
between all HAdV hexons can be easily calculated by isolating hexons from the genomes
of interest and running EMBOSS to determine percent identities. However, determining
the percent identities between all of the proteins in HAdV-D37 and their homologs in
HAdV-D19 would require more than thirty runs of EMBOSS. A Java-based program was
written to decrease the amount of time and effort required to compare homologs of
different HAdV.

The percent identity program has three main purposes. First, given two HAdV
genome annotation files (in GenBank format), the program can align homologs from the
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two HAdV genomes and calculate percent identities. Second, the program can compare
homologs that are input as lists via fasta formatted files. Finally, the program is capable
of parsing coding sequences out of GenBank formatted files.

The results of the program are calculated from alignments constructed using a BioJava

implementation of a Needleman-Wunsch algorithm. The software was developed using
the Java Spring framework [56] so that it could be made available on the WWW.

2.3.5. Recombination Analysis

There are many different types of recombination analysis software [45,57]. These
software use a variety of different algorithms to identify potential recombination events.
Among recombination detection programs, Simplot [45] stands out because of its ease of
use, logical/understandable algorithm and presentable results. For these reasons, it was
the primary program used in the recombination studies discussed in this document.

The Simplot software is capable of producing two types of analyses that, in
complementation, can help researchers to identify putative recombination events. The
first type of scan is called a similarity plot. This scan examines a nucleotide MSA, using
a user-defined sliding window before calculating and graphing the percent identity
among the sequences in the alignment. The second type of scan is called a bootscan. A
bootscan uses a phylogenetic algorithm to determine which of the regions of a MSA are
most likely to contain recombination events.

It is important to understand the bootscan algorithm because any unfamiliarity
with respect to the algorithm can lead to misinterpretation of the results from bootscans.
In the first step of the bootscan process, an alignment is input into the program and a
query sequence is chosen by the user. The query sequence is the sequence that will be
searched for recombination events. This alignment is then separated into overlapping
windows based on user input parameters. Next, a user defined number of bootstrapped
neighbor-joining trees are constructed for each of the resulting overlapping windows. The
percentage of the trees in which each sequence in the alignment forms a clade with the
query sequence is calculated for each window and graphed as colored lines.

Potential recombination events are easily visible in bootscan graphs as “changes
in peaks”. Figure 7, is an example of a bootscan that illustrates this change in peaks. In
most of the first half of the bootscan (positions ~300 to 1400), the query sequence clades
with HAdV-E4 (the green line). However, the second half of the scan shows a strong
relationship between the query sequence and HAdV-B11, indicated by a high blue peak.
This change in peaks, from green to blue, suggests that a recombination event may have
taken place in the query sequence.
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Figure 7. Bootscan example of “change in peaks” phenomenon. A bootscan graph shows
potential recombination between HAdV-B16 and HAdV-E4 at the hexon gene.

Identification of potential recombination events in a bootscan is relatively easy
given the simple graph output. However, overreliance on bootscan output can lead to
misinterpretation of results. Bootscan output measures the (phylogenetic) relationships
between sequences on a relative scale. In order to identify correctly a recombination
event, constant (percent identity, similarity plot) measurements must also be taken into
account. Figure 8, shows an example that illustrates this point. This figure shows a
bootscan (top panel) and similarity plot (bottom panel) of HAdV-A18. If one were to
examine the bootscan alone, it would be easy to conclude that HAdV-A18 has a
recombination event with HAdV-A3L1 in the first half of the graph. However, the
similarity plot graph reveals that HAdV-A18 and HAdV-A31 are only ~85% identical in
the (potentially) recombinant region. This type of result could mean that not enough data
was included in the initial scan, or that the recombination is very old and that the
sequences have since diverged. Either way, the initial bootscan results, taken alone, are
misleading and could lead to confusion.

18



i: A A’f ' ]
1 WV \ ' :
Eo ) l.} k) HAdV-A31

Figure 8. Recombination results for HAdV-A18. The top panel shows the bootscan result
for the hexon of HAdV-A18. The panel shows a similarity plot result for the same query.
The major loops of the hexon are noted at the top of the figure for reference purposes.

Another potential source of confusion involved in recombination scan results
involves the amount of sequence data that is included in the scan. Problems in this area
can be caused by including either too much or too little sequence data. Too much
sequence data can be a problem if the sequence similarities interfere with the scan, e.g.,
compete with each other. For example, if two variants of HAdV-E4 are included in the
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scan, any potential recombinations in HAdV-E4 will be masked. The extra HAdV-E4
will act as a de facto copy of the query and will always be more similar and more
potentially “recombinant” than the other sequences in the alignment. Too little sequence
data can become a problem because it forces researchers to draw conclusions based on
incomplete data. Figure 9 shows an example of the use of too little sequence data in a
bootscan. The figure shows two bootscans of HAdV-D54, a recently sequenced member
of the HAdV-D species where the top panel shows an early version of the bootscan that
contains the limited number of HAdV-D genomes that were available at the time. This
panel shows a potential recombination event with HAdV-D9 in the middle of the graph
(in the hexon region). The bottom panel shows a bootscan done on the same query, when
more HAdV-D sequences were available. The hexon recombination does not appear in
this scan, indicating that this recombination was an artifact caused by a lack of sequence
data.

Figure 9. Bootscan of HAdV-D54. The top panel shows a bootscan of the HAdV-D54
genome that contains limited sequence data. The bottom panel shows the same bootscan
after more sequence data was included.
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Finally, Figure 10 shows an ideal result (in terms of the number of sequences
queried and the clarity of the recombination evidence). The figure shows a bootscan (top
panel) and similarity plot (bottom panel) of the hexon of HAdV-D53. All available
sequences were included for analysis and both graphs show strong evidence of a
recombination event between HAdV-D53 and HAdV-D22. Furthermore, the recombinant
region has biological significance. This region is biologically significant because it
encodes for two major loops of the hexon protein. These loops contain the epitopes for
serum neutralization assays [29,30] and, presumably, for antibody binding. A change in
this region could give HAdV-D53 a selective advantage over other HAdVs in evading the
host immune response.

Loop 1 (HVR1.6) Loop 2

{HVRT)

f "\I' N'\‘f ’

| |
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Figure 10. HAdV-D53 hexon recombination. The top panel shows bootscan result for the
hexon of HAdV-D53. The panel shows similarity plot results for the same query. The
major loops of the hexon are noted at the top of the figure for reference purposes.

When determining whether or not a recombination event has taken place, it is
important not to rely too heavily on one type of data. Similarity plot/bootscan results
must be independently confirmed using phylogenomic, percent identity, and clinical data.

2.4. Conclusion

The sequence analysis process described in this chapter allows researchers to
examine and characterize newly annotated genome quickly and thoroughly. However, the
true advantage to this method lies in the fact that every step of the process independently
confirms results from the other steps. These data and analyses complement each other.
Percent identity data confirms zPicture and Simplot data, Phylogenomic data confirms
bootscan and zPicture data, etc. This allows researchers to be more confident about
conclusions that are drawn based on the sequence analysis process.
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CHAPTER 3: Non-Recombinant Genomes

The study of non-recombinant HAdV genomes is important for several different
reasons. First, many of these genomes are human pathogens that are capable of causing
severe or even fatal diseases. Exploration of HAdV genomes, such as these, can provide
information about the source of the pathogenecity which may be embedded in the
genome. Studies of these genomes may also lead to possible treatments or vaccines.
Second, HAdV genomes have been used in vaccine and vector development projects.
Analyses of genomes used in vaccines and vectors will provide information about the
stability of these genomes and their rate of molecular evolution. That data can be used to
improve the development process. Finally, many HAdV types are understudied because
they are relatively benign or they are difficult to culture. Studies of these genomes can
provide data that are useful as a reference in comparative genomic studies of other
HAdV. Parts 1-4 of this chapter contain publications that explore each of these aspects of
HAdV research.

A detailed genomic and bioinformatics analysis of HAdV-B14 comprises Part 1
of this chapter [17]. HAdV-B14 is a member of subspecies B2, which has been
implicated in outbreaks of acute respiratory disease (ARD) throughout the world
[32,58,59]. The B2 subspecies is of interest because of the pathogenecity of many of its
members. However, unlike HAdV-B14, most B2 HAdVs cause renal ailments. The
publication describes the most detailed examination of the B2 subspecies to date and will
be useful in determining why HAdV-B14 causes respiratory rather than renal symptoms.

Parts 2 and 3 of this chapter contain publications that examine the vaccine and
vector development potential of HAdV. The publication presented in Part 2 describes an
analysis of HAdV-C5 [19]. HAdV-C5 is a respiratory pathogen that is often
asymptomatic and has been studied for over fifty years. The fifty-year body of data
provided by HAdV-C5 analyses provided a unique opportunity to examine the stability of
the genome over time. The findings presented in the paper demonstrate the unusual
molecular stability of HAdV-C5 and its continued use as a vector or vaccine.

The publication presented in Part 3 of this chapter provides a review of the current
data and tools used for HAdV vaccines and vector research [60]. This paper describes
detailed analyses of HAdV-B3, B7, HAdV-E4, and HAdV-C5 including recently isolated
field strains for comparison. All of the HAdV have been explored as possible genetic
vectors and HAdV-B7 and E4 have been used in vaccine development. The paper
explores the stability of these strains along with many other factors that may affect their
suitability as vaccine/vector candidates.
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Part 4 of this chapter contains a paper that describes analysis of HAdV-A18 [14].
HAdV-A18 is a member of species A. HAdV species A is less studied than other species
as a result of the limited effects of its members. However, HAdV-A12, another member
of species A, has been implicated in tumor formation in rodent models. The analysis of
HAdV-A18 reveals that it contains sequence similarity with HAdV-A12 in the regions
thought to be linked to the transformation of rodent cells [61,62,14].

The analysis of HAdV-A18 also serves as a reference in present and future
comparative genomics studies. Comparative genomics studies, such as recombination and
in silico RE analyses, depend on having available reference genomes. For example, it is
not possible to study fully the recombination history of HAdV species A without data
from all of the members of that species. HAdV-A18 was the last member of species A to
be sequenced and data from its analysis made a recombination study of that species
possible. The results of the recombination study are presented in the publication.
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Part 1
Genomic and bioinformatics analyses of HAdV-14p, reference strain of a re-emerging
respiratory pathogen and analysis of B1/B2

25



Vitus Research 143 (2009) 04105

Contents lists svailable s ScienceDirect

Virus Research

lournal homapage: www. elsevier.com/locate/virusres

\ Y\‘Eél’ ARCH

Genomic and bioinformatics analyses of HAdV-14p, reference strain of a
re-emerging respiratory pathogen and analysis of B1/B2

Jason Seto?, Michael P. Walsh®, Padmanabhan Mahadevan®, Anjan Purkayastha®®!,

James M. Clark®, Clark Tibbetts®2, Donald Seto™"*

* Department of Blosnfermatics and Commputational Sology, George Mason Ltverairy. 20900 University Bvd, MSN 583 Mamassas, VA 20110, USA
¥ Offce of the Savgoon Ceneral US Air Farce, IXrectovate of Modorsizacion (SGR) and the Epidemic Owthroak Surveillanoe (E05) Consovrtum, 5200 Lessdurg ke,

Sutze 1401, Falls Churefy, VA 22047, LISA

ARTICLE INFOD ABSTRACT
Articke history: Unlike other human adenovicus (HAGV | species, B is divided into subspecies 81 and B2, Originally this was
Accepted 23 March 2009 partly based on restriction enzyme (RE) analysis. Bt members, except HADV-50, are commonky associated

Available onlsne 2 April 2009 with respiratary diseases while B2 members are rarely associated with reported respiratory diseases.

Recently two members of B2 have been identified in outbreaks of acute respiratory discase (ARD) One,

Keywerds: HAAV-14, has re-emerged after an apparent 52-year absence, Cenomic analysis and bioinformatics data
'a"'l‘"“;“ “':u‘"":"’;" are reported for HAAV- 14 prototype for use as a reference and to understand and counter its re-emergence.
viral NMM;':W The data complement and extend the onginal criteria for subspecies designation, unigue amongst the
Re-emerging parhiogen adenoviruses, and highlight differences between B1 and B2, representing the flest comprehensive analysis
Respiratory disease of this division. These data also provide finer granularity into the pathoepidemiology of the HAAVs. Whole
Husnan theragry vector genome analysis uncovers heterogeneous identity structures of the hexon and fiber genes amongst the
HAAV- 14 and the B1/B2 subspecies. which may be important in prescient vaccine development. Analysis
of cell surface proteins provides insight into HAAV-14 tropism, accounting for its role as a respiratory
pathogen. This HAJV-14 prototype genome is also a reference for applications of B2 adenoviruses as

vectors for vaccine development and gene therapy.
© 2009 Elsevier BV. All rights reserved.
1. Introduction tion enzyme patterns (Wadell, 1984; Wadell et al, 1980). There

Human adenoviruses (HAdVs) make up the largest group of
adenoviruses that have been identified and defined within the fam-
ily Adenoviridae (Benkd et al, 2003), comprising potentially 53
serotypes {Green et al,, 1979; jones et al.. 2007) (unpublished data)
which are divided into seven species, based on biology, serology
and DNA homology (Green et al, 1979; Wadell, 1984; Wadell et
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have been questions of the validity of this subdivision as both may
cause similar pathologies; these may be answered given complete
genome data and an in depth in silico analyses of the proteome of
these members,

The Bl and E membess (HAdV-3, -7, -16, -21 and -4} are given
special attention due to their roles as pathogens causing respiratory
diseases. These HAdVSs, particularly HAAV-3, -4 and -7, are the most
commanly reported agents in respiratory diseases worldwide, par-
ticularly in the US. military (Cheng et al. 2008; Gray et al., 2007
Larranaga et al, 2000; Lin et al., 2006: Metzgar et al., 2007), The
importance of their roles as pathogens in the US. is reflected in the
recent expedited re-engineering of vaccines against HAAV-4 and -7
(Lyons et al, 2008) and the preliminary development of a vaccine
against HAAV-3 in China (Zhang et al., 2009).

While the B1 subspecies has been traditionally assoclated with
respiratory diseases, the B2 subspecies (HAAV-11, -34 and -35) has
been mainly associated with infections of the urinary tract and kid-
ney. However, there are reports of the B2 subspecies associated
with respiratory disease as well (Metzgar et al., 2005} a report
from Turkey found the presence of HAdV-11 in two cases of acute
respiratory infections in a military training venue {Chmielewicz et
al. 2005). HAdV-14. also a B2 member. has been shown to cause
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several epidemic outbreaks of ARD in the LLS. recently, in both mil-
itary (Metzgar er al., 2007) and civilian settings (Louie et al, 2008;
Metzgar et al, 2007). That HAAV-14 is a respiratory pathogen is
consistent with the original isolation and identification of HAGV-
14 in 1955, as the “de Wit” strain, from throat washings of military
recruit with acute respiratory iliness in the Netherlands (Van Der
Veen and Kok, 1957 ), It was also associated, in the same year, with
an outbreak in a civilian setting in England (Kendall et al., 1957).
Its recent appearances in epldemic outbreaks are reminders to not
forget about apparent non-circulating pathogens as they may re-
emerge unexpectedly, in this case, after 52 years.

The genomes of the B2 subspecies are of interest for three rea-
sons: (1) they cause human diseases; (2} they are candidates for
vaccine development; and (3 ) they may serve as vectors for the gene
therapy and vaccine development, Hence, more data and under-
standing of them will be reflected in applications across these areas,
The prototype HAAV-14 genome and its comparative genomics,
genome annotation data and in silico proteome are presented here
as a bioinformatics-based analysis to serve as a reference and a
resource both for further respiratory disease pathogen investiga-
tions and understanding the biology of the species B adenoviruses
and for applications in vector development.

2. Materials and methods
21. Strains

The prototype HAAV-14 (de Wit strain), isolated in 1955 (Van
Der Veen and Kok, 1957), was obtained from the American Type
Culture Collection (ATCC: Manassas, VA).

2.2, Cells, virus stocks and DINA prepararion

Protocols for virus growth and DNA production were outsourced
10 Virapur, LLC. (San Diego, CA) and were essentially as reported
previously {Lauer et al, 2004: Purkayastha et al., 2005b,c).

2.3, DNA sequencing

231 “Shorgun” sequencing of the HAAV. 14 genome

Genome sequence determination was outsourced to Commaon-
wealth Biotechnologies, Inc, (Richmond, VA) using methodology
as described in an earlier series of related adenovirus genomics
and bloinformatics studies (Laver et al, 2004: Purkayastha et al.,
20053.b,c). A minimum threefold coverage with both strands rep-
resented provided high-quality data, with a fivefold redundancy
average. Quality control Included reconciliation of sequence data
with annotation data.

24, PCR strategy and methodology

PCR-amplifications and sequencing of these products were as
per protocols reported earlier (Purkayastha et al,, 2005a.b.c). Prob-
lematic regions, generally highlighted during annotation. were
resolved and re-sequenced using these protocols, These prob-
lems include regions with pelynucleotide runs, eg., polyN and
GC compressions, etc. Moving sequencing primers closer and/or
resequencing the complement strand also helped to resolve these
problems.

2.5, Sequence bioinformatics
The genome was analyzed as described for HADV genomes
cariier (Laver et al., 2004; Purkayastha et al., 2005a,b.c). For visu-

alizing and recording the annotation progress, the web-accessible
Sanger Center tool Artemis was used (Berriman and Rutherford,
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2003}, Comparative genomics analysis against archived adenovirus
genomes representing sequenced members of all species was car-
ried out. These sequences and associated data were retrieved from
GenBank. Table 1 displays the serotypes, species, accession num-
bers, genome sizes and GC content of these adenoviruses. For ease
of visualization, a single member of the non-B species was used to
represent the species cluster for presentation in the figures,

Multiple-sequence alignments of the proteins were generated
by CLUSTALX (Thompson et al., 1997). Phylogeny trees were con-
structed by the neighbor-joining method described in the literature
(Saitou and Nel. 1987), Additional web-based bioinformatics tools
include PipMaker, RDP, SimPol, zPicture and EMBOSS,

Further details of Section 2 are presented in the Supplemental
Materials.

3. Results and discussion
11, Genome DNA sequence analysis

The genome of HAAV-14p has been sequenced and analyzed
using Internet-accessible bioinformatics tools. Selected human and
simian adenovirus genomes are presented in the bioinformarics
and comparative genomics data reported in these analyses, follow-
ing initial computational analyses which included the larger set of
genomes. This is to keep the figures from being overwheiming. Gen-
erally one “type” genome was used for representing a species, with
the exception of the B species which are of greater refevance in the
discussion of the B1/B2 parsings. This representative genome either
was the first of its species 1o sequenced, or was the best annotated
(and arbitrarily chosen (species D)).

Shown in Table 1 is the list of the genomes used, along with
physical genome data; these include values from all of the B1 and
B2 members (including unpublished data). For the genome size
and GC content, a larger set of genome data was used in order to
lend weight to the numbers. No significant difference was noted
between the larger set of genomes and the subset shown in Table 1.
The genome size of HAAV-14p (GenBank accession no, AYS03294)
15 34,764 nucleotides, which is slightly lower than the mean of
34.789 for the B2 members (nine samples). However, the B2 data
are skewed with multiple HAGV- 11 and -35 data points, The B2 sizes
are slightly shorter than the mean for the 81 subspecies, at 35,363
(14 samples), and clusters to the Jower range of sizes for HAdVs in
general (33,248-26,204 nucleotides). This slight difference is one
indication of the correct division of B1 and B2,

Tatile 1
HAV g and physical g data Human and sienian adeniovinis genomes
and their Cenbank accession numders are accessible from CenBank.
Speces  Serotype Accessonno,  Size o= Notes
A HAQV-1Z  AC.000005 s 465
81 HAAV-3 AYS500834 35345 5105 GB
HAdV-7 AYS04255 35008 510
HAIV-IG  AYGOIG3G 35522 5138 M
HAGV-21  AYE01G33 15382 5135 AVI64S
HAdV.50  AY7377498 BI85 5123 Wan
SAdV-21 A000010 35524 5196 Simban, chiop
Bz Hadv-11 AM_OD00VS 34794 489
HAdV-314  AYSOR2SM a6 4851
HAAV. 34 AYP37797 7S 489¢  Compton
HAGV-15  AYIZS6A0 M4 4858 Holden
(= HAdV-1 APS34806 360 553
] HAQV-S AjdSaass 25083 LYA |
E HAdV-4 AYS99837 35904 516
F HALV-40 NC_Do1354 34214 N2
9 HAQV-52  DQEI122 4% 51
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GC content Is @ metric accepted for adenovirus classification
(International Committee on Taxonomy of Viruses (ICTV). Benkd
et al, 2005). The HAAV-14 genome has a GCX of 48 8%, fitting into
the B2 subspecies mean of 48.9% Subspecies B1 has a mean of
S511% GCX of other species of human adenoviruses are as follows:
A(46.5%), C(55.2%), D(57.0%), E(58.1%), F(5L1%) and G (55.1%).

Thus, both the genome length and the GC content data support
the division of species B into two subspecies onginally based on
RE data (Wadell, 1984; Wadell et al,, 1980} and re-affirm the inclu-
sion of HAdV-14 in the B2 group. There may be slight variations
for additional isolates, but likely they will fit within the parame.
ters observed to date. For example, it is reported that the recently
circulating outbreak HAV-14 strain, noted as HAV-14a, is a dif-
ferent genome type from this prototype on the basis of restriction
enzyme (RE) digest patterns {(Louie et al,, 2008). lts publication and
comparison with this prototype will be of interest and importance.

3.2, Whole genome-based comparisons and phylogeny analysis

Genomics and bicinformatics, as a combined approach, are
allowing detailed insights into pathogens and pathogenicity. The
tools available allow fine dissection of related organisms, perhaps
accounting for differences in infectivity, robustness, tropism and
host responses. Recently this approach has been used to examine
the role of HAGV-37 in eye disease (Robinson et al. 2008) and also
previously 1o examine HAAV-4 and -7 roles in acute respiratory
disease (Purkayastha et al., 2005a,b), and 1o examine the vaccine
strains of both HAdV-4 and -7 (Purkayastha et al, 2005c). as well as
to account for the origin of the E species ( Purkayastha et al, 2005b}.

Using whole genome data, and detailed in Table 1, additional
computational analyses were carried out: whole genome com-
parisons, multiple-sequence alignment (MSA) and phylogenetic

ElA EIB

B

analysis. Software tools designed for the detection of sequence
recombination, homology and similarity were used to charac-
terize the HAAV-14 genome further, These include EMBOSS,
zPicture, Bootscanning, SimPlot, PipMaker and MAVID. PipMaker
and zPicture are used to compare the nucleotide similarities
between pairs of genomes. MAVID is an alignment program and
is used to perform whole genome phylogeny analysis. Bootscan-
ning and SimPlot are tools used for recombination analysis
(htep://sray.med. som. jhmi.edu/SCRoftware). EMBOSS is used to
calculate percent identities {http://embaoss.sourceforge.net/).

3.2, Whole genome alignments

Pairs of genome sequences were aligned using zPicture, which
is an alignment tool based on the BLASTZ algorithm utilized by
PipMaker (hitp://zpicture doode.org/). This tool outputs regions of
conservation. Fig. 1 shows relevant subset of these alignments. For
this analysis, the y-axis comprises the baseline, set at 50% iden-
tity (which Is adjustable), and the top line, set at 100%; the entire
genome length is displayed along the x-axis. The darker shading
represents (user added) landmarks in the genome, as noted ar the
top horizontal line. The y-axis is plotted to scale so that iden-
tity values from the range of 50-100% may be extracted from the
plot.

Alignments of HAGV-14 to other B2 members, HAdV-11. -34
and -35, produce similar profiles: high level of identity across
the genome, with regions containing partial hererogeneous iden-
tity/dissimilarity in the E1A. penton, hexon and fiber regions. This
is shown In Fig. 1. The penton region is Interesting. with a bipar-
tite division of similarity between HAdV-14 and - 11 and -35, unlike
a homogencous lower level of similanity with -34. Bipartite refers
10 the apparent two blocks of levels of similarity across this gene,
The hexons of the B2 show a similar pattern, but of a seemingly
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tripartite organization of similarity; that is, two blocks of identity
separated by one block that appears 1o contain areas heterogenous
In similarity. HAGV-11 Is distinguished at the fiber region from -34
10 <35 as having a homogeneous level of similanty to <14 unlike the
heterogenous pattern for the other two.

Against the Bis, HAdV-3, -7 and -21, the analysis shows similar
profiles, albeit with a lower level of identity across the genomes,
The E1A dissimilanity is even more pronounced, with the proximal
portion less similar than for the B2s and a shorter distal similarity
region, and less similar on the whole. Penton similarity includes
a small region in HAdV-3 and -7, but not -21, that is 50% or less
in identity. The hexons follow a similar pattern as seen for the B2
comparisons: that is, of a seemingly tripartite organization of sim-
ilarity, that is two blocks of identity and one block that contains
régions that are heterogenous in similarity. A noteworthy obser-
vation is that the fiber from HAAV-7 has a constant high Jevel of
identity with HAdV-14, like that from HAdV-11; HAAV-7 does not
show the heterogenous profile as do HAAV-34 and - 35. HAAV-3 fiber
is similar to the latter two, as is HAV-21. These genome alignments
and similarities, on the whole, also provide support for the B1/B2
subdivision, at the whole genome level.

3.2.2. Phylogeny align s of whole ge

Fig, 2 displays the results of the whole genome phylogeny
analysis of a representative group of HAAV as a tree; species
designations are Included for reference (including two repre-
sentative chimpanzee SAdVs that are included formally into
the HAAV species classifications), MAVID is used; this anal-
ysis generates a global multiple alignment and constructs a
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[LE* R

MAVID was used to align a subset of human and smian (chimpanzee) adenoviruses, esing the defaulr parameters,

neighbor-joining  phylogeny tree using the default parameters
(hiep://baboon.math berkely.edu/mavid) (Bray and Pachter, 2004),

These whole genome-based data reveal separate clades of Bl
and B2, with branching for both off a common point from the other
species. Thus, these data also reconfirm the original inclusion of
HAdV-14 into the B2 subspecies and the partitioning of the BT and
B2 subspecies based on RE analysis, and onginally designated as
“DNA Homology Cluster 1 and Cluster 2" (Wadell, 1984; Wadell et
al.. 1980). They also confirm the species differentiation at the whole
genome level,

123 ITRs

The inverted terminal repeats (ITRs) are well-characterized
genome landmarks found across all adenoviruses infecting ver-
tebrates (Dan et al, 2001) Critical viral DNA replication and
transcription functions are imbedded in the ITRs (Rawlins et al,
1984). Fig. 3 shows a multiple-sequence alignment (MSA) of ITRs
from aselection of HAdVs. All B2 members have identical ITRs, start-
ing with "CATCATCAAT™, This differs from the B1, D.E and A, but is
similar to the ones from species C. F and G. The canonical DNA core
origin of replication motif (Temperfey and Hay, 1992) and the tran-
scription factor binding sites for NFI (Mul et al., 1990) and NFIl
(Hatfleld and Hearing, 1993) are all present, as displayed in Fig. 3.
As noted in the literature, NFI and NFIlI binding increases the effi-
clency of HAAV replication (Hatfield and Hearing, 1993; Mul et ai,
1990; Nagata et al.. 1982). All three motifs conform to their consen-
sus with the exception of a substitution of 2 *C” for the conserved *T"
ar the beginning of the NFIII motif for the two Bl members, HAAV-
14 Sp1 and ATF transcription factor binding sites are also present
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Core origin NFI NFII
HAdV-14 ~CATCHA F TATAG-ATCEARTCCTCOCARTATCTARATGAGGTGATTT 58
HAAV-11 ~CATCA P TATAG-ATGGAATGGTGCCARTATGTAM T GAGGTGATTT 58
HAAV-34 ~CATCA ' TATAG - ATCGAATGCTGCCAATATGTAAATGAGOTGATTT 58
HAdV-35 ~CATCN P TATAG-ATGGAATGGTGOCAATATGTARATGAGGTGATTT 54
HAAV-3 CTATC~TA [ TATAG-ATCOARTCOTOCCARCATOTAAATGAGOTAATTT 52
MAdv-T CTATC-TA TATAG-ATGGAATGGTGCCANCATCTAAAT GAGGTARTTT 58
HAAV-12 ~CCTATCT) PTATA - « CTGOACTACTCCCARTAT TAAAAT GANGTGOGCG 57
MAdV-5 ~CATCA I PATT - - TTGGATTGAAGCCARTATGATAAT GAGGEEETEE 5T
HAAV-9 CTATC-TA CCACARAGTAAACAAAAGTTAATATGCARATGAGCT - - =TT 56
HAAV-4 CTATC-TN CTATTTTTTTTGTGRGAGT TAATATGCAAATAAGGC - ~~GT 56
HAQV-40 ~CATCA ETAM - CTGGARACGAGCCARNTATGATAAT GAGGGAGGAG 58
HAGV-52 ~CATCA j'TAARR - CTGGARACGTGCCARTATGAT AATOAGOGGGGRG 58
. AREERNRAESY - . - L LA L
Sp1
HAdv-14 TAAAANG TS IGECC TG TG GETANT - TGEC TETGEEETTARCCECTANAA - GOGGCEECE 116
HAAV-11 TAAARAGTGTGGATCGTGTGGTGAT - TGGCTCTGGGGTTARCGGCTAAAA - COGGCEGETG 116
MAGV-34 AR T TG GEGGTGY GT GG TGAT - TEECTETGGEGT TARCEECTAMAC -GEGECGECG 116
HAQV-35 TAAAAAGSTGTOGGCCOTOTGOTGAT - TGACTOTGGGGTTAACGGTTAAAR - GOCCCEOCG 116
MAdV-3 AANAAAGTGOGCGCTGY GTGETGAT - TEEC TGCGGGETTAMCGGCTAAAA - GEGGCGECG 116
HAAV-T ARARAAGTGOGCGCTGTGTGGTGAT - TGGC TG T GGOGTGARTGACTAACAT G0GGCE0GG 117
HAdV-12 IAGEGTGTARTTTGAT T GEEICGRGETGT GECTT I GGUSTECTTGTAAGTTTGGGCGENT 117
HAQV-S AGTTTOTGROGTGGLGC OG0 ~ ~ COTGOGAACGOGGOGEETGACGTAG~ ~ »= === 103
HAGV-9 TGRATTTTAACGETTT COCEECCEAGOCAACGLTGATTGERCGAGREAAG-AOGATGCAA 115
HADV-4 GAAAATTTGGEGEAT - - - G@GGCG- ~ =~~~ = CGCTGATTGGCTGTGACAGC -GOOGTTOGT 105
HAAV-40 GGACTA- CECETCETGT AAGHPEACSTAGAGGC GLEC GECETCCLAAAGGLTGRAGLIGE 11T
HAdV-52 GAGCGA-GGCEEGIC - CGEGETGACGTG 24
-
ATF
HAdV-14 COGCCOTGORRAAATGACE P - v v v mm v mm e n e m e 137
MAdY-11 CGACCGIGGGRAATGACGTT 137
HAAV-34 COGCCOTOOGARAAATOACO T~ m s mm s mmm = mwmm 137
MADV-35 CGGCCGIGEGRARATGACGRT -~ 137
HADV-3 CGACCGTGGGRAAATOACCT 138
HAGV-T CGGCCGTEEGANAATGACST 137
HAdV-12 GAGGAAGTGGGGCGCGGCGTGEGAGCOGEGCGCGCCEGATETGACGT 164
HAAV-5
HAdV-9 ATGACGPCACGRCGCACGGC TANGGTOGCCGLGGEAGGOGTGGE--~ 158
HAAV-4 TAGGEOOGEEG -~ mm e m s et 138
HAQV-40 ARGACOTGTGGEEETCGGRGGACGEE0GGETGCGEOGGAMGTGACG- 163
HAGVSDE2 e i o
Hg 3. TR analysis. (TR seq are from the CenBank annotation files or from the soq directly. A was using CLUSTALW. Features are noted.

and identical in sequence and position with respect to their coun-
terparts from the B1 and B2 subspecies, unlike the equivalent sites
across the other species, These sequences diverge slightly and their
positions vary relative to the same motifs from the other species.
These host-supplied proteins also enhance viral replication as well
(Hatfield and Hearing, 1993; Mul et al.. 1990).

3.3, Rioinformatics of the in silico proteome

The proteome was determined and analyzed using query
genomes as noted above, with a goal of understanding further the
relationship of the HAdV-14 genome to the other genomes com-
prising the B species. In particular the Ela, penton, hexon and
fiber proteins were analyzed in depth as these proteins, which
include variable surface proteins, may serve as references for com-
partsons that may be useful for understanding the differences
between serotypes (or genome types) and species. Because of their
importance in defining the B1/B2 subspecies split, the number and
similarities of the fiber proteins and the VA-RNA coding regions are
also examined. The entire comprehensive set of coding and non-
coding sequences was determined and analyzed (data presented in
Supplemental Materials).

3.3.1. Protein and coding sequence annotation
Protein and RNA coding sequences annotated in the HAAV-14
genome are displayed in Table 2 in the context of a comparison
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cataloging these coding sequences for members of the published
B2 and B1 genomes. All genomes have been re-examined, Le.. cod-
ing regions that are not present in the GenBank record have been
“located” in the genome sequence to verify their absence. The
HAAV-14 proteome contains all the proteins found in the other
members of the B2 subspecies, with synteny retained, and differs
from the B1 members slightly as per the B1/B2 differences.

3.32. Overview of core genes and the B1/82 subspecies division

The wentification of a set of core genes between organisms of
a group may define better common origins and relationships. This
CONCEPL is eMErging as More genome sequences are being acquired.
Recently it was noted that bacterial species, for example, can be
described by a “pan-genome”, which comprises a “core” set of genes
that contains all the genes in common amongst related strains and
A “dispensable” set of genes, ones that are present in subsets of this
group. The dispensable genome allows specialization into niches
[Medini et al.. 2005). A recent on-going re-evaluation of all of the
bacteriophages, starting with the Podoviridae, is using core genes
and proteomes as a method of revisiting traditional bacteriophage
classifications, allowing clarity across genome sequence recombi-
nation for updated classifications of the bacteriophages {Lavigne et
al. 2008).

The adenoviruses, as classified into species, have different cell
troptsms and different pathologies; in part, this may be due to core
and dispensible genes in the genomes, Table 2 displays the coding
sequences from the members of both the Bl and B2 subspecies,
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Table 2
Annotation of coding sequences from the B2 and BY genomes,

Gene Product

g

HAAV-11 HADV-35

:
g

EIA 29.1 K3 proasin
EIA 257 Ku protein
E1A 65 k04 protein
E1R 20kDa proten
31) 10xa protein
E1R 54.9kDu protein
pixX piX prosein
Va2 Va2 peotein
DNA

R TR R AL T S T S T SR S e S S S

i

012 143 k0w protein
O] 142 KB progein

TIEG!S‘QG‘BGBEEUBQUESSSEGEGBBEEE

B T R

L R R R O L R I

B T T e B S B e S
S R T S S S S T S S S S S S S S

B e T I e e S B S e A S R S N S Y
L e I I I I I L R L I

HAdV-14, -11, -35, -3 and -7. Data were compited for ali members,
including unpublished members, and the others do not differ from
the BI/B2 pattemn presented. All members of species B have the
same set of core genes common to the Bs, There are differences
between B1 and B2, Aside from six “hypothetical” proteins found
in the Bis and missing in the B2s there are two non-hypaothetical
coding sequences absent in the B2s that are present in the Bls: one
is the E3 7.7 kDa protein and the other is the second VA-RNA gene,

Dispensible genes within the HAdVsS may include the E3
transcript-derived proteins, which are cnitical to the survival of the
particular genome type and/or species, as they mediate the eva-
sion from the host immune system (Kajon et al,, 2005), They seem
to vary across the genomes. identical to the B2 genomes, HAAV-
14 contains eight of the nine genes common 1o the B species. On
the other hand, all the B1s have the full complement. These cod-
ing regions indicate the common ancestry of the B species, yet also
support the separation into subspecies as well.
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3.3.3. Deralled analyses of E1A, penton, hexon and fiber genes

As noted in the whole genome comparisons and alignments,
E1A, penton, hexon and fiber genes seem to have heterogeneous
identity structures relative to HAdV-14; that Is, there are local
regions of homology and regions of dissimilarity. This may refiect
the divergent evolutionary events that are driven by recombina-
tion. To address this critical issue, these have been subjected to
further analysis, especially the hexon and the fiber. All of the bioin-
formatics tools, including MSA, phylogeny analysis ( bootstrapping
and neighbor-joining) and genome alignments (bootscanning,
SimPlot and zPicture) reveal the similar patterns for local regions
of wdentities. Each of the blocks of identity and dissimilarity have
been identified and extracted and re-analyzed with zZPicture, MSA
and phylogeny analyses. The resulting data allows higher resolu-
tion analysis, These reinforce the idea that there are recombination
events in very specific regions of the genome, especially in the fiber
and hexon regions (Crawford-Miksza and Schnurr, 1996; Madisch
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Table 3
Percent idengiries of select HAGV-14 proteins p g the g To the kvel af b logy Between the HAGV- 14 and the B2s, relatwe to the Bls and the othey
HAAV species, percent of the p were d using EMBOSS,
Proawin ET1A 20,1 kDy EIB 20kDa DNA P L1 43-kDw L2 pentan 13 heson pym 15 fiber E434kDa
protean pratein polymerase pratein protein
HAdV-11 82 L) 9 @« ) 9 af 2 100 a3 99
HAJY-34 82 @ w « 99 0o a5 a4 100 63 oy
HAQY-35 82 @ ag « 49 we ag a2 100 63 98
HAGY.3 81 L) 88 %0 494 95 85 36 9 S5 a9
HAGV-7 81 79 &8 «€0 a4 05 85 86 o 92 w
HAGYV-12 A 44 @ 70 7 7 72 e LU 20 40
HAV-S C n ag M a n ] 5 20 2 57
Hadv-8 D “« 54 M 78 I8 v &2 &0 ¥ 65
HAdY 4 E 56 59 £5 90 B4 83 2 2 4 70
HAGV-20 F i3 &% n 3 % T2 T8 ” 24 45
Haav-520 36 “ n ” M n” 4 78 b2 48

et al, 2005}, Recombination may be an important component of
HAdV evolution and pathogenicity. An earlier report on HAAV-4,
for example, suggested recombination events of the fiber gene
as a mechanism in its evolution (Gruber et al. 1993); subse-
quent genome determination and bloinformatics re-affirmed this
recombination at higher resolution and reveaied a zoonosis with
chimpanzee as a possible origin of the species [Purkayastha et al.,
2005a). This has been re-confirmed recently again by sequencing
of the fiber genes {Madisch et al., 2005).

Data from the zPicture analysis are presented in Fig. 1 at the
global whole genome Jevel. These are all relative to HAIV-14 and
the full analysis included the range of all HAdV species, with only
the selection of species B presented (B2 HAdV-11, -34, and -35;
B1 HAAV-3, -7, and -21), as the other species do not add to the
discussion. Three Bl members are presented to show a range of
differences, Le., HAGV-21 was included as an additional reference
for the B1 subspecies and differs slightly from the HAAV-3 and -7

alignments to HAAV- 14, Percent identities were calculared by global
alignments using the EMBOSS package ("needie” program).

3.3.3.1 E1A proteln. This transcription factor is an essential pro-
tein and should therefore be highly conserved across the range
of HAAVS. From the amino acid analysis (Table 3) and phyloge-
netic analysis (data not shown), the E1A protein follows the current
accepted classification scheme of the HAJV genomes (Fig. 2). The
whole genome alignments displayed in Fig. 1 reveal differences,
expanded in the Supplemental Figure, that may reflect origins or
regions of absolute conservation. This analysis can be Jocalized to
the E1A sub-regions with each expanded for better resolution using
zPicture, MSA and phylogeny analyses. The in depth zPicture align-
ment is presented as Supplemental Fig. 1. The E1A may be broken
into three local blocks for further analysis, especially with the Bl
counterparts: (1-443), (444-589) and (590-786 (end)). Although
not as dramatic as will be discussed for the hexon and fiber pro-
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Table 4
Fibar proteins from 81 and H2. Cene lengths and copy number varies across the HAGV species.
Setotype Species £ of fibers Leogrh of fider Fiber 1% Hber 1 geoe Length of fiber Fiber 2% Fiber 2 gene
1 progein dentiry fength 2 pocesn dentity length
HAdV.14 (K 1 325 100 978 - - -
HADV. 11 n 1 325 9 978 - - -
HAdV. 24 B2 1 ErE) 63 an - .
HAAV-35 B2 1 323 63 972 - - -
HAdV-2 )] 1 18 L7 as0 - - -
Haav.7 1) 1 25 92 974 - - -
Hady.12 A 1 587 20 A - - -
HAOY-S < 1 581 20 1746 - - -
HAQV-S D 1 362 30 Wsg - - -
HAaV 4 E 1 425 24 1278 - - -
HAIV40 F P 387 4 1164 547 18 1644
HAQV-52 G 2 363 & w2 60 19 1583

teins, B2 E1A proteins show bipartite identity for HAGV-11 and -34
relative 1o HAGV-14: there is a région from | 1o 443 that is 96-98%,
followed by a region of 97-99% identity from 444 to end. In con-
trast, HAdV-35 shows a high and unbroken level of identity across
the entire gene,

For the B1s (HAdV-3, -7 and -21, respectively), it is a tripartite
pattern with three blocks of similarity from 1 to 443, 444 o 589
and 590 to end: 71%, 86% and 82X identities, respectively, There
s also a small gap, for all three B1s, between the second and third
blocks that has less than 50% identity with HAAV- 14, These patterns
Support a B1/B2 division.

3332 Penton, A less striking but still informative picture Is seen
for the penton coding region (Fig. 1) The B2s, HAAV-11 and -35,

Finers

have a identity of ~98% constant across the gene; -34 s lower at 933,
Pentons from the Bis have a much lower, and nearly constant, iden-
tity [~ 90%) across the gene, broken by a gap of divergent sequences,
less than 50%. HAAV-21 is similar to the -3 and -7 sequences overall,
without this gap,

3.3.3.2 Hexon. As shown in Fig. 4, the hexon region displays a
“roughly” tripartite pattern of homology. These may reflect recom-
bination events, with the more heterogeneous regions being more
distant events in the past. The “tripartite™ structure is defined as
two regions of apparent constant levels of identity with one region
of heterogeneous similarities: 1-441; 442-1320; and 1321-2836
(end). For more a more detailed analysis, breaking this reglon into
four blocks for further analysis (that is, the heterogeneous region
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Fig. 5. Fiber protein analysis using zMcrure. Fiber sequences were aligned in pairs relative o HAGV- 14 Fiber can be divided into two domains: shaft and knob. The knob

which may determine cell Tropisim varies an soguence.
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into two parts) using MSA and phylogeny tools, the B2s have in
common pattern, with similar levels of homology in similar loca-
tions: 1-441 at 95%; 554-803 at 64-71%: 863-1320 ar81-85%: and
1327-2836 (end) 92-97%,

For the members of the Bls shown, the percent identities
are similar but lower, but again have similar physical locations:
83-87%: 51-75% (high number for HAAV-21); 70-78%; and 82-86%,
respectively. The phylogeny analysis shows the Bl HAAV-21 *block
2" moving into the sub-branch with the B2s, again perhaps reflect-
ing similar origins or recombination events (Supplemental Fig. 2a
and b).

3.3.34. Fber. Table 4 displays the comparisons of the fiber protein
and gene from the B2s and a selection of genomes representing the
species of HAdVs. One fiber is found in the majority of the species,
with the exceptions being two for F and G, On the whole, HAdV-14
and -11 have fibers that are 93% identical, differing substantially
from -34 and -35, at 63%. HAdV-3 Is 57% identical. while HAdV-7
is 92% The lengths of the B species fibers are comparable to each
other and different from the other species, at 319-325 nucleotides,
The fibers from the other species have identities in the 20-30%
range when compared with HAAV-14, with lengths ranging from
362 to 587 nucleotides. The second fiber protein of F and G are at
18-19% identity compared with HAGV-14, with lengths of 387 and
560, respectively,

The fiber protein may be segregated into two functional
domains: shaft and knob. This partition occurs putatively at posi-
tion 384 of the gene, Fig. 5 shows the zPicture analysis of these
fiber regions, with two domains defined. The shaft portion is less
heterogeneous than the knob portion, In terms of homology with
HAdV-14,

Analyses with 2Picture, Booiscanning and SimPlot genome
alignments present a striking view of the fiber gene region. Fig. 5
shows that, in relations fo HAAV-14, HAAV-11 has a fiber region
that is between 94% and 98% identity over the entire region; HAdV-
7 has a similar profile, at a lower level of identity at 92-95%. In
contrast, HAAV-34 and -35 have a bipartite identity, with the prox-
imal portion (shaft) at 85% (1 -423) and a distal portion (knob) that
is heterogeneous: three main blocks at between 50% and 65% and
several other smaller less similar regions, HAAV-3 and -21 are sim-
ilar, with the proximal portion at 68% and 83%, respectively, and
the distal three main blocks at between 50% and 63%, again with
other smaller less similar regions. The phylogeny analysis reflects
these data, with HAAV-7 sub-branching amongst HAAV-14.and -11
in both the whole fiber alignment as well as the alignments of each
of the four main blocks (data not shown ). The heterogeneity may
reflect recombination events,

3.3.3.5 VA-RNA coding sequences. As noted earlier, there was a
second non-“hypothetical protein” coding difference between
the B2 and the Bis subspecies. This coding difference Is in the
virus-associated RNA or VA-RNA coding sequences, noted as
“‘genes’ here. As shown in Table 5, HAdV-14 and other B2s contain
one VA-RNA gene whereas Bls contain two. Genome sequences
were re-examined to account for the missing sequences: none
was found, From the genomes deposited in GenBank, species A, F
and G all contain one VA-RNA gene whereas species BT, C, Dand E
contain two VA-RNA genes, VA-RNA from the other three B2s show
percent identities of ~98% each relative to the one from HAAV- 14;
their sizes are similar at ~162 nucleotides. The equivaient VA-RNA
I from the BT members HAdV-3 and -7 show a percent identity
of ~80% and are longer at ~168, with the VA-RNA Il at 177 and
175 nucleotides, and 60% and 49% identity, relative to HAdV-14
VA-RNA L

These are in contrast with the less similar ones from species A
(141;51%), C(160: 55% ). D(163; 77%), E(159; 78%), F (171, 53%)and

34

G 164; 56%). The VA-RNA Il relative to VA-RNA | from HAGV-14 are
C(158; 63%), D(154; 58%) and E (101: 36%),

VA-RNAs play animportant role in the pathogenicity of HAdVs as
they inhibit the host anti-viral functions, ¢.g., interferons (Mathews
and Shenk, 1991). The differences in identity, number and lengths
of the VA-RNA coding sequences between the B2, Bl E and C
adenoviruses may have important bearing in the current discus-
sions of tissue and cell tropism, epidemiology. pathoepidemiology
and HAdV vaccine development directed at specific respiratory
pathogens, as well as in the development of adenoviruses as vaccine
and gene therapy vectors.

2,336 Short summuary of the coding sequences analysis The
detailed analysis of the span of proteins across the HAAV- 14 genome
demonstrates a shared origin for the four members of the B2 sub-
species and a close relationship with the B subspecies, setting
these apart from other species. These include the coat proteins that
are expected to differ due to potential interactions with the host
but balanced by the need for conservation due 1o their potential
interactions with receptors for entry into cells, The percent identity
data are intriguing. especially in the context of the whole genome
alignment, particularly for the hexon and fiber proteins, with their
multi-partite identity/dissimilarity structures.

34. Bloinformatics support of the 81, B2 subspecies designation

Whole genome data and cornparisons, along with comparisons
of the individual genes and proteins, were used to support and
to strengthen the onginal subdivision of the B species into sub-
species, That is, data and analyses presented in this report reflect
and confirm, in part, the use of restriction enzyme digest patterns
in defining the subdivision, which may now be more defining given
the virtual restriction enzyme analyses possible.

In addition, the availability of compete genome sequences
allowed the in silico examination and comparison of the proteome,
again supporting the original designation of two subspecies. Table 2
provides a global accounting of all of the putative coding regions
and, as discussed, highlight differences between the B1 and B2
members as subspecies. Table 3 provides further support to this
in the form of protein homologies. These computational results
complement and enhance clinical and molecular biological obser-
vations, lending an additional and independent view.

3.5 Human digease amd current ourbreaks

As noted. several HAAVs cause respiratory diseases, with certain
specific and commonly encountered species and serotypes impli-
cated and reported. Occastonally, less commonly associated and
even unexpected strains emerge or re-emerge in the global pop-
ulation 1o cause respiratory disease, There does not seem to be a
division in the diseases caused by members of the B1 versus the
B2. In the US., during 2006-2007, HAAV-14 was the unexpected
pathogenic agent identified in outbreaks of severe and sometimes
fatal acute respiratory disease (ARD) in both civilian and military
populations {(Loule et al, 2008; Metzgar et al,, 2007 ). As reported in
the Morbidity and Mortality Weekly Repott (November 2007 ) and
by two groups, the isolates were distinct from the original 1955
prototype strain (Louie et al., 2008: Metzgar et al,, 2007). As noted
earlier, the prototype HAGV- 14 was isolated from a military popula-
tion as an agent causing ARD (Van Der Veen and Kok, 1957) and was
also identified in an outbreak in a civilian population in the same
year but elsewhere (Kendall ¢t al, 1957), The genomics and bioin-
formatics data pertaining to this prototype strain are preseated
here,
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Table 5
VA-RNA cOdmg sequences ane pEesent as 00e of two copies i The adenovirus Semomes.
Sevolype Species # of VA-TINAs Length of VA-RNA | VA-HNA 1 % idennty Leagth of VARNA I VA-TNA TS identiry
HAGV-14 2 1 162 100 - -
HAdv-11 ) 1 158 9% - -
HAAV-34 .=} 1 162 ”0 - -
HAQY-35 B2 ) 161 a8 - -
HAIV-3 o 2 175 1 w7 €0
HAQV-7 it b 161 7 15 40
HAIV-12 A 1 “ 51 - -
HAV-5 C 2 1650 55 158 63
Hadv.9 D 2 163 77 154 SR
Hady -4 E 2 159 7. 10 36
F 1 m 53 - -
HAdV-52 14 1 164 5% - -

16 Re-emerging respiratory disease agent and vaccine
development

In general, the adenoviruses that are associated with and
reported for respiratory diseases have been mainly confined to the
B1s (HAGV-3 and -7; with HAdV-16 and -21 to a lesser extent)
and HAdV-4 (E} (Blasiole et al, 2004; Kajon et al. 2007; Lin
et al, 2006; Metzgar et al, 2005; Vora et al, 2006). Sporadic
reports of ‘non-specific’ B2 (Metzgar et al, 2005 Vora et al,
2006), and specific HAAV-11 (Chmielewicz et al., 2005), associated
with patients suggest a role of some B2 serotypes in respira-
tory diseases, HAGV-14 is a recent re-emerging pathogen, reported
in epidemic outbreaks in the US, in both military and civil-
ian settings (Lowie et al, 2008 Metzgar et al, 2007). With this
re-emergence as a pathogenic respiratory agent, thoughts of a
specific vacaine are appropriate, especially in the context of the
pending deployment of vaccines against HAAV-4 and -7 (Lyons
et al, 2008). Despite the observation that the use of the vaccines
against HAdV-4 and -7 apparently gave immunity against other
serotypes, such as HAdV-3 (Binn et a1, 2007 ), insight into the differ-
ences (and similarities) of the genome and proteome of HAGV-14,
particularly the coat proteins may lend weight to vaccine develop-
ment, especially in the context of the development and validation
time.

Given the similarities in genome data and especially in pro-
tein identities between these HAAV-11 and -14, particularly In
the penton (98%) hexon (92%) and fiber (93%) proteins, and
given the re-emergence of HAAV-11 as a respiratory pathogen,
it may be possible to engineer a vaccine that s useful
against both serotypes should they persist as global re-emergent
pathogens.

3.7, Recombinant profein-bearing wetors

Recombinant HAAVS are used as recombinant protein-bearing
vectors for gene therapy and vaccine delivery (Berg et al, 2005;
Graham and Prevec, 1992). The application of HAdV-2 and -5-
based vectors may be limited due to widespread early childhood
infections and pre-existing immunity. Other species of HAdVs may
be better candidates, Vectors derived from species B serotypes
are being examined (Stone et al, 2006). For example, a subspecies
B1 HAdV-3-based vector has been constructed and evaluated as
a first generation gene transfer vector, in part, because of its high
virulence and use of different receptor to enter cells {Sirena et al,
2005). Alternatively, a B2 serotype has been considered for use
as vectors as well: HADV-11 has been sequenced by two groups
independently (Mei et al, 2003; Stone et al,, 2003) and examined
for gene transfer vector applications (Stone et al, 2005). Another
B2, HAAV-35, has been sequenced as well and also studied in this
context, again by two groups independently {Gao et al,, 2003; Shott
et al. 2008; Vogels et al, 2003), A recombinant HAGV-35 vector

35

for gene therapy has been used in brain cancer trials, presumably
“bypassing pre-existing anti-vector immunity in cancer patients™
(Brouwer et al., 2007 ). Each has unique merits but also detractions,
for example, a report in the literature described a protective
immune response in two mouse strains against a recombinant
HAdV-35-derived tuberculosis vaccine (Radosevic et al., 2007).

A summary of the differences between human adenoviruses in
1984 mentions that “with the exceprion of [HAGV-14], members jof
the subspecies B2 ] are characterized by a predilection for shedding
via the urine. This may be protracted, and can occur with or without
symptoms” {Wadell, 1984), Noted also in this report is that sub-
species B2 members were rarely isolated then, in general. Perhaps
this still holds true today and HAdV-14 is still uncommon amongst
the uncommon B2 within the population of HAAVS in humans, II
this is the case, then due 1o its rarity in the general population,
HAdV-14 may be an excellent candidate as a gene transfer and/or
vaccine vector,

4. Summary

The prototype HAAV-14p genome, genome annotation and
comparabive genomics data are presented as a genomics and
bicinformatics study to serve as a reference and a resource for
both respiratory disease investigations and possible vaccine devel-
opment to deal with a re-emerging pathogen. as well as for
applications in vector development. Complete genome and pro-
teome data provide finer granularity into the pathoepidemiology
of the HAdVSs, for example, the analysis of the putative cell entry
proteins, penton and fiber genes, gives insight into the tropism
of HAdV-14, accounting for its role as a respiratory pathogen.
These data provide a comprehensive analysis and the bioinformat-
ics complementation and support for dividing the B species into
two subspecies, BT and B2,

Acknowledgments

During the collection of the genome data and preliminary data
analyses, AP (2003-2005}, JMC (2004), CT (2001-2005) and DS
{2002-2004) were affiliated with the HQ USAF Surgeon General
Office, Directorate of Modermnization (SGR} and the Epidemic Out-
break Surveillance (EOS) Consortium, Falls Church, VA. Portions of
this work were funded, during the time periods noted, by a grant
({DAMD17-03-2-0089) from the U.S. Army Medical Research and
Material Command (USAMRMC) and additional support was pro-
vided by the EOS Project, funded through HQ USAF Surgeon General
Office, Directorate of Modernization (SGR) and the Defense Threat
Reduction Agency. Therefore, the opinions and assertions contained
herein are the private ones of the authors and are not to be con-
strued as official or reflecting the views of the US. Department of
Defense,



104 ) Sero et al / Virus Resoarch 143 (2009) 94105

Appendix A. Supplementary data

Supplementary data associated with this articie can be found, in
the online version, at doi: 10.1016/j.virusres 2009.03.011.

References

Beokd, MH.B. Both, GW. Russell. W.C, Adair. BM,, Adim, £, de Jong. JC., Ikﬁ\
M. Johnson. M.. Kajon. A, Kidd. A, L AN
P, Wadell, G_ 2005 In: Fauquet. CM. Mayo, MA., M. o iberg:

Lin, B, Wang. Z, Vora. GJ. Thorneon, JA. Schoar, j!:il»m lZlS(’.‘.-mmq. I(.\';.
Ligler, . Malanoski, Santiago, | Walter, Agan, Metzgar, D,
Seto,D., Daum LT.. xnmk.u.mu..mmmnmc Stenger,
DA 2006 Broad-spectrum respiratory tract Identification asing rese-
quencing DNA microarmays, Genome Res 16 (4}, 527-535

Lowsie, 1K, Kayon, AE. Holodnwy, M, Guardia-LaBar, L.l« B, Petru, AM., Hacker,
JX_ Schowtr, DR, 2008, Severe p due type 14: 2
nmnsmmthmn?(hnh*n.mx ‘(31421-425.

Al ). K RS T, Bann, L. Secvwatama, | Refistetter,
LMILCrm.D.MmK.MLWD Liss, A Sun, X Towle,
A, Sum, W, 2008. A double-blind, study of the safety and
y of live, oral type andtwe?ad:mnmvmsmdnln.

Adenovindae

L‘mm on Taxosomy of Viruses, vol. & Academic Press, San Diego, CA, pp
213

Berg, M., MLWLWLWQMMM

vaccioe prototypes: high-level production of & papsllomaviras capsid astigen

from the mager late transcriptional unit. Proc. Narl, Acad. S, USA. 102 (12)
45904595

B M. Ruth K., 2003. v ng and
Artemis. Briet Bionform 4102}, 124-132.

uum.m Santmr j.l..cm jt 2007. Emergence af adenovirus type 14 in US

e J Iedect. Dis. 196 (10), 1436~ 1437,

llnole.DA.Mnmrn. T. Ryan. MA. Wi §. Wills, €. Le, C.T Freed,
N.E.Hansen, Cj. Gray. GC, lundl KL. 2004, Molecular analysis of adenovirus
Isolates from vaccinated and wovaconated young adults. | Clin. Microbiol, 42
(4), 1636- 1693,

Bray. N, Pachees, L, 2004 MAVID: @ af F
sequences, Genome Res. 14 (4), 663-690.

Brosrwer £, Hnwenga, M) Ophorst. 0., de Lecuw, B, Gijsbers, L. Gillissen, G, Hoeten,
RC, ter Hoest, M, Nanda, D, Dirven, €. Avezaas, CLMMLSM:;&MW.
P, 2007, Human adenovinss type 35 vector for gene therapy of brain cancer:
improved transduction and bypass of pre anti.vector immuanity in can-
cer patiencs. Cancer Gene Ther. 34 (2), 211-219,

Cheng. CC, Huang. LM. Ka0, CL. Lee, T, (hen, JM, La CY, Lee, CY, Chang, SY,
Chang, LY, 2008, M and clinical of infections
in Tarwanese children in 2004-2005. Cur. ). Pediatr, 167 (6), 633-640.

Chimsefewice. B, Besuzler, §. Panti G Krause. G, Bergmann, F. Schwoger. B, 2005,
Resperatory disease caused by 3 species B2 adenovirus i 0 military camp n
Turkey. § Med. Virol 77 (2}, 232-237.

Crawford-Miksza, LK., S DP, 1996

by ihegi in the hyper
Virology 224 (2, 357-367.

data with

is driven
i 1091005 Of 11 HExD proteir.

Vaccing 26 (23, 2890-2808.
Madisch, ), Harste, G.. Fommet, H. Heim A, mmn«tamtymamcm
ali human

Sdenowinues pro-
totypes as a bass for lar classifs and lVImL79(24).
1526515276,

Mithews, ME, Shenk, T, 1991, winus d RNA and

conrrol. . Virol. 65 (11}, 5657-5662.

Medimni, . Domaty, C. Tettelin, H. Masignani, V.. Rappooti, R_ 2005, The macrobial
pan-genome. Cuer. Opan, Genet. Dev. 15 (6], 589-394,

M. YF. Skog. |, Lisdman. K. Wadell, G., 2003. Comparative analysis of the genome
organization of buman adenovirus 11, 3 member of the human sdenovirus
species 8, and the used human 3 vector. 3 of
species €. § Gen. Virol, “(HB}.IC‘I-M

Mietzgar, D, Osuna, M, Kajon, A.E. Hawkswoeth, AW, Irvine, M, Russell, K.1., 2007
Abeupt emnevgonce of diverse spocies B adenoviruses ar US melitary cocruit train-
g centers, | infect. Dis, 196 (10), 1465~ 1473,

, D Osuna, M., Yingse, S, Rakha. M., Earhart, K. Elyan, D Esmat, K. Soad,
Mu.njm A_\MA,}.Gny.GL‘m.MA. MKLMMW
of Egyprian resp ¥ identification of species,

and coinfects ) Clin. l!(ll).S'MS-STﬁ!

Mul, VM‘ Verrjzer, CPL van der Viiet PC. 1990 Transcription Lactors NP
JM Nﬂlv«r-l fuecteon independently. employing different méchanisms to

us DNA seplication. J. Virol. 64("}.55!0—5510.

Nuin.l.cum RA. Enomoto, T., Lichy, | K, Horwitz, J.. 1982 Adenovirus
DNA rep &l of 3 host factor that stimesdates symbesis
gn;:mwmw pmmn-dclll'mnpux Proc Narl Acad. Sa. USA. 79(21),

mmmk.mny.sz.s‘u.m;.mm.n.rm C, Seto, D,

is of HAGV-4, a human adenonirus
‘ m y & implications for peoe therapy and vaccine

wector development. | Virol. 73&1:;59—2572.

Dan A, Elo, P, MM&MLM&MIMW d inal
repeat sequences from bovi revead
Ienmmmofmﬂh\llm&mn(h175-17&

M A Su, |, Cartisle, 5., €. Seto, D 2005b. Cenomic and bloen-
formatics analyses of HAGV-?, 2 human adenovines of species 81 that causes
acunmpuamyd-m IMPRCATHONS O veTTor Aevelopment in hmman gene

v, Vicology 332 (1), 194-129,

Cao, W, Robbens, PD., Cambotto, A, 2003. Haman type 35
sequence and vector development. QaeTtm |onn 1941 ma
Gtalnn\F.L.Pmet.le
vaccises. Biotechnology 20, 363-350
Gun GO McCarthy, T, Lebock. MG, Schnurr. D.P. Russeit. KL, Kdm\ AE. Landry,
ML Letand, DS, Storch, GA. G CL® Gl
Saubolle. MLA., Kehl, ... Setvarangan, R Miller, Ml..(ha | JO, Zerr DM,
Kiska, DL, Halstead, D.C. Capuano, AW. Setterquist. S.F., Chocazy, ML, Daw-
so0, 10, Erdoan, DD, 2007, Genotype prevadence and risk Gctors for wvere
chinical adenovinas infection, Unted States 20042006, Clin Infect. Dis. 45 (91
1120-1131
Green, M. Mackey, | K. Wold. WS, Rigden, P 1972, Thirty-oee human adcmvmn

Purkayastha, A, S Md‘aw.]. Duety, SE. Hadfeeld, TL, Seto. |, Russell. K.L, Tib.
betts. C., Seto, D 2005¢. Genomic and bioinformaticy analyses of HAQV-dvac
and HAdY Nac two Bunun uenemm {HAGV) strains that coostituted orig-
lnal -refated acute y disease, 3

epidemic (u&u‘mniol 497, 30!!—305‘
mdosevlc. K. Wieland. CW, Rodriguez, A, Weverling, G, Mmtardjo, R, Gilissen,
G.. Vogels, R. Skeiky. YA, Home, DM, s;oolllc..nndu Pall, 1 Haverga,
M., Goudsmir, |, 2007, Protective 510 4
ontras type 35 tuberculosis vaccine In two mouse strains: CD4 and COS T-ce8t

Lt

serotypes (Ad1-Ad31 ) farm five grougs (A~ E) based upan DNA
|I:L\Ilmlngy!3(n ad1-492

Gauber, WL, Russell, D) Tiboetts €, 1993, Fiber pene and genomic origin of human
Admm lywd \mology 196(2), 603-611,

epitope mapping and role of gamma interferon. Infect. mmam. 75 (8), 4105
4115

DR, J. mu.muo Kﬂly]r.ﬂ. R4, Struc-
twre and function of the 37 (1) 309-

ne.
Rnbm-.tM.SlmuM (:dm AF. Dyer. DW. Chodosly, ), 2008, Genomec and

Harfleld, L. Heanag. I\, 1993, The NFIIOCT-1 i

Buman adenmass type 37 new insights into cornesl
mcr 9.2!1

DNA replication mvmwlsmmnymmmmuh&mm q
J. Virol. 67 (7), 39313939,
Jones 20d. MS, Harrach, B, Ganac, R0, Gozum, MM., Dela Cruz. WP, Riedel, 8. Pan,
€ MmE.LSchmn DP., 2007. New adenovirus species foamd (n 3 patient
J-Virol 81 {11), 5978-5564.
Xajon, AE, m«wmmmo unong.us Wadleigh, A, Ryan, MA, Russefl,

KL 2007, Mok type 4 mnf nUS oalitary
recrults in the mw«!mmn «a(lsw 2003}1 Infect, Dis: 196 {1} 67-75,
»\f..)!u.w D.0. 2005, 5 polymorphise i the E3 77K ORF
B1 human . Virus Res. 107 (1), 11-18.

umu.m&.l.w Tuck, HA_ Rodan, K5, Andrews, BE. McDonald, | C. 1957,
Pharyngo-conpunctival fever; school outbreaks in England during the sumener of
1955 asseciated with adenovirus types 3.7 and 14 Br. Med. ] 2 (5037, 131-136,

Laranaga, C, Kxom, A, Viliagra, €., Avendano, u..zoon Adenivirus surveillanoe on
children hospitalized for acute lower ¥ Chale (198819961
J- Med. Vieol, 60 (3), 342-346.

Lauer, KP, MLMLMLMV Amyanna.A.m:tySE.Hm-
feld, TL Buck, C., Tibbests, C, m&mtmwwrmma

of human adenoninis

m«.&mn.lmmmr method: 2 new method for recon-
g prfogenets rees. Mol Biol Evol. 4{4), 406-425.

Snm JP. MtGmb.SMJau MG, Custers, L H., Ophoess, 0., Demoitie. M.A, Dubois,
M.C. Komesar, ), Codd M. Kestor, KE, Dubois, P, Cobwn |, Goudsnir, J. Heppewr,
DG, Seewart, VA, 2008, Adenovirus 5 and 35 vectors expressing Plasmod.
wm fabciparum circumsporozonte surface protein clidt potert antigen- specific
cellular TAN-gamma and antibody responses i mice. Vacooe 26 (23), 2813
2821

Sirena, D, Ruzsics, Z, SchafTner, W, Greder, ULE, Hemmi, 5. 2005. The nudleotide

and a first gene transfer vector of species B lusman sden-
ovirus secotype 3. Vicology 343 (2), 283-298.

Stone, D @i Pacio. N.C., Leber. A., 2006. Development of group 8 adenoviruses as
gene transfer vectors. Blotechnol. Genet. Eng. Rev. 22, Im 23

Stone, D.. Farthmann, A.SAIII;V Lieber, A, 2003. The complete nudeotide

01, and otigin of human adenovinus type 11 Virol-
ogy 300(1), 152-165.

Skwlz DU NL S, LLZY., Gaggar, A DiPacto, N, Feng. Q. Sandig V.. Licher. A.. 2005.

T

1] Gen Virol. US(ROLRGIS-NS
ungm R. Set0, D, Mahadevan, P, Ackermana, uw lvw-mh.AM mumrr
and

uﬁnj BLASTP based tools. Res. Microbiol, 159 (5), 406-414.

36

and assessment of human adenoviras type 11 a3 3 gene transfer
vemrj Virol, 79(8). 5050-5104.

11992 v ofthe type 2 origin of DNA

uymemrdry DNA poly and p p

EMBO L 11 (2), 761- 764,




) Seto et al. / Vives Rescarch 143 (2009) 54- 105 105

Thompeon, LD, Gibson, T). Plewnak. F. jmnounn. V. mgpnx DG, 1997, The

CLUSTAL X windows interface: flexible strategics sequence align-
ment alded by quality a mmcmhﬁ( 14876-4“2.

Van Der Veen. | Kok, G, 1957. Isolation and typing of adenoviruses recovered
military recruits with acute respiratory disease in The Netherlnds Am. |. Hyg
65(2) 119-129

Vogels, R Zaydgeest. 0. van Rgnsoever, R, Hartkoorn, E. Damen, | de Bethune, M2,
Kostonse, S. Penders, G. Hetmus, N, Koudstaal, W, Cecchim, M., Westerwald, A,

Speangers, M., Lesnckert,

Panitts, L Grimi

Vora, GJ. Lin, B, Gratwick, K. Meador. C., Mansen, C. Tibbetts. C. Stenger, DAL

1 2006 Co e of sl Speetes s PRkl VocCImaind Poclens:
ns novinas species in vaccimated

Emerg. Infect. Des 12 (61 921-930,

Wadell, G, 1984. Molecular eps gy of human Curr Top. Micro-
Biol. Immuaol. 110, 191-220,

Wadell. G, Hammarskjold, ML, Winb«;. G. Varsanyr, TM. Sandell, G, 1960,
Ganen variability of adenoviruses. Ann. NY, Mad. Sci. 354, 16-42,

zn?zqw;ux.m Dt.m_“ BJ. Tian, X, Sheng, H. L-.u,mv 7how.

of a
;dwumaalm-nmueummdawmddmy

and
eMaent human cell infection and bypass of preexisting sdenoviius nmmmi(y
) Virol 77 (15) 8263-8271.

37

type 3
wector, Vacoine 27 (8% 1145- 1153



Part 2
Computational analysis of adenovirus serotype 5 (HAdV-C5) from an HAdV coinfection
shows genome stability after 45 years of circulation

38



Virology xxx (2010 xxx-xey

Contents fists availsble at ScienceDirect

Virology

-
r

paga: www.elsevier.com/lacate/yviro

ELSEVIER I

Computational analysis of adenovirus serotype 5 (HAdV-C5) from an HAdV
coinfection shows genome stability after 45 years of circulation

Jason Seto ™', Michael P. Walsh*', David Metzgar ®, Donald Seto **

* Uypar 1y Baoufes 3 ol Comy: W Biolaggy, Groege Masue Universily, J0000 Usiversity BTwl, MGN SEX Menoua, VA 20110, LS4

* Dep of Reysrotory Diseases Reseanch, Naval Heakh Seseasch Conter, 190 Syfvester Rond, San Diego. CA 92108 USA

ARTICLE INFO ABSTRACT

Article history: Adepovirus coinfections present opportunites for genome recomdination. Computational analysis of an
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HAGV-C5 field strain gename, recovered from a patient with acute resparatory disease and colnfected with
HAQV- 821, shows that there was no excharge of genomic material into HADV.CS, Comparison of this

Avail S Fo to the sparsely amplified p ype demonstrates & high level of sequence conservation and stabilgty
of this genome across 45 years, Purthes, comparison (o a verson of the prototype that had been passaged in

Keywords: laboratory settings shows stability &5 well HAAQV genome stability and evalution are considerations for

Adenovirus evolution applications as vaccines and as vectors for gene delivery. In the annotation analysis. 3 sngle sequencing emoe

Codnlection in the HAV-C5_ARM (Adenovins Reference Material) genome is noted and may *ead to ermoneous

Genonre stability annotation and biological Interpretations.

Viral blolegamatics © 2010 Exevier Inc, Al nights reserved,

Viral genomics

Sequending erroe

Introduction 2009). Species C members may be present inindividuals as latent and

Human adenoviruses (HAdVs) are important pathogens (Echa-
havarria, 2009) and are model orgamsms for understanding biological
systems (Russell, 2009). As public health concerns, HAAVs are isolated
from highly contagious respiratory and ocular Infections with
emergent strains characterized as “intermediate™ and “intertypic”
using limited molecular typing and/or serology (Engelmann et al,
2006; Ishiko et al., 2008; Zhu et al,, 2009), One has been documented
as more virulent than its prototype and other variants, ¢.g. HAJV-B7h
(Kajon et al,, 1996; Kajon and Wadell, 1996; Larranaga ef al, 2000),
and another characterized with an apparent change in cell tropism,
“HAAV-B11a" (Hierholzer et al, 1974; Liet al, 1991; Zhu et al, 2009),
However, none has been described in comprehensive and exact
genomic details until recently: HAAV-D53 (Walsh et al, 2009) and
B55 (Walsh et al, 2010; Yang et al. 2009), which are emergent
“types” with characterization based on non-serological techniques:
and HAAV-B16, D22, and E4, which are archived “serotypes”,
originally defined with dogy and ly recharacterized using
genomics (Robinson et al, 2009; Seto, unpublished results).

HAGV-C5 is a pathogen that causes respiratory symptoms of
variable severity including acute, mild, and nope, L.e. asymptomatic
(Echavarria, 2009; Edwards et al, 1985; Fox et al,, 1969; Gamett etal,
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persistent infections, in mucosal lymphocytes that could be reacti-
vated if these cells are stimulated (Gamett et al, 2009). Feld strain
variants are found in outbreaks globally (Gray et al,, 2007; Kajon et al,
1993, 1996, 1999; Lartanaga et al, 2000; Metzgar et al., 2005).

HAdV genomes may be unstable, subjected to changes observed as
antigenic shifts and resulting from recombination, and subjected 1o
nucleotide variations, defined as genetlc drift (Crawford-Miksza and
Schnurr, 1996b) and resulting from base substitutions, insertions, and
deletions (indels). Reports in the literature of HAGV recombination
support this (Boursnell and Mautner, 1981aby; Lukashev et al, 2008;
Mautner and Mackay, 1984; Wiltiams et al, 1975). These observations
led. in part, 1o a hypothesis that recombination drives serotype
evolution {Crawford-Miksza and Schnurr, 1996b). A recent study
analyzing sixteen species C field strains suggests that recombination is
frequent (Lukashey et al, 2008). Genome instability, particularly
recombination, is @ major potential problem for the long-term
effectiveness of HAAV vaccines (Crawford-Miksza et al. 1999). It is
also a concern in using HAAV genomes as gene delivery vectors. Two
issues are critical: (1) frequency of these recombxnation and other
genome changes and (2) conditions allowing recombination.

This report presents genomic and computational evidences of a
stable genome from an HAAV-CS field strain, complementing work
done with similarly stable genomes such as HAIV-B3 (Mahadevan
et al, 2010) and HAJV-B7, but in contrast to earlier observations of
HAQV-E4 variants (Crawford-Miksza er al. 1999). These studies
suggest HAJV genomes may be very stable, contrary to other reports,
e.g. of frequent recombination events (Lukashey et al,, 2008). Three
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views of the stability of an HAAV-C5 genome are presented here:
(1) circulation in the population over 45 years; (2) laboratory
amplification over 39 years; and (3} coinfection with a potential
recombination partner. All of these observations on zcmme st:blli(y
(and instability) ¢ ibute to the Il and compl
ing of HAAV eveluton, phylogeny, and pathoepidemiology, at lhe
primary nucleotide sequence level. with implications to vaccine and
gene delivery vector development.

Results and discussion

HAdV-C5 was among the first HAdVs to be isolated in 1953 (Rowe
et al. 1953) and one of the first to be sequenced in 1991, albeit as a
“composite” sequence of laboratory-circulating strain(s), with con-
tributions from several researchers using different methodologies:
the final 7558 nucleotides completed the contig (Chroboczek et al,
1992 In reflection of its importance as a gene delivery vector, as well
as for other applications, a designation as the “Adenovirus Reference
Material® (ARM) has been established {Sugarman et al, 2003), with
the original stock amplified and made available by the American Type
Culture Collection (ATCC: Manassas, VA), This “nearly pristine”
genome, representing the ariginal isolate as a “minimally-amplified”
specimen, has been sequenced (Sugarman et al. 2003} A unique
opportunity existed, to compare this prototype with two versions of
its genome: an archival versus a laboratory-circulated, 39 years later
(1953 to ca. 1992). Both are compared to a drculating field strain
isolated 45 years later (1998),

Nucleotide sequence analysis

The genomes are nearly identical: Field strain “HAGV-C5_FS" has
~ 100% nucleotide identity to the reference genome “HADV-5_ARM"
andd 99.9% with the circulating laboratory composite “HAJV-C5p™, This
suggests laboratory amplifications allow the accumulation of muta-
ticas, absent the selection pressures found in a host infection. The
genome identities to other species C members are higher (ca 95%). as
expected, than to representatives of other HAJV species (A B, D E. F,
and G, 46%-57X). The lengths are nearly identical; HAGV.C5_ARM at
35,934 nucleotides; HAGV-C5p at 35,938; and HADV-C5_FS a1 35931,
with GC contents of 552%

Using HAAV-CS_ARM as the reference, the two prototype versions
differ from each other by thirty nucleotides, and the HAdV-C5_FS
(1998) differs by four nucleotides (Fig. 1). From a genomics “point of
view”, three of these four differences are insertion/deleti

conservation between the two genomes. On the other hand, If not
sequenang artifacts, they may be understood biochemically as
adenovirus DNA polymerase that is prone to replication infidelity in
regions of homopolymers due to polymerase slippage (Crawford-
Miksza and Schourr, 1996b; Lindenbaum et al,, 1986); polymerase
dippage 5 hypothesized as a mechanism for HAAV evolution in
general (Crawford-Miksza and Schauwrr, 1996b) and in the E3 region
specifically (Kajon et al. 2005), It should be noted that similar
naturally occurring polymorphisms are noted for poly-A and poly-T
tracts, which supports these observed SNPs as “non-sequencing
artifacts” and as part ol “naturally occurring™ hypervariable regions
(Houng et al, 2009). These signatures are used for “tracking™ the
circulation, transmission and evolution of pathogens within and from
outhreak to outbreak (Houng et al., 2009).

On the whole, however, these data suggest that thas HAAV-C5_FS
genome is highly and remarkably conserved after 45 years of passage
through the population and after 39 years of laboratory culturing
(Fig. 2), Relative to the HAdV-5C_ARM genome, with the exception of
the hexon, the nuclectide changes are few and are located outside of
the coding regions of the capsid coat proteins. The majority of the
hexon differences are in the proximal region (at nucleotide positions
642, 672, 816, B17,2322, and 2789 of the hexon ), perhaps defining a
critical “hot spot” that contains the seven hypervariable loops (at
nucleotide positions 409-543, 557-579, 631-654, 739-780, 799846,
910-945, and 12611347 of the hexon ), which are targets for serum
neutrahization. This is also the region found to be involved in
documented recombination (Walsh et al, 2009; Walsh et al, 2010;
Yang et al., 2009; Seto, unpublished results).

This view of genome stabifity may not be errant; comparisons of
the genomes of both the prototype and vaccine strains of HAAV-B7
and HAQV-E4 to currently circulating field strains documented similar
limited genome changes; these strains are separated by a similar time
span (Purkayastha et al, 2005¢; Seto, unpublished results). If this
bolds true for most HAAV strains. Le., limited mutations and
Infrequent recombination, it would explain the long-term success of
the HAdV-B7 and E4 vaccines that were highly effective and support
the reimplementation of these same vaccines (Crawford-Miksza et al.
1999; Caydos and Gaydos, 1995; Gray et al,, 2000: Lyons et al,, 2008;
Top et al, 1971),

Proteome differences and sequence error

Upon in silico analyses, the three HAJV-CS proteomes are nearly
Identical. Results included dats from annotating the full and

(“indels™) occurring in poly-T and paly-A tracts, which may be
problematic, Le., sequencing artifacts, in Sanger chemistry protocols
and which. as efvors, would mean an even much higher degree of

equivalent complement of coding sequences among the three
HAAV-CS genomes as well as from the rest of the species C members,
revealing the same set of coding sequences. Percent 1D comparnsons.

HAAV-C5_FS CCCCAGGCTGRGGAGAATGTTTTAAAA - AAAAAAAAGCATGATGCAARAT 1406%
M—CS ARM CCCCAGGCTGEGGAGAATGTTT TAAMAAAAAAAAAAAGCATGATGCARMAAT 14100
B
HAAV-C5_FS CGCCAGAGGAGCTCTTGAGCCGCCGCGCGOCCGCTTTCCANGATGGCTAC 18848
nm-cs ARM 18849
ARRARRAARRANAR S RN R AR SRR R R AR R AR AR AR RARRAN R AN AN
HAQV-CS5_FS TTATATTACTGACCCTTGTTGCGC ~TTTTTTGTGCGTGCTCCACATTGRE 29841
M—c!:lll 29843
R
HAQV-CS FS TTIT- 34390
M-CS:AII TTTTTITATTCCAARAGATTATCCAAAACCTCAAAATGAAGA' 34393
AREA SAARRANRANTRAR AR AR R AN AN AN RN AR RAN AR
Fig 1. Alig: of four reglony ara dilflownces b HAAY-C5_FS and HAGV-CS_ARM. Each puir of cows is 4 dilffiment region of the aligned genomes, with the
lotatiom noted and sk lhpmt The 109 two panels show deletions that do net Tal within coding sequences. The thard, 3 tuse substitution, falk i the £3

Mmmm&mmm:tmmammmmmmnluw All theee deletions are found in HAQV-C5_FS.
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with HAdV-C5_FS as the reference., of the coding sequences revealed
identities of ca. 99-100% with the two HAGV-C5 proteomes (data not
shown) with lower levels of identity with other species C members
(ca, 70-100%), Two exceptions are the hexon, with apparently
ne quential nucleotide changes, and the E3 RID-« protein, with
an apparent SNP leading to a significant frameshift.

HAdV-C5_FS and HAdV-C5_ARM hexons, which are identical, share
two differences with HAAV-C5p, the laboratory strain These are T273A
and R930Q, wih the T273A mutation of potential interest. Aminoe acid
273 is within the filth hypervanable region (HVRS) that spans amino
acids 267-282 and is a potential epitope for antisera The other changes
do not lead to amino add akerations. The hexon from the laboratory-
circulating strain coatains a larger cluster of mutations relative to the
other parts of the genome; ths phenomenon is not mandested in the
field strain, perhaps reflecting the role selection plays.

The field strain E3-encoded RID-x protein (aka “E3 104 kDa
protein™; Waold et al, 1999) showed 100% identity with the
laboratory-circulating genome, and 78% and 79% with HAAV-C1 and
C2. However, HAAV-CS_FS is only 29% identical to its counterpart in
the ARM strain. Sequence analysis revealed a nucleotide insertion (T)
that causes a frameshift mutation, resulting in a truncation, This may
be significant, particularly as embedded in the original “pristine”
prototype. However, given the importance of the E3 proteins for virus
evasion from the host immune response (Horwitz, 2004; Wold et al.,
1993), this is likely a sequencing error rather than a natural variation,
Using Artemis to view the three alignments, correcting for the single
nuckeotide change corrects the frame (data pot shown). However, if
thas is indeed an SNP in HAGV-CS_ARM, then the recently circulating
HAdV-CS_FS has a compensating mutation to put the coding region
back into frame, identical to the laboratory -circulating strain, which in
isell would be interesting, as an example of adaptive and convergent
evolubon

This is a striking lustration of how sequencing errors may affect
the interpretation of genomes and biology and reinforces the

L, and vertical lines (base substitations). The center gencans Is and represents the HADY-Ch_ARM sequence. as the meference for

importance of correct and thoughtful annotation, especialy as a
critérion for sequencing quality control and assurance, rather than the
deposit of a genome sequence. With genome sequencing technology
available in a high-throughput and cost-effective format, data analysis
experience is critical in providing correct and relevant contributions
from the entire genome data, even as seemingly inconsequential as a
single base,

Phylogenomics

Phylogenetic analysis by bootstrap-confinmed neighbor-joining
trees of the HAAV genomes was performed using Molecular
Evalutionary Genetics Analysis (MEGA) 40.2 (Tamura et al, 2007),
An alignment showing the three HAIV-C5 genomes as they form a
subclade with other members of species C is displayed as the relevant
portion of a larger comprehensive whole genome phylogeny analysis
tree (Fg. 3), The branch lengths of the species C subclade are very
short and are also reflected in phylogenetic analyses and trees of the
hexon, penton, and fiber, allowing a detailed examination of HAJV
evolution (data not shown), For comparison, each HAdV speces forms
its own clade, reconfirming original characterizations and partitions
based on biology and serology studies, but with different branching
lengths; members of subspecies B1 and B2 form separate subclades as
well, indicating the resolution of the branching distances, These
results are consistent with and support the findings of the whole
genome comparisons, indicating highly conserved genomes, as well as
the Bootscan analyses, indicating no recombination events with other
HAUV genomes,

Genome recombination analysis

Determénation of potential recombination events was by examin-
ing protein identities, with the HAdV-CS_FS as reference. and using
recombination detection software tools (Simplot and Bootscan: Lole




ARTICLE IN PRESS

4 J.Sem er ol / Visohigy e (2010) pec-xey
you| BAIVO1Y The lack of genome recombination in this HAdV-CS field strain
7 LHANV-BI 5 interesting since it has been presumably circulating in the gen-
I paaver eral population and, in this case, was isolated a5 a coinfection with
. AR5 HAdV-B21. It is noted that the context of this specific coinfection may
be misleading as the length of coinfection time is not known, but the
@ [ HANV-E4 potential for genome exchange was present. Although the coinfecting
% SAov-E25 HAdV is a species B serotype. erroneous concerns and previous
| HAGV-D9 conclusions that interspecific recombination may not occur { Lukashev
8 B nadv-083 et al, 2008) are now proving premature and unsubstantiated as two
serotypes, HAAV-816 and HAAV-E4, are demonstrated to contain
["“‘Vc' interspecies recombination using genomics and computational means
3 HAQY-C2 (Seto, unpublished results).
L i HAAV coinfection
HASV.CS_FS
HAGY-Cop As the first HADV coinfection identified, characterized, and
HADV-ATZ recently reported formally, NHRC 7151 has been vetted in great
a9 [ SAGV-G7 detail, by molecular typing with species-specific PCR and also with a
= 1 microarray assay t coafirm that the two coinfecting genomes are
HAQV-G52 HAAV-CS and B21 (Lin et al, 2006; Vora et 4, 2006). Additionaily,
L] | HAdV-Fa0 NHRC 7151 was subjected to multiple cyches of cell culturing in A-549
ol agv et [hung cell line; ATCC CCL-185) and plaque purification to demonstrate
that the strains coinfected the same cell at high MOIL. Additional HAdV
—f coinfection strains have been reported in surveys of respiratory
s pathogens and outbreaks (Echavarria et al, 2006: Metzgar et al.
Fig. 3. Whole grnome phylogenetic anabesis A Joming tree of a sel of  2005),

HAGV preomes shows the HAV-CS strains clading with the other members oﬂhe C
speces, Numbers shown Indicale he of 1000 &
mmnmnwu&u Is 1o unies of mxcleotade .muum--w ite

et al, 1999). Both revealed no evidence of recombination with other
serotypes (data not shown), This is another indication that the
genome of HAAV-C5_TS genome is stable, even beyond the 45 years of
circulation in the population as discussed In this manuscript, Le., the
prototype was not a product of recombination, at least not in asso-
clation with any sequenced HAV genomes. In contrast, spectes C does
contain members that show recombination events: the HAAV-C6
genome contains @ hexon recombination (Seto, unpublished results)
and recent characterizations of sixteen field straing of species C
display evidence of recombination, leading to the hypothesis that
recombination in HAAVS may be frequent (Lukashey et al, 2008),
Recent reanalysis of archived genomes of established serotype
identity have provided revelations of genome instability, including
recombination in the penton (Robinson et al, 2009) and the hexon
(Seto, unpublished results),

Whole genome sequencing produced imitially two assemblages of
divergent contigs, one that was consistent with HAJV-C5 and one that
was identified as HADV-B21. Table 1 presents the BLAST results of four

against GenBank entries. resulting in the identification of
HAdV-B21 as the coinfectant. Each was further analyzed and showed
the identity as well as nucleotide dilferences; for example, an
alignment of “segment-4" from NHRC 7151 with HAAV-B21 DNA
polymerase shows elght nucleotide substitutions (Fig. 4). This
suggests that the HAAV-B21 field strain contained within this NHRC
7151 coinfection is not identical to its prototype, unlike HAAV-C5_FS.
Additionally, it is noted that originally. NHRC 7151 showed a
microneutralization result as an HAJV-E4. One explanation is that
neutralization is predictably poor at identifying the compoaent
serotypes in coinfections. Another explanaton (s perhaps this
particular HAAV-B21 field strain contains a partial hexon recombina-
tion that serum neutralizes as HAAV-E4, similar to a recombination
found in HAAV-BS5, resulting in a serum neutralization change
(Walsh et al. 2010; Yang et al, 2009; Zhu et al,, 2009), Three other
partial hexon recombinant HAGV genomes have been reported:

Talde 1

BLAST aralyss and identificstion of wwv-mne DNA Wu from NMRC 7151, DNA seqoences wene generated durng the shotgun segoencing phase and ILAST-analy2ed

agawst Cenllank d these resuhs.

Segment 1 -Sepment 2 Segment 3 Segment 4

Geme E16 55K Wal Va2 DNA palymwrase
HAdV Score Evale Score Evalue Score Bxalue Score Fualue
HAGV-B21 2806 o 531 E~ 152 240 300 65 & o
HAGV-116 a5 o 500 L—tas 240 I 00665 £16 0
HAdv-850 2967 o N E~152 240 3008 -65 05 0
HAQV-83 656 o 5§15 F- 148 232 F00E 61 20 o
HAdV-B7 2048 o s E~148 w0 s o
HAQV-11 1083 o s noe-7n 145 1.00€ - 36 336 AD0E~ 148
HALV-B34 1035 o 245 100667 157 00634 £ el 2006146
HAQV.H35 w2 o 248 AN0E-KT 137 300634 54 TDOE~151
HAdV-H14 ms 0 % 1008 ~63 m 200E~-132 327 200t~ 146
HAMV-E4 125 LO0E - 29 127 700031 1w 200641 5 ROOC—12%
HAQV-C1 40 GO0E- 04 70 100E~13 56 D.00€- 10 54 Q00E -0
HAdV-C2 40 BO0E 04 0 100E~13 56 BL0E- 10 m BOCE-T4
HAGV.CH a GO0E -0 o 200612 - 56 .00~ 10 m G00E-73
HAGV-140 3 o038 “ HO0E 00 w s00e-11 7 I00E-64
HAQV-AY2 36 001 58 5006~ 10 M G006 14 e 3DOE 61
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HA4V-B21 GCATTGGACAGAAGCTTGGC
segneant-4 GCATTGGACAGAAGCTTGGCGATGGAGCGCATGGTTTGGTICT ITTCCTTGTCOGCGCGC

AR EARAT AR AR AT AR AR ARAN AR A E AR AT AR AR R AR AR AR R AN AR R AN RN AR
HALV-B21 TCCTTGECGCCGATCTTAAGCTCCACCTACTCOCGOCOCACACAT TTCCAT TCAGGGANG
segment-4 TCCTTGOCGGOGATGTTAAGCTGGACGTACTCGCGCGOCACACAT TTOCCAT TCAGGGAAG

AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR R AR AR AR AR AR R AR AR RN A
HAQV-B21 ATGGTTGTCAGT TCATCCGGAACTATTC TGACTCGCCATCCCC TATTGTGCAGGGTTATC
sagment-4 TGGTTGTCAGTTCA ATTGTGCAGTGTTA

R L
HAJV-B21 AGATCCACACTGGTOGCCACCTOGOCTCGGAGGGGCTCATT GG TCCAGCAGAGTCGACCT
segment-4

A EARR R AR ARAT AT A RANAT R R AR AR AN AR AR N ARAR AR RN AN RN RN AN AR AR R,
HAGV-B21 CCTTTTCTTGAACAGAAAGGTGGGAGGEGETCTAGCATGAACT CATCAGGGGGGTCCGCA
segneant-4

e - LR L e
HAQV-B21
segment-4 TCTA’ AGC!

AEARARRTARARANETAR AN HF AR AR AN AR RN AR R AR R A ARk
HAQV-BZ1 TCCAAGGTCATCTGCCATTC TCGAACTGCCAGCGLGCGCTCATAGSGGGT TAAGAGGGGTG
segnant-4

ARARARAT AT ARANAT AR ANARARARARARNANARRARARN AR ARARAAR N RN AR
HAGV-R21 CCCCAGGGCATSGEGTCGETGAGCGCGGAGGCATACATGOCACAGATATCG TAGACATAG
segrent-4 CCCCAGGGCA' TACATGCCACAGATATCGTAGACATAG

AR R AR AR IR TR R AR AR R AR AR R IR AN A RARAR AR RA RN RN ANRRRN RN

g 4 NHRC 7151 i prnend 4% DNA seq g Sogeence alipment and attadysls identifies this 480 necbeotide seqoencs from NHEC 7151 a8 from the HADY-

H21 DNA poly merase geoe.

HAAV-D53, serum neutralizing as HAAV-D22 (Engelmann et al. 2006;
Walsh et al,, 2009}, and one each found in HAAV-E4 and HAAV-B16
{Seto, unpublished results), providing serological cross-reaction with
each other historically (Hierholzer, Stone, and Broderson, 1991;
Wigand et al,, 1985).

For reference, and as a measure of different genome stabilities, a
contiguous number of 200 nucleotides In a sequenced region of
HAdV-B21 showed eight base substitutions and no indels (Fig. 4).
Within the same number of mxieotides, but as four noncontiguous
segments in HAGV-C5_FS, there were one base substitution and three
indels (Figs. 1-3), This was also the total number of genome changes
In the HAAV-CS5_FS genome,

Bioinformatics of genome stability

HAdV genome recombination has been reported in the literature
(Boursnell and Mautner, 1981ab: Crawford-Miksza and Schnurr,
1996h; Lukashev et al. 2008; Mautner and Mackay, 1984; Willlams
etal. 1975), High-resolution analysis of primary nucleotide sequences
has only recently provided comprehensive and exact documentation
of genome changes, including recombination (Rebinson et al, 2009,
Walsh et al,, 2009, 2030; Yang ¢t al,, 2009; Seto, unpublished results),
leading to gquestions of where they may occur and how frequently
these and other genome changes occur,

The isolation of HAV strains, including variants, novel serotypes
and “imtermediate” or *intertypic” strains from i v ived
patients provided a potential answer as to “where they may occur®
[Crawford-Miksza and Schnurr, 1996a: De Jong et al, 1999;
Hierholzer et al,, 1988ab; Khoo et al., 1995; Koapmann et al, 2000;
Schnur et al. 1995). However, the hypothesis of genome shuffling in
this “bioreactor” was not supported formally until HAJV coinfections
were observed and characterized (Echavarria et al. 2006; Lin et al,
2006; Metzgar et al. 2005; Vora et al. 2006), providing a means to
how shuflling between genomes may occur, that is, idemtifying 2
“clinically relevant environment suitable for the generation of new
recombinational variants® (Vora et al, 2006). The question now is
how frequent are these genome changes.

Overall genome instability and resulting strain variation are
important for both vaccine and vector development and for
understanding HAJV biology. pathology. and cutbreaks. Using limited
molecular typing, outbreaks have been studied to identify which
strains and what changes are associated with disease and the severity
ol the infection. For example, strain variations in species C members
have been examined using restriction enzyme (RE) digestion patterns
(Kajon et al. 1993, 1999). The same approach is used for a survey of
724 HAUV-E4 straims causing acute respiratory disease (ARD) in the
US. showing seven genome types from 1997 to 2003 (Kajon et al.,
2007), Results inchude “very different, and often stable, genome type
distributions a different geographic sites, despite the homogeneity of
the recruit source population™ (Kajon et al. 2007), Outbreaks caused
by ARD-assoclated pathogens, HAAV-B3 and B7, have been charac-
terized using RE patterns (L and Wadell, 1986, 1988; Lin et al, 2004),
resulting in the characterization of variants that are more virulent or
have more serious impact on public health, for example HAJV-B7h
was observed to cause more severe symptoms than other variams,
including causing 17 of 18 fatal cases and outbreak (Kajon et al. 1996;
Kajon and Wadell, 1996; Larranaga et al., 2000),

An example of the relevance of genome stability studies is asurvey
of HAJV-E4 and B7 strains by the sequencing of the hexon gene and
wing neutralization rests 1o assess their suitability as vaccine
candidates. This study showed “no significant strain variation in the
neutralization epitopes of the AV7a genome over a 42-year period™
but found that “the current strain of AV 4, which has been in
drculation since 1995, is significantly different from the AV 4
prototype and the vaccine strains” (Crawford-Miksza et al, 1999),
Despite this, current vaccine reimplementation uses the original
HAdV-E4 vaccine strain (Lyons et al. 2008 ). Whole genome bioinfor-
matics and genome stability analysis of the HAJV-E4 prototype
(Purkayastha et al, 2005a), vaccine (Purkayastha et al. 2005¢), and
two current field strains (Seto. unpublished results) supports this
reimplementation effort and presents an alternative view to the
earlier study {Crawford-Miksza et al, 1999).

Additional genomic and computational studies provide extending
and complementing comprehensive understanding of genome
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stability, eg., flve HAAV-83 strains spanning 50 years (Mahadevan et
al. 2010); HAAV-B7 and E4 prototype and vaccine strains spanning a
minimum of 10 years (Purkayastha et al, 2005¢); HAAV-87 prototype
and field strain spanning 50 years (Seto. unpublished results); and
HAAV-E4 field strains spanning 50 years (Seto, unpublished results),
These and other studies show that assumptions based, in part, on
Incomplete, ie., limitad molecular typing, data are now being refined
In the context of whole genome data, for exampie the recent genomic
and computational characterization of HAAV interspecies recombina-
tion (Seto, unputiished results).

Conclusion

Presented here is the resolution and documentation of a coinfect-
ing genome sequence of the HAAV-CS fheld strain that was remarkably
conserved despite 45 years of circulation in the human population
when compared to the “pristine”, archived sequence of the prototype
strain of this serotype. Of note, this fiedd strain genome revealed no
recombination events, particularly with its coinfectant HAdV-B21,
and showed few nucleotide changes in toto, Mirrored against this is
another version of the p ype genome, sequenced as a composite
of strains that had been drculating and amplified In the research
community for 39 years. A similar analysis of other coinfection
partners will be important to provide an understanding of the role of
HAAV coinfections in genome shuffling and how this provides for the
evolution of HAAV, particularly in the context of novel types and in
producing emerging and reemerging HAAV pathogens. These obser-
vations and understanding of HAdV genome stability (and instability)
impact the development and long-term efficacy of vaccines and the
sefection and use of HAV genomes as gene delivery vectors.

As a footnote, the importance of accurate genome sequencing and
annotation is highlighted by a single putative sequencing error in the
GCenbank “HADV-C5_ARM" reference sequence (E3-encoded RID-«
protein frameshift). This reinforces the critical importance of
blolnformatics, particularly careful and thoughtful annotation and
sequence analysis, rather than having sequence data deposits as a
goal.

Materials and methods

A colnfection sample *NHRC 7151, AVS.V.98.F]" was obtamned from
the US Naval Health Research Center (Kevin Russell, San Diego, CA):
HADV-C5 was sequenced from this sample (GenBank AYG01635). Two
versions, but of the same original source, of the HAJV-C5 prototype
genomes are available: one is a laboratory-arculating strain (HAdV-
CSp: AC_0D0008 ) and one is an ATCC archived “minimally amplified”
strain (HAAV-CS_ARM; AY339865; (hroboczek et al, 1992; Sugarman
et al, 2003),

Virus growth in A-549 celis and DNA production were outsourced
to Virapur {San Diego, CA). Genome sequencing was outsourced to
Commonwealth Siotechnologies (Richmond, VA), Protocels for both
were the same as ones proven for a series of HAAV genomes analyzed
(Lauer et al, 2004; Purkayastha et al, 20052, bc; Seto et al,, 2009), The
Initlal shotgun strategy was replaced by a directed primer walk
strategy using HAJV-CSp GenBank data, once the coinfection was
detected; HAV-B21 sequences were confirmed with add(tional PCR-
based amplification and sequencing, and by computational analysis.

Bioinformatic analyses were performed using protocols noted
earlier (Seto et al, 2009; Walsh et al. 2009): (1) MAFFT was used to
compute alignments of DNA sequences (Katoh and Toh, 2008); (2)
sequence percent identities were calculated using the UCSF Chimera
package (Pettersen et al, 200M); (3) Artemis was used to view and
analyze genome pairs (Rutherford et al. 2000); (4) percent identity
values for annotated proteins were calculated using a Biojava
implementation of & Needleman-Wunseh algorithm {Holland et al,
2008); (5) phylegenetic nelghbor-joining trees were constructed

using MECA4 (Tamura et al, 2007); and (6) recombination analysis
was performed using StmPlot (Lole et al, 1999),
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Abstract: Technological advances and increasingly cost-effect methodologies in DNA
sequencing and computational analysis are providing genome and proteome data for human
adenovirus research. Applying these tools, data and derived knowledge to the development
of vaccines against these pathogens will provide effective prophylactics, The same data and
approaches can be applied to vector development for gene delivery in gene therapy and
vaccine delivery protocols. Exanunation of several field strain genomes and their analyses
provide examples of data that are available using these approaches. An example of the
development of HAdV-B3 both as a vaceine and also as a vector 1s presented.
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1. Introduction

Recombinant DNA techuology has provided a molecular medicine scenano and opportunity where
a disease or illness may be treated or prevented by the introduction of a specific gene or a fragment of
a gene into the patient using a recombinant vector. This may be either as gene therapy, where a
missing or non-functional gene is substituted with a functional version, or as vaccmation. where a
specific defined antigen is introduced [1.2]. Adenoviruses (AdVs) have been and are currently used as
the basis for vectors delivering these genes [1-4], despite concemns of pre-existing mmnune responses
[5.6]. In the way of understanding and perhaps avoiding these problems. a confluence of genomics and
bioinformatics approaches is useful by providing the primary DNA sequence data and analyses of the
original genomes from which the vectors are derived. allowing for a better understanding of the
“starting matenal”- the genome- and its “expression” the virus. These data also provide detailed
relationships of the genes found within the genomes, as well as how these gene products may relate,
computationally. to the antigens that may have been presented in the past. through HAAV mfections.
f.e, the problem of pre-existing AdV immumty [5-7]

A contrasting, but related and also umportant, topic is the development of human adenovirus
(HAAV) genomes and viruses as a vaccine aganst HAJV infections [8-10]. Epidemics are caused by
the respuatory and ocular HAdV's, especially in large, concentrated and vulnerable, ¢ e, unvacemated,
populations [11-17]. With their resulting high morbidity and occasional mortality, this preventable
public health problem is amenable 1o a vaccine. similar to ones already produced. validated and
deployed previously in the U.S. military basic trainee population [8-10.18]. The same concerns and
‘mechanical problems’ affecting the development. safety and wide-spread applications of these HAAV
vaccines, which are based on the use of the genomes themselves as both vector and antigen. allow
lessons learned. using genomics and biomformatics, to be transferred to their applications as gene
delivery vectors in gene therapy and in vaccme therapy, Hence, the HAAV genomes themselves will be
the focus and context of this survey of the genomics and bioinformaties resources, which provide an
information-laden basis for the ranonal design of HAdV vaccines and vectors for gene delivery.

There are two contrasting observations of the pathoepidemiology of these viruses that have
important implications for both vaccine development and i its use as a gene delivery vector. First,
HAdV is a pathogen that causes a range of human ilinesses, including respiratory, ocular,
gastromntestinal and metabolic diseases [19.13]: however, they may also infect aymptomatically [13].
Species C outbreaks have been reported as latent mfectnions [20]. which again may lead concems of
seroprevalence. This presents problems of pre-existing immune responses and the pathogenicity itself.
Additionally. as the specific symptoms and illnesses are reflections of the particular organ or tissue
infected. gene delivery roles are limited to the cell tropism of the particular HAdV.

Second, genome stability 1s an unportant consideration. Recently, there are two contrasting
observations of genome stability thar have been presented, at the genome sequence resolution level. for
five recemt field isolates (manuscripts under review or m press) and tlree emergent pathogens
[14.21.22]. Coupled with the hrerature that muluple sunultaneous HAAV comfections have been
reported as mseparable muxtures [23] and documented using molecular tvpmg methods [24-27],
concems of possible genome transfer between the coninfectants. perhaps resulting in new strains and
serotypes [23]. are raised. These new strains may arise as recombinants. particularly under conditions

48



Viruses 2010, 2 3

that may be 1deal, such as an mnmunocompronused mdividual [23,19.28] Recombimation has been
suggested as a pathway for new serotypes [29]; and in general, recombination is reported for HAdV
under different condinons [30-33]. This phenomenon has been taken advantage of in constmucung
vectors [34.35]. As an infectious disease pathogen, putative recombinants are reported as “intertypic”
and “intermediate” [36-40]. with epitopes mapped by serum neutralization and/or molecular typing
methods. These techmiques are himited and allow only a partial analysis. Recent whole genome and
biomnformatic analyses document several recombinants as highly contagious emergent pathogens
[38.14.41.21.22.17]. These observations suggest that. perhaps at a very low rate. recombination should
be a consideration for the safety and efficacy of HAdV vaccines and use as vectors.

This is. and should be, balanced by a swrvey of several field strains which. along with their
prototype genomes and other similar isolates, suggest that HAAV genomes may be stable in general,
and, m one case of HAdV-CS5, remarkably stable with four base changes across fifty yvears circulation
both in the population and in a laboratory context (manuscript submitted).

1.1 Synepsis of HAdV biology

Adenoviruses are double-stranded DNA viruses that infect all vertebrates spanning fish to snakes to
birds 1o humans [42.43]. Tleee recent reviews survey HAAVs as human pathogens. viruses and a
“basic biology model subject” [19,13,44], so the reader 1s referred to these excellent sources for further
detailed mformation. In brief, although their ca. 35.000-nucleotide genomes are relatively smular.
there are many sequence differences (for example, species A is 58% identical to species () along with
differences in the proteomes encoded that are reflected by differences in thew mdividual biology.
These account for their tissue tropism. virulence, pathogemcity, host response/imunune systems
evasion and other biological characteristics. HAdVs are partitoned into seven “species”™ A-G, with
species B separated into subspecies Bl and B2, Species G 15 recently recognized with the identification
and description of a novel type 52 that differs from previously characterized and defined HAdVs,
using genomics and computational methods [45]. Fifty-one serotypes based on serum neutralization
and molecular typing techmques [23,13], were recogmzed until HAAV-G52 [19.13.44,45]. With, and
based on. the genomic and bioinformatic analyses of several emergent HAdV pathogens from recent
ocular and respiratory outbreaks, there are now 335 types reported in the herature [14.21.22]. As an
aside. at the recent 9th Intemational Adenovirus Meeting held i Dobogoko, Hungary (April 2009)
where some of these genomic and biomformatic data were presented, along with descriptions of two of
the novel types. a formal “open floor” discussion led to a consensus of using “type” as part of the
HAdAV nomenclature scheme. allowing genome data to differentiate HAAV and keeping the original
serotype names for 1-51. This has been touched upon in the literature earlier with opposing viewpoints
[46]. As will be reported. and as suggested by a subcommittee at the meeting. genome data and
computational analyses support and reconfinn the existing “serotype™ nomenclature and classification
in the context of the proposed “type" classification and nomenclanue (manuscript in preparation).

1.2 Early genomics of HAdV

Despite the early recognition of the importance of HAdV as an infections disease pathogen [19,13].
its continued role as a globally circulanng pathogen [13-15.38.26.17] and its previous role as a model
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“orgamsm” m DNA replicaton biochemustry, cell and molecular biology [44]. HAAV genomes and
thew analyses have lagged belind other genomes m the genomics era until recently. As DNA
sequencing rechnologies have mmproved and as the focus of DNA sequencing targets shifted from
smaller “feasible™ genomes, e.g., Phi-X174 and mutochondnon, to the larger, e.g., A influenza and E.
coli, and then 1o the much larger, “more relevant™ (to human health and well-being) and “sexier and
exotc” genomes. e.g. human. rice. silkworm and panda. adenoviruses were left behind. These
thoughts do “not hold water™ as adenovinises have a tremendous impact on human biology both as a
pathogen and as a biotechnelogy tool! As of 2002. there were only five HAdV genomes archived in
GenBank. consisting of genomes that were “cobbled together” as composites of earlier published data
that were coupled with “final pieces™ sequenced to put together a complete genome. The original
sequences. deposited by different researchers, were obtained using different sequencing methodologies
and using. likely, in-house laboratory-circulating version of the prototypes. These include genomes for
HAAV-C2 [47]. HAdV-CS5 [48]. HAAV-A12 [49]. HAdV-D17 (Genzyme Corp.. GenBank 1998) and
HAAV-F40 [50]. With the exception of HAAV-D17, having documented sequencing errors [43], these
genomes are still useful as reference sequences and relevant to understanding HAdV biology and
evolution, especially with the continued annotation of thewr genomes [43] and the recent high
resolution descriptions of recombination events in HAdV genomes [41,51,21,22], The mmportance of
the HAdV-C5 genome is demonstrated m the resequencing of its genome nsing a single methodology.
and by the preparation, designation and distnbution of an mdustry standard. “Adenovirus Reference
Matenal” (ARM), available from ATCC (Manassas, VA) [52].

1.3. Current genomics of HAdV

In contrast to the “tsunami™ of genome sequences generated for bacteniophage, viral, mitochondnal,
bactenial and eukaryotic genomes paralleling the rapid and continued development of faster. robust,
wore efficient and more cost-effective DNA sequencing technologies and 11s application to many
orgamisms and groups of organiss, the HAdV genomes database had been sparsely populated. Given
the increasing and unproving number of genomic and biomformatic tools and methods. it seemed
sensible to examine the well-studied AdVs using these approaches. In particular, one application 1s in
biotechnological applications mcluding vaccine development and diagnostics platforms. Apparently
this was of mterest to several research groups as well, as a “seiche™ (rather than a tsunami) of HAdV
sequences appeared. HAdV-B35 was sequenced independently by two different groups. both mterested
m vector development and the use of HAdV-B35 as an altemative to HAAV-CS in gene therapy and
gene transfer applications [53,7], and, in part, to bypass pre-existing HAdV-C immunity. The HAdV-
Bll genome was sequenced independently twice at this time as well [54.55] In addition, the first
HAJV to be described clinically and historically was also sequenced m this time period. as a prelude to
sequencing and analyzing the rest of the prototypes and several field strains responsible for respiratory
diseases, especially acute respuatory disease (ARD) [56]. A practical consideration for these genomes
was for the identification of sequence diagnostic probes for the development of a microarray-based
surveillance and diagnostics assay [25]. Subsequently, the release into GenBauk of 16 additional
genome data sets from the authors, HAAV-B3 (two genomes). HAAV-B7 (three genomes). HAAV-
B16, HAdV-B21, HAdV-B50, HAdV-B14, HAdV-B34, HAdV-C5, HAdV-C6 (embargoed) and
HAdJV-E4 (four genomes). added 1o the growing number of available HAdV genomes [25.56-60]. Also
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available were five chimpanzee AdV genomes [61.62]. which are of mnterest as alternative gene
delivery vectors. Currently. there are 31 prototype and 37 field 1solate genomes deposited i GenBank,
with the number expected to grow as chnical mvestigations of HAdV-associated 1lluesses are leading
to the identification of putatively mteresting HAdVs. One such mteresting observation involved a
recent fatal case of ARD, with an identified HAdV isolate that also was a highly contagious ocular
pathogen [63].

2. Tools and methodologies of bioinformatics for adenovirus genomes
2.1. Genomics: acquisition of data

The advent of genomics and bioinformatics has complemented and extended the available data and
tools for charactenzing and developing vaccines, as well as for vector development m gene transfer
and delivery based on HAdVs. Having in hand the exact nucleotide sequence allows more precise and
defined manipulation of the genome. Knowing exactly where and how much of the original genome 1o
delete to allow the msertion of expressible heterologous sequences and having rapid access to the set
of in silico proteome allows comparisons across similar genomes to ascertain critical and
“unumportant™ genes. and allows non-essennal genes 1o be deleted. Limited resequencing ensures no
genome and gene insert changes are madvertently m the final product. Finally, as cell tropism 1s
embedded in the primary sequence and plays a role in the delivery of genes fo targered cell types [64-
66], 1t may be possible to alter tropism.

Sanger-based dideoxy-sequencing chemustry has been the standard methodology to date. Its several
vartations. convemently and umformly converted mto kit formats. allow for high-throughput
automation: for example, DYEnamic ET Termmnator Cycle Sequencimng kits (Amersham Biosciences;
Piscataway. NJ. USA) generared ladders that were resolved on an ABI Prism 377 Sequencer (Applied
Biosystems: Foster City. CA. USA). and were the basis for the genomes sequenced by the authors. The
development and applicanon of “Next Generation” mstrumentation and protocols are creating
opportunities to obtain much greater numbers of HAdV genomes. allowing for detailed examinations
of HAdV, mciuding pathoepidemiology and molecular evolution. Given the nunber and flux of new
technologies, and the lack of use with these systems in AdV genomic studies. we will not discuss their
use here. It is noted that each technology has its own particular strengths and weaknesses, and these
will need to be understood with regards to AdV genomics.

In general. regardless of the technology, there are two common considerations for HAdV genome
sequencing. One 1s accuracy and quality control. For the Sanger-based method. a minimum three-fold
coverage across the entire genome 1s requured, with problematic regions and potentially relevant SNPs
to be covered by additional re-sequencing. A “2+1" strategy. that of obtaming sequences comprising
both strands, allows high confidence m the genome data. Another method to ensure high quality
sequence data 1s to analyze the proteome with computational means. For all sequencing methods.
sequence assembly, particularly from “short read” ladders of some protocols. and the quality control of
these genome sequences may be augmented by the annotation process. In other words, there are
essential genes. such as hexon. penton. fiber, and genome feamues. such as the mnverted rerminal
repeats (ITRs), that must be present and within a certamn conserved range of sequences. Having an
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annotation allows unreliable data 1o be re-sequenced for resolution, allowmg a ten-fold mcrease
sequence accuracy.

Second, there are regions that may be difficult 1o sequence, given a particular technology. One
example for the Sanger methodology is the ends of the AdV genome. Both ends of this linear HAdV
molecule contain mverted terminal repeats (ITRs). These should complement each other, and serve as
a quality control check. One end may be sequenced by DNA polymerase “running off the template™
the other end 15 problematic, as DNA polymmerase requires a template to mitiate. An additional
complication is that HAdV genomes contain a covalently linked protein that is attached to the end.
One solution to circumvent these obstacles is to use a “rapid amplification of ¢cDNA ends" kit (533"
RACE; Roche Diagnostics Corp.), with modifications [22].

2.2 Bioinformatics
2.2.1. Genome analysis

Computational analyses of the genome mvolve examimng the nucleotide sequence of the genome
and the protein sequences of the proteome There are many software tools available, both as
conunercial packages and as public resources on the Intemet, One site housing the URLs for many
public resource soffware tools 1s http/molbiol-tools.ca/. Specific tools used in our studies are
described here and detailed in Table 1.

For DNA sequencing ladders assembly. DNA Sequencher (Gene Codes Corp.: Ann Arbor. ML
USA) was used for the completion of the seventeen genomes noted earlier as submutted by the authors.
This software can also be used 1o align sequences and. nnportantly. manually move them, allowing
visual charactenization of recombinant or deleted sequences.

As noted above. once a consensus contig genome 1s produced, a quick examination of certamn
“landmarks™ 1s useful. for example. the ITRs, pTP and Pol genes are difficult to sequence. A first pass
annotation. 1o be described later. is recommended as a sequence guality control step before additional
effort and excitement are expended. or as admonished by a biochemist as one of the “Ten
conmmandments of enzyvmology": “Don’t waste clean thinking on dirty enzyme™ [67].

The attributes of the genome melude GC content, wiath the percent GC diagnostic of species: A
(47%), B1 (51%), B2 (49%), C (55%), D (57%). E (57%), F (51%) and G (55%), Genome lengths are
not indicative of spectes and range from 34,125 bases (HAdV-A12) to 36.015 (HAAV-E4). The
percent identity of a new genome may be determmed relative 1o sequenced genomes: for example,
species A 15 58% identical to species C. The genome nucleotide sequence can be examined for repeats
using PipMaker, This sofrware uses a BlastZ algorithm to compute the local alignments of pairs of
genomes and produces dot plots that give an mdication of the sinilarity of the two genomes. as well as
highlights any genome rearrangements [68]: the highest similarity sconng fragments will align on a
diagonal. On the same site, zPicture gives another version of this genome identity analysis.

Multiple whole genome alignments, of genomes the size of HAdV, can be made using MAVID
(http://baboon.math berkeley edu/mavid) [69]. MAVID. i turn, produces alignment outputs that may
be ported mto phylogeny tree analysis algonthim. For our studies. neighbor-jommg trees [70] are
constiucted using MEGA4 [71]. Genome recombination events can be found m the genome
alignments. Recombination 1s a conmburing factor m the evolution of HAdV [14,51.21.22], as noted
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for drnving serotype evolution based on serum neutralization studies [29]. Sequence recombination can
be detected whole and parnal genome alignments. using Bootscan and SimPlot [72]. with other
comparable software also available [73].

Although seemingly anachronsstic. restriction enzyme (RE) pattern analysis is sull very useful.
particularly to understand the context of the genomes relative to previously reported RE patterns of
1solates reported in the hiterature. It should also be noted that as a “whole genome scan™ tool, 7.¢. a
“genotyping” tool. RE patterns are effective for a rapid visual overview and comparison of the
nucleotide genomes. The pDRAW32 software is one example for this in silico RE analysis. Also. the
availability of genome data allows unlimited RE patterns and resolution of "“faint™ and multiple bands,
and allows much better resolution than gel-based and photograph-based gel data in the literature.

2.2.2. Proteome analysis

A full-length annotation of coding and non-coding sequences completes the presentation of the
genome sequence and extraction of information from the nucleotide string. In the past, HAdV and
simian adenovirus (SAdV) sequences deposited mn GenBank were mcompletely annotated, with only a
minimal annotation associated, particularly if submitted for patent purposes, We have developed a beta
version of an antomated genome annotator for our studies. This gives a “first pass™ annotation that is
suitable for assessing sequencing data quality. Refinement of the annotation manually as well as the
examination of genome differences can be done using a genome viewer such as Artemis [74].

The proteome may be exammed computationally. using percent identity comparisons of the
nucleotide sequence and the amuno acid percent identities of the proteins. These are manually
calculated using the EMBOSS package [75]: more recently a beta version of an automated tool allows
the same calculations. This provides an mdependent view to any recombination events.

Individual proteins and genome landmarks, e.g.. ITRs, may be analyzed phylogenetically, using
CLUSTAL for multiple sequence alignments (MSA) [76] and porting mto phylogeny tree analysis
software. One example of the relevance of this approach 1s a report showing the zoonotic origin of
HAdJV-E4 from chimpanzees [57]. An umplication of the proteome analysis 1s a suggestion that the use
of chimpanzee AdVs as altematives m gene delivery in order 10 bypass pre-existing nnmiune response
may not be advisable, or should be done with caution

2.2.3. Informatics support

The Intemer provides oppormmties for worldwide mteracnions and collaboranons. and for
community-based resources. An “AdenovirusWiki” has been developed as an open resource for
adenovirus research. In addition to the software tools available on the Internet, several local tools are
also available, as beta versions: automated genome annotation: proteome percent identity analysis: and
gene mapping tool (Figure 1). (www.rgolf. com/genemapyv2). These provide for a pipeline to take a
genome nucleotide sequence through analyses to produce genome annotations. proteome identification
und analyses and a presentation of the coding sequences on a genome schematic.

A local tool developed in the authors’ research group is “Virus Genome Annotation Tool™ (VGAT).
This is a beta version that is publicly available. with the caveat that it is a fest version. at
htip://binf gmu.edu/zenith/toollghmms php. VGAT uses “Hidden Markoy Models” (HMMs) to
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annotate virus genomes, Cwrently, this software tool has been trained to annotate members of the
HAdV-D species. It can be expanded to mnclude members of other HAdV species. and the ability to
add nser defined rraming sets will be added.

A 100l for automatically comparing the protein percent similarities m proteomes relative to theiwr
homologs m other proteomes 1s available in a beta form. The protein alignments and percent identities
are calculated using a BioJava mmplementation [77] of a Needleman and Wunsch algonthm. When
completed. the tool will be publicly available via the Intemet: cwrrently this tool is available upon
request.

Figure 1. Automated gene-mapping tool. A field stram of HAdV-B7 (accession number
AY601635; strain designanion #NHRC 7151) has been sequenced and annotated. Its coding
sequences are displayed using a gene-mapping tool using a derived annotation table.
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2.2.4, Bioinformatics Tools Summary

Agan, all of the computational tools noted for our studies are summanzed m Table 1. As mentioned
in the text, two are beta versions and peed to be optimized. There are additional and equivalent
software tools available over the mtemet, including multiple independent tools for similar analyses. A
caveat 1s that some may be himited to certain computer platforms and need to be compiled. In some
cases, the original contributors may no longer support some tools (orphans). however, some tools may
be very useful and still supported. albent at a different URL due 10 the contributor changing physical
addresses. These may be found by *googling’ the tool name and/or the author on the Internet to locate
the tool.

Table 1. Summary of Biomformatics Tools.

Tool Purpose Availability

Sequencher sequence nssembly Commercial

PipMaker genome sequence analysis http://prpmaker bx psu edu/cgi-bin/pipmaker *basic
zPicure genome sequence analysis http:zpicture. deode org

MAVID whole genome alignment hirtp:/baboon math berkeley edu'mavid
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MEGA4 nhigmment viewer, phylogeny Iinp/iwww megasoftware net/

Simplet recombimaiion analysis hnp:/seay . med.som than edn/'SCRofrware/simplot
PDRAWS2 i silico 1estriction enzyime digest http:/Avwiv.acaclone. cony

Artenns SEQUETICE Viewer. annotation tool Iintpwwaw sanger. ac uk/Software/ Arterms/
EMBOSS sequele analysis hintp:/emboss sourceforge net’

Auto % Id beta sequence %o id avatlable upon request

Clustal sequence alignment http://www.clustal.org/

Adenovirus Wiki repository of adenovirus data http:/www binf. g edu/wikyindex php™Mam_Page
Mapping Tool benr | create gene maps www.irgolf convgencmapyv

VGAT beta nutomated Vims 2enome Amoiation hittp /banf s edw/zenith ool Tzhuuns php

3. Considerations of HAdVs for vaccine development and for vectors development for gene
transfer and delivery

Linnted molecular typing, e g.. PCR amplification coupled with DNA sequencing of certain rargets.
18 a quick mformative method 1o be applied in rationally designing adenoviral gene delivery vectors
and 1 sereenmg HAAVs and constructs as vector candidates [78-80]. Molecularly typing the outer coat
protewns, hexon. penton and fiber, i1s important as they have cnitical roles m tissue tropisin as well as
the host mmmune response 1o the virus. A caveal 1s that genome recombimation may occur at other
locations that may have subsequent and unportant consequences i the biotechnological apphcation of
the genome.

Although HAdV species C was mitially the focus as vectors for biomedical and biotechnological
applications. current mterest range beyond this group. There have been many vectors based on other
buman, and even non-human, AdV serotvpes that have developed as vectors for gene delvery and
vaccie development. One review by Stone er af. [81] 13 an example. Pnmary literature citations
include [2.4.7.53.62.82-89]. It is anticipated that genomics and bioinformatics resources will aid in
these on-going work and development.

3.1. Narwal variation of HAdV genomes

As noted earlier. recombination events are hallmarks of HAAV i vitro. and have now been
documented m whole genome studies. The rate of recombination is not vet known. It may be that some
species or types may be amenable to recombination based on sequence, e.g., hotspots, and biology,
e.g., cell tropism and coinfection Mutations as nucleotide changes, such as mnsertions and deletions
(indels) and substitutions, are more common. However. given the fidelity of the DNA polymerase. the
relevance of these genome changes remains to be elucidated. The question relevant to both HAdV
vaceme development and gene delivery vector design 1s: How stable are these genomes?

Genomes from some 1solates appear to be very stable. at least from the viewpoint of their antigenic
epitopes. For example, the HAdV-B7 and E4 vaccines were highly effective in the US. military basic
trainee population [8-10,18] for over twenty-five vears [9]. This suggests, at least, a conservation of
the epitopes for these two serotypes. A genome comparison of the prototype versus the “vaccine”
(presumably the “then-circulatng™ and dominant) strains of both HAAV-B7 and HAAV-E4 showed
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few genome changes. mamly ndels and base substitutions [57-59]. These stramns were of the 1950s
and 1960s era. A pawr of more recent HAdV-E4 field strains (accession number AYS99837; stram
designation #NHRC 3) and (AY399835. NHRC 42606). from two different outbreaks. and a recent
HAdV-B7 field sttam (AY601634; NHRC 1315) were sequenced, as 1990s isolates, to allow a
comparison of their genomes. These showed suntlar linnted mutations as well. Figure 2 displays whole
genome comparisons of the three HAAV-B7 sirains, across approxmmately forty-five yvears. Based on
these whole genomes analyses and based on molecular typing, e.g.. PCR amplification coupled with
sequencing. of critical epitopes. it 1s likely the vaccines i production will be effective. as these
genomes appear relatively stable.

Figure 2, HAdV-B7 genome comparisons. Three HAdV-B7 genomes, spanning ca. 19505
to 1990s, are analyzed using zPicture, Locations of the outer coat proteins, which are
critical putative epitopes and cell tropisin determinants, are arrayed for reference.
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Proteome analysis allowed a detmled exanunation of all three HAdV-B7 genomes. Table 2 shows
that despite the nucleotide differences, the protein percent identities are high, with the exception of the
agnoprotein and the E3 7.7 kDa protem. The E3 difference may be important as those proteins may
have roles in host inunune response [90].

Sumilar genome and proteome data were obtained from analyses with HAdV-E4p, HAdV-E4_vac,
HAdV-E4_FSI and HAdV-E4_FS2 (data not shown). Two other prototype (ca. 1960s) and field strain
(ca. 1990s) genomes have been paired and sequenced (or extracted from GenBank) as well: HAdV-B3
and HAdV-B3_FS (AYS599836: NHRC 1276} and HAdV-C5 and HAdV-C5_FS (AY601635: NHRC
7151). Addinonally, the HAdV-B3 genomes were compared with two field strains sequenced and
described m China as well as a laboratory-circulating strain [91]. Genomes available for the HAdV-C3
analysis are even more interesting, as two prototype genomes were available from GenBank: 1) the
original report, a composite presumably of several laboratory-circulating strains: and 2) an
amplification of the onginal prototype from ATCC (Manassas, VA, USA) and now available as an
“Adenovirus Reference Material” (ARM). Shown in Figure 3. these versions of the prototype were
compared to the genome of a field stram, HAAV-C5_FS, which was isolated as one of a pair of
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comfecting HAdVs (manuscript submitted), The other coinfectant was HAAV-B21 and no signs of
recombmation m the HAAV-C3 genome were observed. Only four genome changes (one subsumnon
and three mdels) separated the 1998 field sirain from the 1953 prototype (ARM). HAdV-CS_FS differs
sheghtly more from the cuculaung laboratory strain (99.9%). suggesting laboratory passages allow
some unselected mutations to accumulate.

Table 2. Proteome Analysis of HAAV-B7. Percent identities of protems amongst the
reported three genomes of HAAV-B7 are calculated, relative to the HAAV-B7_FS

proteome.

HAdAV-B7 _FS HAJAV-B7 vac HAdJV-B7p
EIA 28 kDa protem 98.9 99.6
E1A 32 kDa protein 983 99.6
EIA 6 kDa protemn 98.3 100.0
EIB 20 kDa protemn 100.0 983
EIB 55 kDa protein 100.0 99.0
IX protem 100.0 100.0
Va2 protein 993 989
DNA polymerse 997 98.2
Hypothetical 99.1 98.1
agnoprotein 99.5 72.7
Hypothetical 100.0 68.4
Terminal protein 100.0 988
Hypothetical 99.2 95.5
Hypothetical 98.9 934
32 kDa protein 992 974
Illa protein 99.1 99.7
penton base protem 987 99.3
VI protein 98.4 99.5
V protem 98.3 98.3
X protein 983 983
VI protein 96.4 96.8
hexon 998 97.0
protease 100.0 97.6
DBP 908 97.7
100 kDa protein 99.6 98.2
33 kDa protemn 983 839
22 kDa protemn 100.0 97.5
Vil protein 86.8 86.3
E3 12,1 kDa 100.0 100.0
E3CRI-a 100.0 99.3
E3 glycoprotemn 100.0 100.0
E3 CRI-B 958 933
E3 CRI-y 905 98.4
E3 7.7 kDa protein 100.0 59.1
E3 RID-a 100.0 100.0
E3 RID-B 92.4 100.0
E3 14.7 kDa protemn 100.0 99.3
U protein 100.0 98.1
fiber 99.7 98.8
E4 ORF 6/7 protemn 100.0 100.0
E4 32 kDa protein 993 98.7
E4 ORF 4 protemn 98 4 95.9
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agnoprotemn 994 97.0
E4 ORF 3 protem 99.1 99.1
E4 ORF 2 protem 96.9 98.4
E4 ORF 1 protem 98 4 | 96.0

Figure 3. HAdV-CS genome comparison with zPicture. Genomes of a laboratory-
circulating strain and a comfectant field strain of HAAV-CS are compared with the
reference prototype (ARM). The field strain genome has ~100% sequence identity with the
ARM strain, with four nucleotide differences across 45 years.
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The apparent stability of these exmmuples suggests that,  some cases, HAdV genomes are not as
vulnerable to large-scale genome changes, such as recombination events. Accumulation of indels and
base substitutions do occur. as would be expected. although m one case. HAdV-CS, it can be
surprisingly few m number. All of these observations, including the highly effectuve nature of the
HAdV-B7 and E4 vaccmnes earlier, nmply that vaccmes developed and vectors developed using HAdV
genomes may be stable and useful for a period of time.

3.2. Natural variation of HAAV genomes: new hpes, new species, and vector candidate

Novel HAdV may be candidates m the quest for effective, appropriate (e.g., tissue and organ
spectfic) and safe (e.g.. asympromatic and non-unmunogenic) vectors. Genomics and biomformatics
have provided the identification and charactenzaton of HADV-52. isclated from the stool of a patient
with gastroententis [45]. As it was distimguished on the basis of genomics and bioinformatics rather
than the traditional mumunochemical techuiques. it is referved to as “tvpe” rather than the inappropnate
“serotype”. In addition, the case has been made for it as both a new type and a new species as well: the
opposing view has been discussed in the literature [46]. There are additional computational data.
derived from biomformatic methods noted earlier, that were not reported m the original report which
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provide strong support for this as well. HAdV-GS2 shows a very high whole genome percent
nucleotide rdentity with SAAV-GI. a smman (monkey) AdV. at 95.5%. This has been proposed as a
member of species G. In contrast, the percent identity with SAAV-G7 is also high at 82.9%, another
proposed species G member. The percent identities between the next phylogenetically closest. and also
gastromtestinal, viruses HAJV-F40 and HAdV-F41 are much lower at approximately 69%. For
reference. the percent identity between HAdV-F40 and HAdV-F41 1s 85.8%. both members of species
F. GC analysis shows a clustering of HAdV-G52 (55.1%). SAdV-G1 (55.2%) and SAdAV-G7 (36.3%)
as opposed to HAAV-F40 (51.2%) and HAJV-F41 (51.0%): again. GC contents seem to correlate with
species grouping when surveyed across all of the sequenced genonies (data not shown).

Moreover. whole genome phylogenetic analysis (Figure 4) shows that HAdV-GS2 subclades with
SAAV-G1 and SAAV-G7. HAAV-F40 and HAdV-F41 forms a separate subclade. Proteome analysis, in
the form of percent similarities, also shows closer relationships between the proposed “G” species
members than with the other HAAV (data shown i Table 3). HAdV-G52 s missing the RL3 protein,
which 15 unique to HAAV-F proteomes: this is also not in genomes of the other available genomes
mcluding the two siman ones grouped as species G. The RL3 protem is a 6.7 kDa protein that is
encoded by E3 [92]. The function of RL3 is thought to be i directing glycoproteins to the
endoplasmic reticulum [92].

Figure 4. Whole genome phylogenetic tree. HAAV-GS2 subclades with SAAV-GI and
SAAV-G7. HAdV-F40 and HAdV-F41 subclade separatelv. Numbers presented are percent
bootstrap replicates.
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These results, taken with the oniginal data, strongly suggest that HAdV-GS52 i1s more related to
SAdV-G1 and SAdV-G7 than to HAAV-F40 and HAAV-F41. and sufficiently different to merit
designation as a new type and species. It would be mappropriate to refer to this stram as o “serotype”
HAAV-G32 as no comprehensive serotyping data were provided to distinguish it from the accepted
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ones: however, it 1s clearly different from the 52 established serotypes. These data also suggest the two
monkey AdVs are likely members of species G and may suggest a zoonotic ongin for HAAV-G32.
Given the lower percent identity scores with the other HAdV's (data not shown), HAdV-G52 may be a
strong candidate as a vector for gene delivery. possibly avording pre-existing mumuouty 1ssues.

Table 3. Protemn percent identities of species F and G. relative to HAdV-G32. To assess
the relationships between proteomes of species G and F. protem percent identities were
caleulated. One. denoted as “*” was not found i HAdV-G52.

Percent Identity. relative to HAIV-GS2

EIB
_ L1%s CRI- | CRI- E4
Adenovinms 55 DNA L2 3 E2A Ls Ls
ElA Va2 pTP | kDa alphal | betal | RL3* R}
kDa Pol penton | hexon | DBP fiber] | fiber2
proten (RL1) | (RL2) kDa
profeus

SAdV-GI 923 | 992 991 | 986 | 998 100 992 923 | %46 | 977 970 . 826 | 986 | 100
SAIV-GT 386 | 903 989 | 976 | U8B | 997 933 200 | 948 - - - $9.3 721 | 983
HAAV-F40 | 471 682 §7.7 | 788 | &4 826 86.1 847 | 623 | 445 s + 38 2.7 | 623

HAdJV-Fal | 428 | 68 895 | 799 | 844 | B38 7.1 878 | 661 445 348 + i8S s34 | 612

3.3. Natural variation of AdV genomes: non-human primate AdV genomics and vector candidates

The persistence, mfectivity and wide distribution of HAdV n general lead to concemns of pre-
existing immunity, as charactenized by seroprevalence [ 7). This. in turm. leads to concerns with the use
of HAAV as vectors. In an attempt 1o develop vectors that may be free of potential problems.
alternative non-human AdVs may be appropriate substitutes as vector candidates, especially those
from the great apes which presumably can mnfect human cells due to similarities.

A growing number of such AdVs are beginmng to be 1solated, characterized and examined for use
as vectors. A recent contribution of 33 novel non-human primate genomes (30 ape and three macaque)
has been reported and deposited i GenBank [93]. These are in addition to several monkey AdV
genomes, sporadically deposited as simian AdV (SAdV) since 2004, and the five original chimpanzee
AdV genomes, also noted as SAdVs, deposited mto GenBank in 2004 [61.62]. The first chimpanzee
AdVs were originally deposited at the American Tyvpe Culture Collection (ATCC) i the 1960s-70s. so
these 33 additional genomes represent a recent, renewed and directed interest m novel non-hwmnan
primate AdVs, Biotechnological applications, mcluding vector applications, appear to drive the
enthusiasm for the collection and characterization of these genomes. At least three groups are
contributing to this seiche of monkey and great ape AdV genomes (noted collectively in the past as
“sumian™), as per several reports at the recent 9th Intemnational Adenovirus Meetmg (Dobogoko,
Hungary; April 2009). Given the wide diversity of genomes and this larger collection, it was suggested
then by one of authors that it may be appropnate to standardize the nomenclature, to one that 1s also
dhiscrimmatory and inforative. Rather than classifying them all as “simian”™ AdVs (SAdVs: for
example. [93]), subclassification mto chimpanzee (ChAdV: for example, [82]). bonobo (BoAdV),
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gorilla (GoAdV) and perhaps monkey (MoAdV), e7e. may be more approprate, especially for evenrual
“Big Picture” analvses of all genomes and for discussions of HAAV ongms. molecular evolution,
natural lustories, taxonomy and virus reservoirs.

As a result of recent mterests. the mventory of non-human primate AdV genomes 15 growimg at a
rapid pace, and the genomes are providing alternative biotechnology tools as well as providing
resources for a more detailed ghimpse mto the biology. genomics and bioinformatics of HAdVs. The
availability of these and other prinate genomes allow more thorough computational analysis and finer
resolutions of ecarlier observations. For example, discussed earlier were the zoonotic origins of HAdV-
E4 and species E from the chimpanzee [94.95.57]. The recent 33 novel non-human primate genomes
are parsed by genome analysis mto HAAV species B, C and E [93]. complementing the B and E
species partitioning of the origmal SAdV-21 through SAdV-25, and confirming a close phylogenenic
relationship with the HAdVs. As the recently described AdVs were collected as samples from
substantial and persistent shedding in the stools of asymptomatic and apparently healthy primates, a
comment (and caution) as to a zoonosis potential was noted Noted also was the possibility and
observation of intraspecies recombination in one of these primate AdV genomes [93]. echoing recent
reports of genome recombmation in HAAV [14,51.21] These two possibilities, zoonosis and
recombination, may have relevance in understanding pre-existing hnuman seroprevalence as well., as the
earlier computational analysis of HAAV-E4 showed protein homologies to the chimpanzee AdVs
(SAdV-21 through SAdV-25). Further biomformatic analyses should be applied to these new genomes.

Chimpanzee AdVs have been developed into vectors for potential human applications recently and
in the near past [82-84]. It 1s anticipated that both genomics and biomformatics will play large roles in
the further and contimung development and applications of these AdVs of human uses, especially
within the context of the rational design of vectors for gene delivery.

4. Applications

Genomics and biomnformatics have provided a more detailed understanding and another dimension
of these viruses through theinr genomes and proteomes. These are very useful i the context of vaccine
development and also m the contimung biotechnological development of HAJV genomes as a vector
for gene delivery. As an example. HAdV-B3 i1s discussed as a subject for both applications. This
particular ARD mfectious disease agent remams a global pathogen and 1s a public health problem,
particularty i high-density populations [96]. Data suggest that a vaccine developed against a particular
HAAV may be cost-effective and will be an effective prophylactic for an extended period of time. e.g..
stable genome. similar to the original HAdV-B7 and HAdV-E4 vaccines. On the other hand,
seroprevalence <lue 1o its circulation is & concern and limits its use as a vector [7].

4.1 Applications: development of HAdV-B3 vaccine

HAdJV-B3 remains an important human pathogen for ARD [13.96], The serotype is considered
highly virulent and has been associated with high morbidity. due to pharyngoconjunctival fever and
residual lung damage, as well as mortality m children [97 98], Currently there is no effective vaccine
against HAdV-B3 infection. Therefore, 1t makes sense to have a safe. effective, readily available and
inexpensive vaccine available agawnst this virus i the countries with very dense and vulnerable
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populations. especially in populations where the prevalence of HAdV-B3-specific neutralizing
antibodies s very low. To tlus end. Zhang er al. have developed a replication-compeient recombimant
HAdAV-B3 rAdAE3GFP vector expressing eGFP as a vaceme candidate [85].

As shown m Figure 5. a recombinant virus was constructed by deleting a 3.164 nucleotide segment
m the non-essential E3 region (nucleotides 27,737-30.900). yielding the rAdAE3GFP genome [85]. A
CMV-eGFP-SVAD expression cassette (1.616 nucleonides) was inserted into the E3 region by
recombination. The left 663 bp and right 219 bp flanking E3 regions remained in place. In theorv. a
maximum size of 4.800 nucleotides (foreimm gene) can be nserted into this E3-deletion vector. Mice
immunized with the recombinant eGFP AdV by either imtramuscular injection, intragastric or
intranasal inoculation routes raised a significant antibody response 1o eGFP and to the wild-type
HAdAV-B3 GZI1 strain at the same time [96.85]. Alternatively. Li er af. constructed another replication-
defective HAAV-B2 by the deletion of the entire E1 region for use also as a vaccine candidate [86].
Wild-type HAdV-B3 can be neutralized by the sera from the mice miramuscularly nnmumzed with
this recombinant virus [86].

Figure 5. Deletion map of the E3 region m the recombmant pBRAJAE3GFP vector. The
red region mdicates the deletion m the HAdV-B3. Blue regions indicate remaming left and
night regions of the E3 region. Black regions indicate VIII protein and the fiber, L4 and LS
regions respectively. The green indicates the gap between the E3 region and the L3 fiber

region.

In the U.S.. deployment of live enteric-coated oral vaccines agamst HAAV-B7 and HAJV-E4 was
suecessful in removing both pathogens as agents for ARD for approximately twenty-five years [99].
Both vaccine strains presumably and selectively infected the lower mntestinal tract, as admimistered m
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these enteric-coated capsules, and stimulated the production of appropnate neutrahizing and circulating
annbodies. No adverse signs or symptoms of illness were associated with these two vaccines [8,100]).
Simifarly, the replicatnion-competent HAAV-B3 may act as an effective and safe vaccine candidate as
well when adnunistered m enteric-coated oral capsules. No helper cells are needed and the necessary
virus titers should be easy to obtain. Additionally and importantly. this vaccine genome could be used
either as a bivalent or irivalent vaccine for the delivery of more viral antigens. Continuing work with
the heterologous expression of the HAdV-B7 hexon i this vector 1s underway [85].

4.2, Applications: development of HAdV-B3 as a vector for gene delivery

Many gene therapy vectors. to date. used i human clinical applications are currently based on
species C members: HAAV-CS and HAAV-C2. However, the apparent pre-existing mumumity against
them. from previous mfections [101,7], and the lack of the coxsackie and adenovirus receptor (CAR)
or integnn expression in target cells may be of concern. for the safety of the patient and the efficacy of
these species C-based AdV vectors [64.66]. respectively.

As a consequence and an attempt at rational design of vectors. species B have been explored as
alternatives, both as to mcrease the range of cells infected and to bypass pre-existing immunity [33-
55.87.81.7]. For example, HAdV-B3 is reported to gain entry into cells through alternare receptors:
CDX. CD46. CDS80 or CD86 [65.102-106]. These are expressed in a multitude of cell types. including
important gene therapy target cells that express either no or low levels of CAR. Therefore, HAdV-B3
may be an alternative to HAdV-C3-based gene-transter vectors. A recombinant El-deleted HAJIV-B3
vector has been engineered on a bacterial antificial chromosome [88]. It is efficiently wansduced into
CD46-positive rodent and human cells, Another replication-defective HAdV-B3 vector was also
constructed independently by molecular cloning [86] These viruses were shown to replicate i an E1-
complementing cell line. Other recombinant species B-based replhication-defective vectors have also
been developed: HAAV-B7 [89]. HAdAV-B1l [107.87] and HAJV-B35 [53.7]. However.
seroprevalence due to presumably previous HAAV-B3 mfections may be of concern. More studies are
still needed for the effective and appropriate safe applications of these vectors for i vive gene transfer.

5. Conclusions

Taking advantage of the recent and contimung improvements in high-throughput DNA sequencing
technology and methodology, coupled with a mynad of bioinformatic tools developed for other
orgamisms and areas of research. the HAdV researchers now have a wealth of genome and proteome
resources 1o apply to understanding the comprehensive and mitegrated biology of the virus, including
deeper and finer points conceming viral onigins, putative reservoirs, molecular evolution, natural
lustories and taxonomy, These data have been applied to the development of vectors for gene delivery.
either for gene therapy applications or for the delivery of antigens in vaccme development. Several of
the early genomes sequenced were done so for this purpose. Research examiming the natural vanation
of HAdVs, as well as the molecular evolution of their genomes, particularly 1 the context of emerging
pathogens. has shown that the genomes are seemingly stable, thar 1s accummlatng indels and base
substututions comumonly and recombmation less commonly. These observations have relevance m
understanding the biology and the pathoepidemnology of adenoviruses as a whole, and, importantly.
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also have relevance m the development of vaccines agamnst these pathogens as well as the
biotechnological apphicanions m vector development,
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Introduction to be causative agents in gastrointestinal disease with the identifica-

Human adenoviruses [HAdVs) are partitioned io seven species,
based on characteristics including biechemical and genome proper-
ties and homologies, tissue tropism, axt immunochemical examina-
tion of serum neotralizing and hemagglutinating epitopes that
are found on the virion capsid proteins. Species A containg three
members, HAGV-A12, -A18 and -A31, that generated earlier interest
due to their oncogenic capabilities, with HAGV-A12 and -A18 shown
to cause tumors in newbom hamsters (Huebner et &, 1962; Trentin
et al, 1562) and mice (Yabe ef al. 1964), The precse basis for this
oncogenesis remains unknown: however, the HAGV-A12 E1A proteins
have been shown to repress class I major histocompatibility complex
expression in transformed redent cells, and these E1A proteins
modulate class | gene expression by similar mechanisms in both
transformed rodent and human cells (Vasavada et al., 1986), Having
the complete genomes of HAAV-A18 and -A31 (Hofmayer et al. 2009)
allows additional detailed analyses by researchers.

HAAV-A18 was ariginally isolated from an anal swab of a child
with Niemann-Plck syndrome and characterized In the 1950s (Rowe
et al. 1956, 1958). Its role in human health is not well characterized.
however, another species A member, HADV-A31, isolated originally
from the stool of a healthy child (Pereira et al., 1965), has been shown
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tion of subsequent field isolates (Adrian and Wigand, 1889; Adrian et
al, 1987, Brown et al., 1984; Hammaond et al, 1985; Kidd et al,, 1982).
Several other HAAV species are associated with gastroenteritis and are
isolated from stool samples as well, Among these, the members of
species F (de Jong et al,, 1983; Uhnoo et al, 1984) are of particular
importance because they are the genomes most closely similar to
thase from species A, as reported in the phylogenetic and percent
identity data of this report. The association of HAAV-A31 with
gastroenteritis, its genome identity with HADV-A18, and the close
relationship between the HAGV-F and HAAV-A species all suggest 2
potential pathogenic role as a gastroenterins agent for HAV-A18.
Reports of HAV coinfections (Vora et al, 2006). coupled with the
Isctation of HAV mixtures and HAGV types | De jong et al. 1999) from
immunocompromised individuals suggest the possibility of the host
acting as a bioreactor, and this provides a molecular pathway for HAJV-
type evolution and pathogen emergence by recombination. Novel types
of HAQV, isolated as emergent pathogens causing highly contagious
outhreaks, have been reported recently, These have been characterized
using a genomics and blolnformatics approach to take advantage of the
high-resolution methodologies (Ishiko and Aoki, 2009. Walsh et al.
2009; Yang ¢t al, 2009). The pathogens include a respiratory, HAGV-855
(Yang et al, 2009), three ocular pathogens, HAAV-D53 and -D54, and 2
reanalysis of HAAV-D22 (Ishiko and Aoki, 2009; Robinson et al. 2009;
Walsh et al, 2009), Reexamination of several prototype strains of HAGV
respiratory pathogens archived at the American Type Culture Collection
(ATCC; Manassas. VA) by genome sequencing and bioinformatic
analysis shows a role of recombination in their genests {HAdV-E4,
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manuscript in preparation; HAAV-C6, manuscript in preparation:
HAJV-B16, manuscript in preparation), However, currently there are
limited numbers of whole HAGV genome sequences available in
GenBank, handicapping a full comprehensive genomic analysis, partic-
ukirly of recombination events, In several recombination analysis pro-
fikes of HAAV-A18. a suggestion of recombination is present, but the data
are inconclusive perhaps lacking the appropriate genome sequence(s)
for comparison, An example of this problem & demonstrated in the
recently characterized emergent keratoconjuntivitis pathogen, HAGV-
D353, in which a span of recombinant sequences showed similanty to an
unsequenced and/oc unknown HAAV genome. This reflects also the
recent applications of these tools to the HADV genomes, as well as the
limited number of genomes archived.

To support and enhance continuing computational and campar-
ative studies on the molecular evolution and pathoepidemiology of
HAAV, the genome and analysis of HAJV-ALS is presented. Reex-
amining the oncogenesis data reported for species A genomes In the
context of these newer genome data will allow further understanding
of the blology of these rarely reported HAdVs.

Results and discussion
Genome

There are three members of the HAJV-A species, orginally dif-
ferentiated by serum neutralization and clustered with respect to
biological and genome-derived similarities, All are now sequenced,
annotated, and analyzed, Smal in silico restriction enzyme digest
patterns are consistent with previously reported data, with additional
small-sized bands wisible {data not shown; Wadell et al. 1980), The
genome of HAAV-A18 has a length of 34,177 nucleotides compared to
34,125 foe HADV-AI2 and 33,763 for HAGV-A31. The GC content, of
46.5%, is consistent with species A even though the three genomes in
this species provide a small sample size for such an analysis. Pércent
GC 15 a metric for species identificanion. This and the percent of
identity of HAAV-A18 relative to representative HAAVs are noted in
Table 1,

An overview of other HADV species, particularly those with more
members, validates grouping by this metric (data not shown). Species
A genomes have been noted as being the most diverse within species
groupings than the other species. Still, HAdV-A18 shows the highest
genome nucleatide identity to the other HAJV-A members (83% to
HAAV-A12 and 80.5% to HAAV-A31) than to other HAdV prototypes.
For example, lower levels of genome identities are observed in
comparison with genomes from other species with HAJGV-F40 and -
FA1 having the next highest values of identity to HAAV-ATS (61.1%).

Takbde 1
L content and percent identity of HAAV-ATX relitive to represestative HAGVS.
HAdV ACCEIon B0, % Mentity L
HADV-ALY GuIIng 1000 455
HAGV-A12 AL 000005 3.0 46.5
HAGV-AZL tn press BOS 46.4
HAGV- 13 AY5R834 53 s11
HAQV-17 AYHM2I5 k] o
HAgv-811 AVIE756 06 489
HAQV-B14 6 431
HAdV-C2 AL 000007 557 5.2
HALV-C5 AC_D0000S SE7 55.2
HAQV-D9 AJESAE 510 3L
HAQV-D52 essas 566 562
HAIV-£4 AYSMI5Y 583 577
SAMV-£25 AC_00001 1 S5&5 508
HAAV-F40 NC_ 001454 611 512
HAQV-F I DQ315364 Q8] SL0
SAV-G1 NC_ 006879 588 352
HAQV-C52 DQA23122 584 351

Species A members bave been implicated in tumor formation in
rodents, initially observed for HAGV-A12 (Huebner et al, 1962). It has
also been observed that transformation of cells in vitro by HAdV-A12
requires both E1A and EIB genes based on restriction enzyme
digestion products (Graham et al, 1974) These low-resolution
studies though “state-of-the-art at the time, Le., using restriction
cnzyme fragments, can be reinterpreted given the whole genome
data. HADV-A12 was one of the first HAAV genomes sequenced,
archived as X73487 (Sprengel et al. 1994). Its genome has been
reannotated as AC_D00006 and has been useful as a reference genome
for ongoing HADV research The two remaining species A members
were recently sequenced and shown to contain in common
with those from HAV-A12 but are still distinctly different. Signifi-
cantly, the sequences that constitute the “transforming segment”,
originally defined as a restriction enzyme fragment comprising the
left 7.2% of the genome, have a high level of similasity with each other,
ca, 80% This similarity is not present in other HAdVS, for example in
neither HAAV-B7 nor in HAGV-C2 and -C5 (Fujinaga et al, 1977;
Sawada et al, 1979), which were discussed in the literature as not
hybridizing to the HAAV-A12 counterpart: these show less than 61%
identity (61%, 58.66%, and 59.8%, respectively),

Anolysis of selected genes

Selected and presumably important and differentiating nucleotide
coding sequences from HAV-A18 were chosen for further analysis
and comparson to homologs from other HAAV species from the
prefiminary computational analysis of all coding sequences, These
selected coding sequences Include E1A, DNA polymerase (Pol),
penton, hexon, fiber, and E4 34 kDa, The penton, hexon, and fiber
genes of HADV are of particular importance because they are outer
coat proteins, which play a significant role in the tropism of the virus,
a well as in the definition and identification of these prototypes
based on serum neutralization and hemagglutination epitopes. E1A,
Pol, and E4 34 kDa were added to this analysis to provide a maore
complete picture of HAAV-A18, across the genome from its proximal
to distal ends. The Pol sequence is important as a conserved essential
gene, while the ETA protein has been implicated as a determinant of
the tumornigenic properties of these HADVS, Whole genome sequences
are included in the analysis as a further reference.

Alignments end percent identities

Multiple sequence alignments provide a more detailed under-
standing of the genes relative to other HAdVs. The nucleotide coding
sequences of HAAV-A 18 selected genes were analyzed with respect to
percent identities and are presented in comparison with homologs
found in other HAdVs (Fig 1).

The percent identity values for the selected coding sequences
follow a pattern similar to that of the identity values noted (Table 1)
for the HADV whole genome. HAdV-A18 shows the highest identity
relationship to the other HAJV-A serotypes, with lower identity
values observed for other species, HAAV-ALS shows the highest
identity to HAAV-A12 in most of the coding sequences presented,
However, the hexon and E4 34kDa genes of HAJV-A18 are more
similar to homologs in HAAV-A3 1. This type of pattern suggests the
possibility of a recombination event in one or both of these genes. The
genome of HAAV-A18 was examined for recombination events (data
described later in this report) and none were found,

Prylogenetic relationships of selected genes

Phylogenetic trees were used to explore the relationship of the
coding sequences of HAGV-A18 to homologs in other HADV species
(Fig 2). Members of the same species form distinet clades in all of the
trees. In every tree except the hexon, members of the HAAV-A species
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analysis 1o provide range and completeness. The resuRing values were grouped by geoe
and sorted in desconding order acconding o the modun peecent identity values of the
genes, Vidoes In cach gene panel dre grouped by spedies and soried dccoeding 1o
descending median percent \dentity. The chart was d using the R
Compating envisomment (R www S-project o).

form a subclade in the same pattern with HAAV-A12 and -A31 pairing
together, and HAAV-A18 pairing alone within the species A clade.
However, in the hexon tree HAAV-A31 subdades with HAdV-A18
rather than HAIV-A12. This change in pattern among the phyloge-
netic trees is suggestive of a possible recombination event between
the hexon sequences of HADV-ALR and -A31.

Hexon recombination analysis

Panterns observed in percent identity values and phylogenetic
trees for the coding sequences of HAAV-AIS suggest a possible
recombination event with the hexon of HAAV-A31, To explore this
observation further, analyses with Bootscan and Simplot (Lole et al,,
1999) software were conducted with the hexon of HAJIV-A18 (Fig. 3),
Bootscan data show a possible recombination event. However, the
Bootscan results are not as cear-cut and conclusive as those used to
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support previously reported recombination events {Robinson et al.,
2009. Walsh et al. 2009), For example, in the previous cases
demonstrating recombination, peaks in the Bootscans showed long
stretches of values at 100%, indicating a strong close phylogenetic
relationship between the recombinant seguences. The HAAV-ALS
Bootscan shows no such pattern, which suggests a weaker phyloge-
netic relationship or perhaps @ more ancient one with genetic dnft
contributing to and complicating this result. However, the Bootscan
analysis does show (wo distinct sets of peaks that indicate that the
first half of the hexon of HAAV-A1S is closely refated 1o HAAV-A31
while the second half is more related to HAAV-A12. This pattern is
common among the HAAV hexons that have been shown to contain a
recombination event. In contrast, Simplot and percent identity data
reveal that there is only 84.5% identity between the hexans of HADV-
AlS and -A31. Recombinations in other HAAV genomes from the
literature have shown percent identity values of greater than 95%
(Walsh et al, 2009). Therelore, the sum of the data from these
analyses, eg Simplots, Bootscans, phylogenetic trees, and percent
identity values, suggests that if there is a recombination event
between the hexons of HAAV-ALS and -A31, it is either due to an
ancient event or it is to another “yet-to-be-sequenced”™ HADV genome.

xher sequences

VA RNAs

The HAAV genomes contain coding sequences for one or two “virus
associated RNA™ (VA RNA) sequences. These are transcribed by the
host RNA polymerase Il (Gongalves and de Vries, 2006) and are noted
to play a role in the inhibition of the host anti-viral functions
(Mathews and Shenk, 1991 ), The number of VA RNAs varies according
1o species, with the genomes of HAQV species B2, C, D, and E encoding
for two VA RNAs (VA RNA [ and VA RNA 1I) and the members of
species A, B1, F, and G encoding for a single VA RNA (VARNA L),

Table 2 lists the lengths and percent ientites of VA RNA | of
HAJV-A1S8 relative to its homolog from other HADVS, VA RNA 1 of
HAAV-A18 has an identical length to lts homolog In species A
members and shows the highest identity scores to the VA RNA T of
HAAV-A12. Among the non-HAdV-A species, HADV-A18 shows the
highest identity to the VA RNA of HAAV-C52 (65.3%).

Inverted terminal repeats

Both ends of the HAdV genomes contain “Inverted Terminal
Repeat™ (ITR) sequences (Dan et al. 2001; Hatfiedd and Hearing
1993). The ITRs are conserved and are crucial for the replication of the
virus as they contain the sequence motifs for DNA replication (Dan et
al. 2001; Hatfleld and Hearing, 1993; Temperfey and Hay, 1992}
Three important components of the TR are the canonical core origin
(Temperiey and Hay, 1992), NF | binding site, and NF Il binding site
(Hatfield and Hearing 1993). The core origin binds a pre-terminal
protein (pTP)-Pol heterodimer, and the NF 1 and NF 11 binding sites
interact with the host transcription factors, which are required for
adenovirus replication.

Fig. 4 shows a schematic representation of an alignment of the ITRs
of several HAQVS. The [TR of HADV-AIS contains all of the requisite
components: a core arigin and both NF I/NF [l binding sites, However,
the core origin of HAAV-ATS contains mutations in Its second and
third bases, "TA" to "AT", not found elsewhere to date. This mutation
causes the core origin of HAIV-A18 to be unique among sequenced
HAAV ITRs, but its significance and effects are undetermined. It has
been shown that the core origing of non-haman adenoviruses are not
as well conserved. in contrast to the HAAVs, and observations from the
literature suggest that an “AT-rich” domain is all that is required for
the core origin to be functional (Dén et al, 2001), This indicates that
while this mutation is unique among the HAAVS, it may not have
noticeable effect on the replication of the virus, Alternatively, it may
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the non-human adenoviruses.

Proteome analysis

Examining the in silico proteome of HAdV-A18 can provide
information on the effects of the differences observed in nucleotide
alignments discussed eatfier. To this end, the proteins of HADV-A18
were aligned with their homologs in HAAV-AT2 and -A31. Percent
identities, which were calculated based on these alignments, are
displayed m Fig. 5.
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and -A12, all sequence-based predicted proteins from the genomes

The percent identity values show that the proteome of HAJV-A18
15 most similar to that of HAJV-A12, Within the two proteomes, the
highest identity values are in the E4 ORF 3 protein and the least
similar values are in the (R1- and CRI-P proteins.

Virtual 20 gel electrophoresis
To examine the differences in the proteomes of HAAV-A18, -A31.
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were examined via in silico 2D gel electrophoresis, which parses the
proteins based on thelr computed Isoelectric point (pl) and modecular
weight. None of the homologs from the three genomes shows
significant differences in molecular weight. However, some homologs
display charge differences. Selected proteins are noted and presented
in Fig. 6: the coat proteins that are putatively involved in tissue
tropism and serve as serum neutralization and hemagglutination
epitopes for laboratory serotyping: E1A protein, which is reported in
the literature as the transforming or tumongenic factor; DNA poly-
merase, a conserved essental protein; and several E3 transcript-

derived proteins, which are reported to be involved in host §

system evasion. Of particular intesest, the fiber and CR1-3 proteins
show the greatest discrepancy in charge density and molecular size,
which is not unexpected given the low identity values of these
proteins to one another. The fiber protein provides recognition of host
cell surface proteins and provides entry into the cell, as a cell tropism
parameter, CRI-{3 is important as it is noted to have a role in escaping
the host immunosurveillance (Burgert and Blusch, 2000). Interest-
ingly, the RiD-alpha proteins of HAAV-A18 and -A31 show very
similar charge/mass ratios in spite of the fact that they share only
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HAGV-i11 158 )2 - -
HAQV-DI4 162 518 - -
HAOV-C2 1@ 48s 158 a6
HAGV-CS 180 we 158 540
HAQV.DS 163 589 354 415
HAGV.D53 163 581 79 475
SANV-E25 199 560 160 AR
HADV-R0 171 11 - -
HAGV-HL 174 38 - -
HAIV(52 164 653 - -
SANV-GT 164 5 - -

Percemt idenvtes and coding lengths of VA BNA | from HAGVALE relitive 10
COUNLETPANS i other specios

B5.7% identity. The 2D gel supports an earlier report of species A
polypeptide analysis that the patterns are “clearly distinct from each
other™ (Wadell ef al, 1980), The hexon protein analysis, both 2D gel
and phylogeny, also support the past observation that these three
viruses cross-react via serum neutralization, while the phylogeny
analysis agrees with the observation of similar hemagglutination -

M. Walsh er al | Virelogy oo (2010) xex-xee

inhibition assay results for these species A members: the 2D gel shows
physical differences between the three fibers (Wadell et al, 1980).

Conclusion

This report of the HAJV-A18 genomic sequence data and analysis
completes the set of genomes classified within the HADV-A species,
One of the major contributions of this HAAV-A18 genome sequence is
that it serves as a reference for further genomic and wet-bench
studies, both as a reference for recombination analysis in under-
sanding the phylogeny and molecular evolution and for studies of the
origins of HAdVSs. It is also important for understanding the putative
roles of several HAAV genomes and their genes in reported and
potential oncogenesis in rodents; the exact nucleotide sequences will
allow additional wet-bench investigations,

Recombination has beéen implicated as a mechanism in the
emergence of HAAVS as pathogens (Walsh er al, 2009), HAdV-A18
was examined for recombination events, but no overwhelming
evidence of an event was found. However, as these types of in silico
analyses are novel, further and addivonal genome studies are
required to define the exact metrics for recombination. The few
recent HAAV recombination events reported in the literature to date
are very clearly supported by these data (Robinson et al., 2009; Walsh
et al, 2009), However, in the case of HAAV-AIS while the Bootscan
analysis evidence revealed the strong possibility of a recombination
event in the hexon with HAAV-A31. complementary Simplot analysis
and percent identity data are X supportive, Therefore, either the
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hexon of HAJV-A1S has no recombination event oc it does have 4
recombination event that s from an ancient event that has been
complicated by genetic drift. As more HAJV recombination events are
revealed and studied. the predicament of conflicting results between
phylogeny-based methods (Bootscan) and similarity-based methods
(Simplot and percent identity data) will likely to become a more
prominent problem.
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Materials and methods

HAAV-A18 was obtained from the collection at the Viral and
Ricketrsial Disease Laboratory (VRDL: California Department of Public
Health), archived as TC-81190. The passage history of this stock is
given as follows: five times through Hela cells and eight times
through KB cells at the National Institutes of Health, where the virus
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Bomologs,
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was first cultured; and followed by passage through Hela cells twice
and human fetal diploid kidney cells four times at VRDL.

Preparation of HAAV-AIS for genome sequencing

For DNA production and collection, the HAAV-A18 stock was
passed once onto monolayers of A549 cells in 25-cm? flasks to verify
cytopathic effect, and then subsequently amplified in monolayers of
A549 cells in 75-cm? flasks for intraceltular viral DNA extraction, using
a protocol described by Kajon and modified from Shinagawa (Kajon
and Erdman, 2007). Cells collected from this passage were concen-
trated two-fold. and viral DNA was extracted and further processed
using a MagnaNA Pure LT DNA Isalation Kit 1 (Roche; Indianapolis, IN),
in accordance to the manufacturers instructions.

Amplification and sequencing of the HAIV-AIS genome

To amplify regions of HAAV-A18, primers based on the conserved
adenovirus sequences of HAAV-A12 were designed to flank the known
sequences. All amplicons were sequenced using & primer-walking
strategy and the Sanger sequencing chemistry with laddets resolved
on an ABI3730x.

Sequence analysis and genome annotation

DNA sequence data were parsed and assembled using SeqMan
software (Lasergene 8, Madison, WI). In toto, the genome assembly
contained 1718 high-quality reads with an average length of 300 bps.
Nucleotide coverage for both strands of the genome was 8-fold.

The annotated sequence of HAGV-AI8 has been deposited in
GenBank and i accessioned as GU191019. For the computational
analyses, the following HADV genomes were used: HAGV-A1S (reported
here ), HADV-A12 {AC_000005 ), HAAV-A31 { Heim, personal commeni-
cation: AM749299), HAAV-B3 (AY599834), HAAV-B7 (AYS94255),
HAdAV-B11 (AY163756), HAAV-B14 (AYS803294), HAAV-C2
(AC_D00OOT ), HADV-CS (AC_000008), HAV-DA (AI854486), HADV-
D53 (F169625), HAAV-E4 (AY594253), SAAV-E25 (AC_ 000011 ), HADV-
F40 (NC_D01454), HAV-F41 (DQ315364), SAUV-G1 (NC_D0G879), and
HA4V-G52 (DQE23122).

Bioinformatic analyses were performed using protocols and net-
accessible software tools similar to those described In earber
publications (Walsh et al. 2009; Seto et al, 2009): (1) MAFFT
(hrep:/ www.ebiacuk/Tools/mafft/; Katoh et al., 2002) was used to
compute alignments of nucleotide sequences; (2) nucleotide percent
identities were caloulated using the DCSF Chimera package (Pettersen
et al, 2004); (3) Artemis (Rutherford et al, 2000) was used to view,
annotate, and compare genomes: (4) percent identity values for
annotated proteins were calculated using a Biojava (Holland et al,
2008 ) implementation of a Needleman-Wunsch algorithm; (5) whole
genomes were aligned using MEGA (Tamuta et al, 2007); ( 6)
phylogenetic bootstrapped neighbor-joining trees (1000 replicates)
were constructed using MEGAS [Tamura et al, 2007); (7) recombi-
nation analysis was performed using Simplot (Lole et al., 1999); and
(8) in silico proteome analyses were performed using an in-house
beta software tool to calculate percent identities and applying a
virtual 2D gel electrophoresis analysis to compare protein charge and
size (JVirGel software; http://www jvirgelde; Hiller et al. 2006),
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CHAPTER 4: Recombinant Genomes

Recent genomics studies indicate that recombination may be a driving force in the
evolution of HAdV types [63,38,64,10,11]. Recombination events among HAdV have
been implicated in the genesis of novel types [5]. These recombinations have also been
linked to changes in virus tropism among re-emergent pathogens [6]. Parts 1-3 of this
chapter contain publications that describe three of the first recombination studies of
HAdVs that use genomics in attempt to understand molecular evolution at a fine
resolution.

A genomics, bioinformatics and recombination analysis of HAdV-D53, a severe,
highly contagious, eye pathogen, is described in the publication that comprises Part 1 of
this chapter [5]. The paper describes the first computational and detailed examination of
recombination events among HAdV types. Data from this examination reveal that the
HAdV-D53 genome is the result of at multiple recombination events. Furthermore, each
of the genes that encode for the HAdV-D53’s surface coat proteins (penton, hexon, and
fiber) originates from a different HAdV (HAdV-D37, HAdV-D22, and HAdV-D8,
respectively). The evidence presented in the paper suggests that recombinations among
the HAdV-D species have led to the emergence of a novel pathogen, in this instance,
HAdV-D53.

Part 2 of this chapter contains a paper that describes a bioinformatics analysis of
HAdV-D22 [27]. The publication’s major finding is the first description of a penton
recombination, between HAdV-D22, D37 and D19. The paper also explores the
possibility of events in other HAdV pentons and suggests that a possible “hot spot” for
recombinations exists within the gene. These data are interesting because it implies that
recombination events among HAdV types (especially in the D species) occur more
frequently than originally thought.

The final part of this chapter contains a publication describing the computational
examination of HAdV-B55, a re-emergent and historically sporadic respiratory pathogen
[6]. HAdV-B55 was originally mis-identified as a variant of HAdV-B11 because of
molecular typing results discussed within this publication. Data from this publication
reveal that HAdV-B55 is most closely related to HAdV-B14. In retrospect and with
whole genome data, the molecular typing results were confounded by a recombination
event in the portion of the hexon (both variable loops) that was amplified and sequenced
as part of the typing process. The variable loops of the hexon constitute less than three
percent of the genome and are the only part of the virus that is closely related to HAdV-
B11.

HAdV-B55 is an example that a small hexon recombination may have had
profound effects on the virus. This recombination event allows HAdV-B55 to disguise
itself as a renal pathogen and evade the host defenses.
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Abstract
In 2005, a human adenovirus strain

{formerly known as HAJV-D22/H8 but renamed here HAJV-D53) was isolated from an
outbreak of epidemic keratoconjunctititis (EKC), a disease that is usually caused by HAAV-DS, -D19, or

To date, a complete change of tropism compared to the prototype has never been observed og:apparmt
recombinant strans of other viruses from spedes Human odenovirus O (HADV-D) have been described. complete
genome of HADV-DS3 was sequenced 1o elucidate recombination events that lead 1o the emergence of a viable and highly

<037, not HAGV-D22.

virulent virus with a modified tropism. Bioinformatic and phylogenetic analyses of this genome demonstrate that this
adenovirus is @ recombinant of HADV-08 {Induding the fiber gene encoding the primary cellular receptor binding site),
HAAV-D22, (the «© determinant of the hexon gene), HAGV-D37 (including the penton base gene encoding the secondary
celidar receptor binding site), and at least one unknown or unsequenced HAJV-D strain, Bootscanning analysis of the
complete genomic sequence of this novel adenovirus, which we have re-named HAGV-DS3, indicated at least five
recombination events between the aforementioned adenoviruses. Intrahexon recombination sites per’eat/ framed the &
neutralization determinant that was almost identical to the HAdV-D22 prototype. Additional bootscan analysis of all HAdV-
D hexon genes revealed recombinations in identical locations in several other adenoviruses. In addition, HAGV-D53 but not
HADV-D22 Induced cormeal inflammation in @ mouse modd. Serological analysis confirmed previous results and
demonstrated that HAJV-D53 has a neutralization profile representative of the e determinant of its hexon (HAdV-D22) and
the fiber (HAdV-D8) proteins, Our recombinant hexon sequence is almost Identical to the hexon sequences of the HAJV-D
strain causing EKC outbreaks in Japan, suggesting that HAJV-DS3 is pandemic as an emerging EKC agent. This documents
the first genomic, bicinformatic, and biological descriptions of the molecular evolution events engendering an emerging

pathogenic adenovirus.
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Introduction

Epademic keratoconpnctisits (FRKC), charsotesized by inflame
mation of the comjunctiva and comea, produces a sudden onser of
acute follicular conjunctnvitgs and scromal keratite and o a
worddwide problems causing dgnificant and sometime  lasting
mortsdity [1]. Human adenovirses (HAAVs) HAGV-DE, -DI19,
amt -1337 are the most commaon pathagens causing ERKC 1],

Adenostruses were fiest solated from cvilians and  military
trainoes wheo had respiratory discase 1 the early 1950 [2.3). They
were the fint respiratory vireses 10 be bolated and chamacterized,
Epidemicdogical stdies confinmed that adenovivuses are the case

. PLOS ONE | www.plosone.org
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of acuse febrile respiratory descase among militry recruis [4,5]
and have been pewsistent i the global population, Since then, 52
husman adenoviens (HADV) genotypes hase boen chamcteriaed
and classfied according to ther immunochemical propertics.
nucleic acid similarities, hexon and fiber protein characteristics,
hiological properties, and phylogenetic analysis, and placed in the
gemn Matadosarrs {6,7]. These 52 adenovirus genotypes that
infect humans are: classified it seven species (Huwan admoina A
10 G [6,8] wid are known o cause u range of discases specific o
the tropisnw of the vinses: keratoconjunctivitie  [FLAAV-DE,
HAAV-DI9, and HAAV-DS7) [9,10], gastroenterits (HAAV-
AL HAAV-F20, HAAV-F4L, and HAAV-G32) 6], scune
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respiraory disease (HAAV-BY, HAAV-E4, HAIV-RT, HADV-
B4, and HAAV-B21) {5}, and perhaps obesity (HAV-D36) [11].

Adenoviruses have inear double-stranded DNA genomes that
generally range from 26 10 45 kb and are encapsidawed i oan
wosahedral prowemn shell that ranges from 70 10 100 am (#]. The
primary components of the protein shell are the hexon. penton
e, and fiber proteins. Through genome sequence anadysis, it bus
bern demonstrated that the genames of all human adenoviruses
have similar genetic arganization [12,15,14].

In the past, buman adenovines serotype and spocies clasifica-
tion weae defined by reactivity of outer coat protens 1o
dacriminating antibodies jey., mmmunochemistry /vines pewtrali-
zation) as well as by other hiological properties (e oncogenic
potentinl, hemagglutination properries), Todiay, given the avai-
ability of DNA sequencing and analysis techuology, phylogenetics
based on comparative nuclex acid and amino acid sequence
analyss of mformative viral proceins or/and their genes, as well as
analysis of genomic organeation) is o highly quantieative, cost-
effective, expedient method and the preferred and ecliabde method
for classfying adenovimises. It & a preferred and reliable method
for demonstrating bow viruses are related  through molecular
evolution as it provides and relies on the primary sequence data
[15,16,17,18].

In this study we sought to characterize a unique mtermediate
recombinant HAAVY olare, at the mokcular Jevel. This novel
straitn was isalated from a patient who, along with eleyen other
patients, presented with highly contagious ERC outheeak in
Germany was described [19) Since HAAV-D22 was never
asociated with ERC, we performed whale genome sequencing,
complemented with bicanformatics, incloding phylogenetic and in
silico protoome analysis, as well as v oo sackies in a moose model
0 characterize this unique recombanant viens. To redlect this novel
and different gepome and bocause of the multiple recombenation
events and several unigue sequence segments in the geoome of this
virus, we renamed this viens HAGV-D5I

Novel Recombinant Adenovirus

Results

Amplification and sequencing of the new adenovirus

Inisial and partial sequencing of HAAVAD5S (previousdy HAAV-
D22/HE) demanstrated that partions of the penton and fiber
genes were similar 0 HAGV-D37 and HAAV-DE, respectovely
[19]; thus sugesting that this discase cawlog vires wis the resalt
of recombination, To understand clearly the genctic characte ristics
and the natare of HAAV-D33, the entire genome has been
sequenced and analyzed,

Physical features of new adenovirus genome

The genome length of HAAV-DA3 s 34,909 lase pairs, with a
base: compasition of 23% A 208% T, 28.2% G, 24% C and the
GC content was 56.2%. The GC content i consistent with
members of species Huoas adensouns D (HAAV-D) (57,0% mean)
The arganization of the 36 open reading frunes (ORFY) that were
found had a genome organtzation similar to other mastadeno-
virwes (Fig 1 The inverted serming vepeat TR sequences for
HAAV-D5S were determined 1o be 212 bp in keagth,

The nocleotide and amino acid kentities for selected genes n
the genome of HAAV-D53 1o its nearest relatives are shown =
Tables | and 2, respectively. Interestingly, the pVILand prosein V
genes were dissimikir 1o bomodogous genes in any adenovirus
specses with 83 and 87% nocleotde identiry, respectively 10
HAdV-D37 (Table 1) the neares relative in that region of the
HAAV-D35 genome. For pVIIL the low nocdeotide identity is
partially due 1o a % bp delesion, resulting i a 33 amino ackd
deletion of the predicted pVH protem. When compared to HADV-
DAY, the protein V gene contains 2 deletions. The firs dedetion s
18 by andd the second » 93 bp

Genomic recombination analysis
To determine i recombination occurred within the HAIV-D53
genome, several software wals were applicd. A bootscanning

E2B

Figure 1. Genome organization of MAdV-D53. Genome Is represented by a central black b

HAdV-D53

is. Proten-

| bne

ked at 5-kbp

encoding reglons are shown as baxes. Boxes above the black Ine mpresent open reading frames (ORF 5] that ace encoded on the forward (or upper)
strand, Boxes undemeath the bladk line represent ORFs that are encoded on the reverse (or lower) strand, The coloes of the boxes carespond to
which adenovirus the protein is most likely descended fromy red — HAV-DE, aqua - HAGV-22, orange - HAGY-D37, white - dissimilar to a8 known
adenovirnuses.

dot10.1371/joumal pone 00056159001
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Novel Recombinant Adenovirus

program [20] was wed so determine the relationship of HAGV-D53
w0 all of the fully sequenced HAGV-D genotypes. Aocording to the
Ligy 3, several regions indicated recombamation events, nuck-
otkles [ gerome coondinages) 11000, 15003250 (E1A, E1B,
35K), 8500 15,750 (52K, pllla, penton base), 17 000 17,750, (pX,
pVI and 19500-25,000 lsecond half of heson, prosease, DBP,
100K, 22K} showed a strong relations lep 1o HAGV-D37; nucleotides
17,750 19,500 (first hulf of bexon) showed i strong relationship to
HAAV-D22 puckeotides 27,375-2075%0 (CRIH and 30,500
34,900 (147K, fiber, E4 ORFs) showed a suwong relationahip o
HAAV-DA (Fig., 2. Although the bootcan analysis showed  thar
nucdeotides 29750 50,500 have a stroog relationship o HAAV-D49,
we belaeve that this reguon comes from an unsequenced HAGV-DE
srain, berause that ragon (RIDf in a partally sequenced HAAV-
D& atrain bas 100% amino acid identity to the Hroshima HAJV-D8
woluse (Tuble 2. These relationships were confinned by comparison
with pucleatide identity in Tabde 1, as well as BEASTP sanilarity
analysis of the proseing (Table 2, In contrast, nocleotides 1000
1500, 32568500, 1575-17,000, and 25,000-27375 showed
shightly lower sumilarity 10 several known adenovinses, suggesting
that this region of species HAGV-D adenoveuses wre both well
conserved and so far ursque for the studied strain. Thus, bootscan

@ PLOS ONE | www.plosone.ong
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Table 1, Percent identities of the nucleotide coding sequences of selected HAJV-DS3 proteins and their homologs®,
HAdV-DBp™ MAGV-D19 HAV-D22 MAdV-D37 HAdV-Das HAGV-DA5
£1019% O 93 LS s 98 s
E10 55K £ %2 583 9.3 974 %5
" 5 o) s ") ” )
Va2 %7 s 94 L) L] 93
OMA polymerase 9.2 a1 o8 £ o %
prR 53 s 968 L) vat oA
2 ®r = - 100 e ws
penton base 292 0.z 924 100 905 %01
v 8.2 w oS 22 0 w0y
X st 160 100 100 a7 w5
hexon 24 w02 S84 05 205 WA
protrase 54 " ¥ L s ®s.
22K o 100 %a 100 93 "
Vi 955 ‘ma sas ‘984 923 w3
1226 §32 % 975 % 969 %9
Riw 525 w8 9 s 754 s
18.4K %52 LR a1 91 9537 w0
ay oo s - ns ws K
1 64 753 N %3 753 w05
D-a "5 M2 M2 2 EY) w2
RIDJ W6 874 932 a4 942 2
il S0 "2 912 %2 w7 .
fibyer 100 1 (37 ” o9 ore
dTPase 100 24 89 484 B8 =
Standard nomendature has been applied 30 that arhologs have the same name (Davison et al, 2003, Numbers in bold reflect the proposed cagin. Ralics note the
x::ﬁ Wi and simladtion wem o el by glotul aige wing the EMBOSS newdie grogram with a gap penaity of 10.0 snd a gep exteniion penalty of
'Os:; present in the genome
"Prototype HAGV-DE wrain is Trim iolate - ATCC VI- 1604
ot 10,1371 fjowrnal pone D005635 1001

analysis of the HAGV-D53 genome shows evidence of munltiphe
revombination events,

Hexon recombination analysis

The results of our whole genome bootscan indicated that o
recombination event occarred inside the hexon gene. The hexon
contains Joops | (L1 and 2 (L2), which are the most impostant
determinants of neutralization via anthodies as well as immmune
excupe. Sinco L1 and 12 are the most ecdeviant for serotyping, we
performed bootscan analysis to pinpoint where the recombination
events occurred in the hexon gene of HAAV-DA3, The resules of
the bootscan amalysss shown i Figure 3A and 3B reveal that a
recombination event ocrurred between nucleotide S50 and 1400~
1620 which are the amino termmus of L1 and the conserved C
terminus of the highly variable L2, respectivedy (Table 3), Thus,
the complere neatralization epitope £, which i nearly identical o
the soquenced HAAV-D2Z, is framed by non HAAV-D22
sexpuenoes in the recombinant strain HAAV-DAS.

Based on e nucleotide dentity of HAGV-DS3 10 other
adenovieuses, we beleve that the previous same HAGV-D22/HS
is not appropriate doe 1o the fact that the fully sequenced genome
and the bioanformatee unalyses de ate that HAAV-D53 bs the

Juné 2009 | Volume 4 | Issue 6 | €5635
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Figure 2. Whole genome (A} bootscan and (B) simplot of HAJV-D53 compared to fully seq d HAdV-D g
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product of multiple recombunations of koown and perhaps  adenosinu, reflecting ity geoome divergenoe from other human
undncovered ad/ar yet unsequenced adenoviruses. Taken sogeth- adenoviruses. We abo believe this “genome type” designation s

er, we propuse the name “HAAV-D33" for ths novel recombinant more appropeiase in lighs of the current and future DNA sequencing
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Novel Recombinant Adenovirus

and analysis reclnology, superseding the impontance of the previons
classifications based on serology (e ., semotypes!.

Hexon recombination is common in species Human
adenovirus D

To determine whether or not this plenomsenon was comman in
other adenoviruses, the available hexon genes of all HAGV-D
genotypes were cross-cxamined. Recomin events at similar
nuckeotide Jocations of the hexon gene i HADV-DI3, HADV-
D32, and HADV-D39 (Fig, 3C-E) were found. The HAGV-DIS
recombination ¥ cspecially interesting regarding the present sudy,
as HAAV-DIS acqured LU and L2 from HAAV-D37 and the
satne region in HAAV-D53 wis peesumahly excliunged for L1 and
12 of HAAV-D22. To demonstrate the validity of our recombi-
mation predictons, we inchuded the boascan amalysis of the
HAAV-D49 hexon gene, which does not shaw evidence of any
recombination events (Fug, SF). Taken together, these data suggest
that adenovinuses in HAGVAD species are susceptible 10 recom-
hination events at the amino termimus of L1 and the carboxy
terminus of 12 of the hexon gene: implicating a mechanism which
allows adesoviruses to switch neustralization epatopes.

in vivo HAdV-D53 induced keratitis
Since HAAV-D5Y was bolated from a patiesst with EKC and
appeared 10 be comeotropic [19), we tesaed s ability w0 induce

@ PLOS ONE | www.phosone arg
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Table 2. Percent Identities of selected amino add sequences of HAAV-D53 proteins and their homologs.

HAdV-DN HADV-D g HADV-D19 HALV-D22 HAdV-D37 HAGV-Dan HAAV-DA9
819K k) w 9) 100 ur ot
nassx 0 9 E] 9% a w
L 95 ” Ed ” L e
Wa2 w » » ” » w
DNA potymerase % 8 = % % =
pTe - o7 9 9 ar ot
2% " 99 % 100 @ )
penton base B t 2 100 5 =
vl » 80 " o » "
v - 87 &7 e 87 o
pX 00 100 100 100 100 100
hexon % % w %0 @ w
protease &4 100 = 100 1e0 Yoo
Dap » ”» » 100 w w
2% = 100 % 100 o .
PVl 100 w o8 9 98 L] %«
12.35% 100 » o ” o @ “
CRlw 29 54 73 - 73 67 n
K o7 = 9 ” 1] o w
CRYP a7 100 74 & " £ -
a1y 100 el @ 5 0 3 n
RiD-w 100 = »n e % 100 100
RID-p 100 £ » £ 5 n L 2
140K 100 * “ ” - w “
fiber 100 100 " o1 " %) =
dUTPase 100 92 & a2 B n
Numbees in bold reflect the proposed ongin. italics note the gene with supposed double ongin.
dot 101371 louma, pone. 0005635 1002

corneal innate immunoe responses in a previously described moose
model of adenoveus keratitis, m which EKC viruses indice o
keratitis smikar to buman EKC, but without viral replication [21].
HAAV-DSS infection induced a clinically evident keratitis (comeal
opacity) us varly as | day post-infection (dpi) that peaked by -4
dpi (Fi. 4A) Tn conteast, mock and HAAV-D22 injection did not
induce coenel opacity at any time poss-infection. Neither vieus
replicated in the mause comea (data not shown). Hematoxydin and
cosin staining of corneal cross sections a4 dpi with HAAV-D53
howed thinning of the epathelial cell laver, | ed and
nfiltration by leakocyses (Fig 485 ln conmast, HAGV.D22
infection induced only modest cellular infiltration. We next

ek corneal myelog idase (MPOY) levels after infection as
n measure of the presence of miilating  neutrophile and
monocytes [22.23] HAIV-D53 infection mduced significandy
higher levels of MPO when compared to HAAV-D22 and mock
infected comeas (Fig. 400 By flow cyrometry, comeal infection
with HAAV-DH53 caused a sgnificandy  greatee oumber  of
infilirating neutrophils (Grl+F4/80—) [24.25], similar to previous
studies with HAAV-D37 [21], than with HAGV-D22 infecton.
Inflammatory  monocytes (Grl+F4/804) [26,27] and resident
macrophages (Gri-F4/804) (28] did not increase agnificandy
after infoctiom with either virws (Fige 4F and G). Because
neutrophils appeared by histology and flow cytometry o be the
predominant infilrating oodl in HAGV-D53 keratitia, we also tested

Jure 2009 | Volume 4 | Issue 6 | #5635



L L2

e e s s o el b e b o
A . e

e e e

s sscr sl

P e

=
=

Figure 3. Bootscan of HAdV-D species hexon genes demonstr.

—.n

iidiEsagaNags

e ——

-

Novel Recombinant Adenovirus

.
-
-
Bl
-
-
-
=

») HASV-D10

' HASY-D25

L HAS-D48

B OB AR R AU R S W R 00 W S O HAGV.D2T

- HAGN-028

~ HAV.022

= HASA 083

~ HASV-D4

- HAaV-Da3

- HAGV.D4S

o = HAGV-O%4

« HAGY-D4T

- = HAGY- D48

- - HAS\V-DAS

- HAGV-032

= HAS-D39

- ~ HAGV-D4)

- = HAGV-048

a ~ HAIV-0O7

u ——
"

ey

of HAQV-D53 by (A) bootscan and

ating ation
(8 simplot with the HAQY-D types which have a fully sequenced genome. ()HWDI:,MHMN-OH(&)W-OSIN(F)NAGVMM

compared 1o all hexon genes in speces HADV-D by bootscan analysis.
dot10.137 1joumal pone 0005635 g003

tho expr of hil chemokines CXCLI and CXCL2
[29,30]. Both CXCLI I‘Fq 4D) wd CXCLY (Fig. 4E) were
expressed at significantly hagher levels after infection with HAAV-

D53 than with HAJIV.D22.

Phylogenetic analysis

Demiled phylogenetic analysis of wlected proteing, performed
with vuckeonide das and deduced utmnn avid wequences comfirmed
that HAGV-D53 was an 4 us. The tree
wpology of HAGV-D53 was differem depending on which peotein
was testedd. The penton base had the closest relationship o HAGV-
D37, wherean the fiber gene was closest to HAV-DE (Fyg, 5),
Interestingly, DNA polymerase, proten V, and pVTE genes did not
cluster tightly with any other virus, which reflects their unique
sequences, As ﬂqrr!cd the L1 and 12, which are vesporsibile for the
neutral: € determi chastered with HAAV-D22, In LI,
HAAV-D22 win | 8% distare 1o HAAV-D53 wslt 12 wis identical
w HAAV-D53. In the fdetorminam, HADV-155, supported by a
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strong boomtrap value [B3%), chstered 1o HADV-D37, Usng
sequence data that was available in GenBank, the hexon sequences
of HADV.D53 chssered tightly with the Japanese isolates |/
Yamaguehi/2008, OO75/ Masoyama/ 2003, add FSEGI/Fukui/
2004 wiggesting that HAIVADGY and the Japanese isolates
repeesent different isolates of the same HAAV genorype,

Viral neutralization

Since our sequence  anplysis  shows  that HAGV-DS3 s
genetically simalar 1o HAGV-DE, -D22, and D37, we wanted o
determine its senum neutralization profile. Antisern to HAAV-DE
and HAGV-D22 newtralzed HAAV-D33 ar dilutions of 1:128 and
1256, respectively. Tn contrase, antisera to HADV-DS7 was unable
to neutralize HAAV-D5 S at o dilution of equal to o less than 1:8.
These resulte confirm presions resulee sl demonsirated  that
HAAV-D53 has a neutralization profile representatne of ity hexon
and fiber prowins whereas the penton base did not contribute 1o
neatralization.
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Table 3. An excerpt from the plot values of a Simplot
Bootscan of the HAGV-220D and HAJV-D37 hexons,
Center Pos  HAAV.DZ2 hexon HAAV.D37 hexon
53 100 o

3% 100 0

o w0 o

1380 100 0

1400 100 U

Hun 100 0

a0 100 °

1960 50 0

a0 1% 1

1500 1 2

irFy 0 2

1540 0 7

150 [ 3

1580 0 2

1600, o o

wa 0 5

160 o As

1660 [ st

1680 0 60

120 0 3

i » o

1720 0 s

6ok 10,1371 fowrnal pone 00056351003

Discussion

The il report of HAAV-D3S deseribed that this novel,
possibly comsergent dscase-chusing, strain comprised a HADV-D22
straln thist lead recombined with HAGV-DE and HAGV-D3T [19].
Full gencane sequencing of this solate, HAGV-D33, and bom for-
mark analysis have demonstrated that this genome & o different
both from HAAV-D22 and all the other officially  accepred
sevotypes that @ must be seen as a novel human adenovine which
we have re-named HAGV-D3 hused on its primary sequence data
and analyves,

This genome is hased on a highly prolable b )
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other adenoviruses from HAAV-D (HAAV-D 1Y, D32, and -39,
as wedl as HAAV-B16G, which is & member of species HAJV-B [51].
This detaded wmalysis at the conplete g level dem
that recombination may be w common event within adenominise,
especially in species HAGV-D, as a grnrml mechanism driving
molecular evolution  wnd | genicity, The  neutralization
epitope = framndh) highly conserved sequences, which are also
wsed for generic detection of most HAGVs by POR [52,33,34].
These conserved sequences allow  homaologous recombination
when o cefl w infected with two different adenovirus types. Our
results demomstrate that within HAAV-D, the neutralzation
epltopes € are exchangeable in nature leading o immune escape
of a highly vindent :ud presalent HAGV fpe. Thas resembles the
wenic shift mechs of influenza A vinsses which s caused
by reassomment, & more efficient way of gene transfer.

To dase, this is the firss fully sequenced recombinant adenovinm
o be associated with EKC. Bootscan analysis showed thar several
regions of HAGV-D53 (IVa2, DNA polymerase, pTT, pVIL, V,
and 184K were dissimilar w any known adenovires, These
sequences are cither froen an undscovered adenovirus or a known
yer unsequenced HAAV-D fsolate, Additional whole  genome
sequencing stdies of adenoviruses will shed light on this impartant
(question.

T light of its assccwation with ERC, it scemw sigmficant thie
experimental comeal infectinn with HAGV-DES indoced inflam-
mation, whike infection with HADV-D22, a virus not associated
with EKC bur highly related 1o HAGV-D53, did not. Those areas
of the genome unique 10 EKCxaning vinsses represcit likedy
sources of comeal tropism, Full genome sequencing, bioinfor-
matics analysis. and genome wide comparisons between EKC and
non-EKC inducing HAAV-D) struins are begmming to yield clues
to corneal tropism and pathogenesss [8.Y9]. Further experiments
recombining  differenm adenovirus genes will determine which
genes are crocial lor EKC.

Farly rmtyping nf H-\d\r 1253 hy sequencitg of the bexsan (the
NAfOr et dete 1 and other desermianants (fiber and
penton) gave results of a recombinant sz HAJV-D22/HE [19).
Thus, HAGV-D3 falflled the bexon L1 and 1.2 crsersa for ryping a
HAGV-D22 [ 18], with a fiber knob (hermgglatinanon desermang
seqquence identical o HAAV-DE. In contrast 1o the classical concepe
of a rocombinant stran, HAAV-D53 was croes reactive with o
HAAV-DE specific antiserum (Table 4), This confirme that some of
the peutralzanon antibodies =1 the HAAV-DH antiserum bind wo the
HAAV-DE-like fiber of HAAV-D53 and  block  infectivity by
mterfering wath viras/peimary cellular receptor Mrr.uxm

recombination between HAGV-DAT and  HAAV-DU; Ioweves
(probably after the mitial recombination event), other pares of the
genome have been rephaced by genome parts from several kown or
wnknown HAAVs Altogether, we assume the ocoarrence of at keast
fise major recomnhiration events: (1) recombimation of HAGV-D37
amt HAGV-1¥ (occurring between the end of the HAAV-137 22K
gene and the beginning of the HAGV-8 pVIIT gene); (2) exchange
with an unknown or unsequenced adenovins from species HAGV-
1) fram the begnning of the protem IN gene 10 the end of the p TP
gone; (3) rrphcﬂnau of the pVILand protem V gmn whh the same

frug from an or o mdenovirus
from specaes HAAV-D, (4) exchange of L1 and 12 hﬂwrm HAAV-
D22 aned the recombenant views: (5) and replacement of the 184K
gene from an mknown source.

Here we presented evidence that the neutmlization epitope & of
HAAV-D53, highly homologous to HAAV-D22, was generated by
wo recombination events which brought about the complete
exchange of L1 and L2, This phenomenon s apparent in three
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Phyl e analysis of the complete genomse e of
HAd\ D33 showed sinsilar genetio distances 10 the udln available
HAAV-D types (6.1% 10 9.3% nuckeic acd sequence divergence) as
abserved between other prototypes of species HAAV-D (6,0% 1o
95%) (Fg 5, This supporm the dea thar HAGV-D5S is the
pmwt\pc of u new genotype. Therefore, phylogeny dedusced from

lete g cdnnnmulhull;\d\' D33 isanew
pmmh'pc However, HAGV-D33 is a recombinant viros and it
is not of phyletic origin. For mos parts of its genome

lhr ancessons of &= soquence [HAGV-DB, -D22, -D3T7) could be
sdentified by bootscan lysss and confemed by buikdi
phylogenetic trees of the corresponding serienes stretches. For
example. LI and 1.2 of the neutralizats 1 tmh!ﬂllv
variabke and evolved napidly by | escape mechani L1
and 12 of HAAV-D5T were [except for a single point mmtation)
adentical to HAAV-D22 suggesting a recent recombination ovent in
the phyvlogeny of HAdV-D53% However, boctscan  analysis
suggested that severad regions of HAGV-DSS [IX, Va2, DNA
polymerase, pTP, pVTI, protein V, and 14K were disimilar 1o ol
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Figure 4, HADV-D53 induces keratitis, (A) Clinical appearance of HAGY-D53 kentitis. Virusfree buffer (mock), 10° TOD of HAGV-D22, or HAV-
D53 was injected in the comeal stroma of C578L/6 mice [n =8 comeas/group). Cornens were examined undes a surgical microscope up to 4 days
post-infection. One repeesentative piture from each group is shown at the Indicated time points. (8] Mstopsthology of MADV-DS3 keratibs.
Representative histopathological sections at 4 days postinfection of mouse comeas Injected with buffer, HAAV-D22, or HADV-D53 are shown
(hematoxylin and eosin stain; scale Dar =50 ph 1K) Myeloperonidase (MPO) expression in HAAV-D53 kemtitls. Mock, HAAV-DZ2, and HAGN-D53
infected comeas were analyzed by ELISA 31 24 hours post-infection for the expression of myeloperoxidase enzyme. (D, £) Chemokine expression in
HAGV-D53 kevatitis, Expression of CXCLY (D) and CXCL2 (E) in modk, HADV-D22, and HADV-D33 infected comeas wene analyzed by ELISA at 16 hpi.
Data s mean = SEM from three individual experiments (n=9 cc ‘groupl. IF, G} Phenotypic analysis of inflammatory cells in MAGY-D51 keratitis.
Mock, HADV-D22, and HADV-D53 Infected comeas at 24 hours past-infection were homogenized and single cell preparations were stained with anth
CD45, anti-Gel, and anti-F4/B0 antibodies. Cells were gated on COMS-positive staining, (F] Representative dot plots or (G) quantification of theee
sepacate experdments s shown for each group [mean calis/comes * SEM, n = 9 corneas/groupl. In all experiments statistical sgnificance is denoted by
*, P05 as determined by ANOVA with Scheffe’s mukiple comparison test.

doi10.1371/joumal pone 0005635.5004

known adenoaruses. Construction of phylogenetic trees supporied to low, non dgnificant bootstrap vakies (soe Fig. 5 polymerase,
that these parts of the genome are ether from an uodiscovered protein Voand pVILL Addianal whole genome soquencing studies
sddenovirus or a known yet unsequenced HAGV-D isolate. Howeyer, of adenosirus prototypes may elucxdite whether some of these parts
these groome regions are well conserved in HAV-D) and thus led of the HAAV-D33 groome are abo derved from recombimatinn
:®. PLoS ONE | www.plosone.org 4 June 2009 | Volume 4 | lssue 6 | £5635
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Figure 5, Phylogenetic analysis of HAAV-D53. Analysis of HAGV-053 is based on the nuclelc acid sequence of (A) complete genomes, as well as
the predicted amino acd sequences of (B} polymerase, (C) LY and (D) L2 of the hexon peotein penton, (E) [-det (F] y-dete L (G) pV
represents

and (H) pVIl. Numbers denote human adenavirus serotypes. MAGV-D53 {in bokd) shows the new solate, The numbers chase 1o the nodes
bootstrap pseudoreplicates.
dot10.137 1/joumal pone 0005635.9005
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Table 4. Neutralization of HAJV-D53 with hyper immune
serum.

Anthherum  MAAV-DS3  MAdV-DE  MAdV-D22  MAdV-D37
#ANDE 128 s s <18
=HAdv-D2 11256 <y 1128 <=
ORI S e e

o 10,157t Apwrnal pone 00056 55 1004

events, Interestingly, prowin V, a mmnv capsid protein, was
synificantly ller than the h ins of all other
members of HAAV-D (eg 207 aa v 334 an in HAAV: =461
Moreover, pVIL who contained several deletions, nevertheles
phybogenetic rees clearly supported clustering of HADV-D53
protem V and pVILwith species HAGV-D in spite of these deletions.

The 5%ITR sequence contains highly conserved critical motifs
that are required for adenovires replication [37]. These motifs
inchide the canonical “core ongin,” defined as the minimal DNA
requirement for the initation of replication, binding the terminal
protem-DNA poly complex |38}, and several host transcrip-
ton factor bmding sequences which are required for efficient
adenovirus replication [39,40]. For example, it has been shown that
Oct-1 binds to the NF I motf to stenulate wansceiption by 6.8
foded [$1]. Within most HADV species, bath NF Land NF 1T hinding
sites are conserved exwem for species HAGV-E as seen in HAIV-E4
and HAdV-E4 vaccine s (42.43] and simian AdV-21 (SAGV.
B21), SAAV-F22 thwough E25 (unpublished cbservations) which
back the NF I banding site. Symificantly, HAGV-D33 2 abo missing
the NF 1 motif, like the other bers of the o HAAV-D
types (Fig. 65 Previous annotations of the sequenced HAAV-D
members do nos remark upoo this absence of the NF L Perhaps thas
alsence of an NF 1 sie & an anchication of o different evolutionary
Tine of origin for species HAAV-D, as opposed 1o the other HADVY
with both NF T and NF I motfi. The kaner half of the TTR
contains motifs for hinding Spl (GGG GGT GG)and ATF [TGA
CGT). These motids are also reparsed to contribute 1o the efficency
ot viral DNA replication [$4]. While the Spl mouf seems 1o be Jess
cotserved (GGG CGg/t grl, they are simibar for HAGV-D types.
The ATF monf & conserved and present in HAGV-D (Fag. 6,

As new mahnufadmmmamrndmmhmd.mﬂ\
with an ace ying p . initial at understanding
\be clinical rolevance involves charae terizing the isolase wath respect
w0 strctural featares, These include the traditional serologieal
methods and reagents, However, in some cases the wolates are
difficult 1o cultare and/or the reagents are not readdy avaatable, Tn
the past, th-mhwnrdnrhammdumuﬁapmﬂrm
archived in a lab y as an uncul L ver g isolare,
Today, when an inseresting adenovinus mbu' arises, full—gmomc
wiuencing, phylogenetic analyss, and  other  sate-al-the-an
methodology and technology provide alternatives to these lanita-
tors, As & recent exampde, when HAAV-G52 was discovered, itwas
foand that the vinn grew 1oo slowly in tssue culture to be ‘properdy’
sevotyped, Thivand the Jack of readily avuilable serotyping seagents
fimited & “waditonal’ charsaenzation. However, phylogenetic
analysis, only made possible through whole geaome sequencing,
dernonstrated that it was a novel adenovine isolate that was quite
dwergent fram all other species of human adenovieses [6].
Simikarly, if sembogy and limited sequence analysis, e.g.. limired
hexon, penton and fiber data, were the only tools that we had
availabde for the orgginal chasacterzation of this proposed HAAGV-
153, the repored original conclusion in regards 10 HAJV-DA3,
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thit it ds o vanant of HAGV-D22 albeit with minor genetic
modiicanions in the peaton and fiber genes [19], would have heen
and remained incoerect, Tn order o conclusively characterize a
u-prcml nan-l adenovines, whale  genome u-qumang and
s analysis of the dant and 1w reerence
peimary nuckotide soquence should be pa(ammt
The fact that the genes associated with serum neutralzation are
from known virses mives o central question, “What am the
criteria for defining and naming o new “type” of adenoviens?”
Although sevology has heen crucial in the pee-genomic crva, it can
not he wsad as the gold-standard  for the yping of novel
adenovinuses that will be sequenced and characterized in the
fiture, If serology was the oaly tood that we had in our typing
tooliox, we would not kave determined that HADV-D53 was due
tw severdd  recombinati ol k and  perhaps unknown
adenovinuses. In the past, the “serotype” designation was used
to disinguish different and adenoviruses. However, duoe
o the fact that there are about 260 known adeniovicus types, this
approach i impractical. Moroover, the newtralization of recom-
binants such as HAAV-BLG, and -D53 would yield inconchisive
data. Full-genome sequencing and hininformatic analyses shoald
be the primary methods used when procluming novel adenovins
genotypes as it is quicker and a less cumbersome altermatve for
adenovirus typing, especially given the cost-cflective wdmdngy w0
obtain genome sequeoces rapidly and the growing amay of
broinformatics tooks, along with the growing adenovirus database.
We propose wsing “genotype”™ rather than “swmtype”™ as a
means for idenrifying, chavactenzing and differentiating adenovi-
ruses, hased on genome sequence amalyes. Tho fis into the
currently accepted clussification of adenovins “genome types,” in
which sobstraing of adenoviruses ate designated by bower case
alphaletic desgnations in addition o their prirmary desigoation,
eg, HAAVTa, b, ¢, i their resticion coxyme digestion
patterns differ from the reference prototype genome, “HAdV-7p."
Recenty, panial genome sequences from HAAV-D  strains
cawsing EKC outbreaks m Japan were publahed [35,36], These
were almost sdentical o HAAGV-DAY (including the intrah
rocombination sites) suggesting et HAAV-D53 has already spread
around the globe as an emeging ERC agern, reflecting the
idemiology of a gobally connected popalation and a newly

tmugrm pathagrn,
Materials and Methods

Ethics Statement

The animids invalved in this seudy were procured, makntained,
and wed in accordance with the Laboratory Animal Wellare Act
of 1966, as amended, and NTH 80-23, Guade for the Care and Use
of Laboratory Animals, National R h Councal.

Nucleotide sequence accession numbers

The HAAV-DAS genome and annotaton have been deposiied
w GenBank peior o manuseript submission; acoession number
FIa%625. The following HADV genomes (GenBank acoession
numbers) were  wed; HAAV-ALZ  (AC_D00005), HADV-B7
(AYSH255. HAAV-DS (ABII0079), HAJV-BI1 (AYI163756),
HAAV-CS (AC_000008), HAAV-E4 [AY3937,, HAdV-DM49
(DO5938209, HAAV-DOS (FRI69625), HAAV-DY  (AJ854486),
HAAV-BI6 (AYGOIG36), HAAV-DIT (AC_000006), HAAV-DI19
(ERIZI0E, HAAV-D22  (FJ404771) HAGV-D26 (EF153474),
HAAV-D37 | 900), HAV-DA6 (AYRT A48), HADV-D48
(EF15347 %), HAAV-D22 (unpublahed genome sequence ), HAAV-
DY (publshed partial sequences (ABHOOTY and  unpuldished
whaole genome sequence),
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Figure 6, Analysis of the HAAV-D53 Inverted terminal repeat (ITR). NF |, NF 1, Spl, and pT# binding motifs are marked. The ATF binding ske
Is TGACGT.
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Amphfication of the HAJV-D53 genome

To amplily regioms of HAAV-DS3 fanking the sequences
desenibed by Engelmann et al [19], we desgned praners based on
conserved  adepovitus sequences of  types in HAIV-D. Al
amplicons were then sequenced wing primer walking,

Viruses, cells and neutralization test

Viral neatralization asays were run e previously described
[45]. Rabbit antisera to prototype struins were standardized in
crossaicutralization tests agaimt adenovir prototype vinses |-
4. Prototype viruses were from archives maintained at the Seate
of California, Deparmment of Public Health, Vieal and Rickesmsial

Nucleic Acid Isolation

Viral DNA was extracted froms tisue cultore and processed
sool samphes wing the MagNA Pure LO DNA bolaton Kit 1
(Roche, Indianapolis, IN) according o the  manufacturers’
recommenditions for the MagNA Pure LO swomated  nucleie
acid extraction system,

Bioinformatics

Percent idenitities for HAAV-53 genes/proceine. The global
alignment were performed using the EMBOSS [46] necdle
program. The prowemns and genes of HADV-53 were comgared
1w hamologs in other HAGV-D genomes. In cases were o genome
bcked suflicient annotation, genes and  proteins were found
manually using the Artemis [47] annotation progriom, The percent
idenities for the proseing (Table 2) of the HAGV-D sequences were
obtained via BLASTP [#4) The percent dentities for the
nucleotide sequences (Table 2 that code for these proteins were
determined usmg a BiaJava [49] impl ion of a Needl
Wunsch algorithm,

Recombination analysis of hexon genes (Figure 3. Hexon
genes from the HAAV-D genpmes were aligned wsing ClustalW'
[50] aligument option available in the MEGA 4 program [51]
The defanlt gap opening and gap extension penalties were used
(15,0 and 6.66). SimPlot [X)] software was werd to complete a
bootican amalysk of the aligned hexon genes of the available
HAAV-D genomes. The default settings for window size, o step
saze, replicates wsed, gap stripping, distance model, and tree model
wetr, respectively, 200, 20, 100, “on™, “Kimura", snd *Neighbor
Jotning”™. The HAGVS3 hexon was chosen o the weference
sexquence for the analyas.

Recombination analysis of HAV-D whale genomes (Figure 21
The available HAAV-D genomes were aligned using the MAFFT
[52] alignment method which i avalable through a web interface
at bup/ Saww.ebiacuk/ Tools/matlt/. The default pammeten
for gap open pemalty, gap extension penalry, and perform it were
ased (153, 0,12, “localpair™),

Simplot [20] software was wsed 0o complete o bootscan analysis
of the aligned HAGV-D genomes, The defandt parameters for
window size and swep sze were ahered (1000, 200, All other
defaule parametens were beft unchanged.

Recombination Analysis

Two groups of hexan coding nucleotsde sequences were analyzed
for recombination events. The fint group comssied of the hexon
genes of the human adenovinus D species (HAAV-DE, -D9, -D17, -
D22, <126, -D37, D46, D48, -DH9, -1D53), This group is refesned
10 as the HAGV-DS3 hexon group, The sccond group consisted of
hexon genes froms HAAV-Bi6, -C5, -E4, -B7, -BI L, and .C2 The
following accrméon numbers were used for the hexon recombima-
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tion anabpes, HAAV-ALL (AC_0000035), HAAV-B7 (AY594155).,
HAAV-BI1 (AY165756), HADV-C5  (AC_OM008), HAJV-E4
(AY590837), HAGV-D4D (DQ393E29, HAIV-D22, (AB330103),
HAAV-DAY FJHOG25), HAAV-DS (AJaS486), HAV-16/81
(AYBOIGE36), HADV-DI17 (AC_000006), HAAV-D26 (EFI53474),
HAAV-D37 (DOQSO00), HADV-D46 (AYBETI64), HAAV-D48
(EF153473). The two groups of sequences were aligned using the
ClustalW [50] alignment apeion available in the MEGA 4 program
{31]. The default gap opening and gap extension penaltics were
wsed, Those peralties were 15,00 and 6,66 respectively.

T\m diffexent PIOgrams were uwsed w0 analyze the two

tor rex wmrxT'brfntptnmmuSnnlh
(ZU] The bostscan option of SimPlot was vsed to analyze the
alignments, The defunle semings were uwsed, These included 2
window size =200, a step size = ), replicates used = X, gap
stripping ="on”, distance model = “Kimum", wee model ="
Neighbor Joming™. The HAdV-D53 hexon was chosen as the
reference sequence HADV-DSS bexan group. HAGV-DI6's bexon
was chosen aw the reference in the HAAV-16 hexan group,

The second program & the Recombination Detection Program
(RDI) [33]. This program uses several different  algocsthng
(including bootscanning) to desermine the presence of recombi-
naton events. 1 of the “general rocombination descction optoas™
was changed so that the progrom would recogniee that the
soquences in the alignment were Tinear and noe circular, No other
defunlt opticns were changed.

Phylogenetic analysis of HAJV-D53

DNA polymerase, penton base (fedeterminunt), pVIL protein V,
L1 and L2 of the hexon, and fiber knob (y-determinant) nucleotice
sequences were compared by sequential pairwise alignment with the
Clustal Algonthm implemented - the Boldit software package
(versson 60.5] and adpsted marmally to conform o the optamized
alignment of dedbuced amine acid soquences. Phvlogenetic relation-
shaps were inferred from the aligned muscleic acd as well as from the
aming acid soqueaces by the peighbourjoining method imple-
mented in the progruns DNAdiss and Neighbor integrated = the
MEGA software package (veraon 31 wing the Kimura two-
parameter substitaton maoded and a tanvition iranwenson matio of
10. Suppoet for speafic tree wopologies was ests dbyb

tysia with 1000 peesdoreplicate data sess,

o

In vivo model of adenovirus keratitis

Eight 2o 12 week obd CHTBL/G] mive ftock # 000654) were
purchased from Jackson Labocaory (Bar Habor, MEL Animal
housing and care were n accordance with Animal Cire and Use
Commitsee guidelines. Mice were ancathetzed foe vin infocton by
inramuseslr injection of ketamine (85 mg/kg) and xylaine
(14 mg/heg) and Later cuthanizod by COL mbalation. For infection,
1 microliger of vimsdree dialysin buffer, cesium chloride gradient
purdied HAJV-D22, or putﬁnd HAAV-133 (10" tissoe culture
adectious dose) win ingected in the central comenl stroma s
peeviousdy described [21], After euthanasia, coneas were removed
and fixed m 1% | butfered f ¥ bedded = paraffin,
and sections cut at 3 @ thick prior to staming. For ELISA, cormeas
were havested ot mdicated time poants and homogrnized wing
phospliate boffered saline (PBS; with protease inlubitors, and the
reactions performed as per manufacnoer’s insnuctions (R&D
Systemns, Minneapolis, MN), ELISA plutes were analyzed on a
microplate reader Malecular Devices, Sunmyvale, CA) with Emis
of detection of <2 pg/ml, for CXCL1 and <15 pg/mL for
CXCL2, Flow cviometry wis pestormed as described by Carr and
coworkers [54]. Cameas were dissexsed at indicased tinwe paints,
and digosted with | mg/md collagenme type §iSgma, St. Lous,
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MO, Nomespecific binding was blocked by amimouse Fo (BD
Pharmingen, San Diego, CA) and 5% noemal rt secumn Jackson
Immuno Research, West Grove, PAL Cells were labelexd with
FITC-comjugpted anti-mouse. F4/80 (cdone CEAS-1), phyeoery-
thrin-Cy Sconggated anti-CD45 (clone 30-F11), and PE~conjuy
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Recombination in human adenoviruses (HAAV) may confer virutence upon an otherwise nonvirolent sirain.
The genome sequence of species D HAAY type 22 (HAAV-D22) revealed evidence for recombination with
HAAV-D19 and HAdV-DI7 within the capsid penton base gene, Bootscan analysis demonsteated that recom-
bination sites within the penton base gene frame the coding sequences for the two external hypervariable loops
In the protein. A similar pattern of recombination was evident within other HAAV-D types but not other HAdY
species. Further study of recombination among HAAVs Is needed to better predict possible recombination
events among wild-type virnses and adenoviral gene therapy vector.,

Adenoviruses were first isolated in 1953 (18, 31) and cur-
rently cause an array of human diseases, These inclode respi-
ratory, gastrointestinal, and ocular surface infections. oppor-
tunistic infections in  immune-deficient  individuals, and
possibly, obesity (9. 13, 14, 20, 40). Adenoviruses have also
recently been used as gene therapy vectors (19, 35). Thus,
while adenoviruses continue to cause significant morbidity and
mortality in the human population, their existence also pro-
viddes i potential benefit for the treatment of patients with an
even broader range of silments.

Since the characterization of the it human adenovirus
(HAUV), 53 types have been identified and subsequently clas-
sified into seven species (A to G) on the basis of serology,
restriction endonuclease digestion patterns, and to a lesser
degree, genotyping. Recently, high-throughput sequencing
technology has made whole-genome sequencing both rapid
and affordable (27). However, the genomic sequences of 23 out
Of 53 HAAV types remain (o be determined, with most of those
within species D,

Species D HAAV type 22 (HADV.D22) was onginally iso-
lated from a child in 1956 (3). While it is not clear what role
HAJV-D22 plays i human disease, one report revealed o
possible tropism for the eye (32). Recently, recombination with
HAdV-D22 has been identified as the source of a novel HAJV,
HAJV-DS3, causing an outbreak of Keratoconjunctivitis in
Germany (37). HAdV-D22 recombination was also identified
in 4 possible variant of HAAV.DS3 that was isolated from o
patient i Japan (2), Therefore, HAJGV-D22 has shown the
propensity 1o recombine with other viruses, with clinically im-

’Cum'ﬁmndlng nuthor, Mailing address: Massachusctes Eve and
Ear Infirmary, 243 Charles Street, Boston, MA 02114, Phoace: (617)
ST36308, Fax: (617) 5734324, E-mail: james_chodoshérmeei harvard
wdu,

¥ Published abead of print on 24 June 2000

100

Bus0

portant consequences. The emergence of new pathogenic
HAdJV genotypes, along with continued interest in HAJVs as
vectors for human gene therapy, make adenovirus recombina-
tion # eritically important issue.

HAJV-D22 was scquired from the American Type Culture
Collection (Manassas, VA), The complete genome of the pro-
totype strain AV-2711 (ATCC VR-1100) was sequenced on an
Applicd Biosystems (Foster City, CA) 3730 XL DNA se-
quencer in the Laboratory for Genomics and Bioinformatics a1
the University of Oklshoma Health Sciences Center using o
previously described protocol (29), The sequence was vali-
dated by sequencing on an ABI SOLID DNA sequencer. Se-
quences from both methodologies were 100% identical and
provided 7,727-fold coverage for the genome.

The mVISTA Limited Area Giobal Alignment of Nucleo-
tides (LAGAN) tool (hitp://genome. Iblgovivistafindex.shtmi)
was used to align and compare the whole HAJY genomes (6)
of HAAV-D22 and each of the other nine completely sequenced
HAdJV-Ds. Analysis revealed sequence diversity in the penton
base, hexon, E3, and fiber open reading frames (Fig. 1), Surpris-
ngly, comparison of HAAV-D22 to HAJV-D1Y strain C (30) and
HAUV-D3I7 (29) revealed considerable sequence conservation in
the penton base gene (Fig. 1 and 2A and B).

Based on the sequence conservation seen in the penton base,
Simplot 3,51 (httpysray.med.som, jhmi.eduSCRoftware/simplot/)
and Recombination Detection Program (RDP) version 3.34
(httpy/darwin.uvigo.cs/rdp/rdp.html) were used to identify
possible recombination sites (21, 24). Bootscan analysis iden-
tified two possible recombination loci in the HAJV-D22 pen-
ton base, the first in HAAV-D37, encompassing nucleotides
400 to 600, and the second in HAJV-D19 at nucleotides 750 1o
1350 (Fig. 3A). In silico amino acid analysss showed that these
two probable recombination areas code for the two variable
loops in the penton base protein (Fig. 3A), located on the
exterior of the viral capsid (10, 44).
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FIG. 1. Global puirwise sequence alignment of HAJY-D22 with nine other HAIV-D types. The percent sequence conservation is reflected in
the height of cach data point along the v axis, A conserved sequence in the penton base open reading frame s designated by an asterisk, GenBank
accession aumbers are s follows: HADV-DS, AB448768; HAGV-D9, AJSSA486, HAAV-D19, EF121005; HAIV-D26, EF153474; HAAV-D37,
DO, HADV- D46, AYETS648; HAAV D4R, EF153473; HAJV-D49, DO393829; and HAJV.DS3, FI16062S,

We extended our imvestigation to determine if these recom- 10 600 and 750 10 1350 regions (Fig. 3B), between HAIV-D4Y
bination sites were common to penton base genes of other  and HAAV-D4S in the nucleotide 400 to 600 region, and be-
HAAV genomes. We found evidence for recombination be-  tween HAUV-D49 and HAJV-DS in the nucleotide 750 to 1350
ween HAAV-D9 and HAAV-D26 in both the nucleotide 400 region (Fig. 3C). A similur pattern was observed in one or bath of
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penton ‘base

bootstrap confidenc levels (1000 replicates) are
(B) Analysis of the nucleotide 400 to 600 region of

genes.
sequenced HAAV-D penton base genes. (C) Analysis of the nucleotide 750 to 1350 region of sequenced HADV-D penton base gencs,

these nucleotide regions for HAJV-DS, -17,-19, -26, -37. and 48
(dista not shown). Remarkably, this pattern of recombination in
the penton base gene was unique to HAJV species D (Fig. 3D, E,
F. and G).

Boatstrap-confirmed neighbor-joining phylogenetic trees of
HAdV-D penton base genes were constructed with Molecular

Evolutionary Genetics Analysis (MEGA) 4.0.2 (hup/iwww
.megasoftware.netindex.himl) 1o examine viral evolution in
HAdV-D (34). Analysis of the entire penton gene revealed a
close relationship of HAJV-D22 and HAJV-D1Y strain C (Fig,
4A) (30), Additional phylogenetic trees were constructed (o
encompass the two proposed recombination sites within this

FIG. 3. Bootscan analysis of HAAV-D penton base genes. Comparison of HAAGV-D22 (A) with completely sequenced HAAV types, Similar

comparisons of the same region were performed with HAGV-DU (B), HAJV-Da0 (C), HAIV-A12 (D), HAV-B3 (E). HAAV-C2 (F), or
HAJV-F41 (G) as the reference type. HAAV-D53 was keft out of the analysis due to the 100% identity of its pentan base to that of HAJAV.D37.
The axes of all pancis are as labeled in pancl A, GenBank accession numbers are as follows: HAGV-A12, NC_001460; HADV-B3, DOOSod60;
HAUV-C2, AC_000007, and HASV-FAL, DQ315364,
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gene, Phylogenetic analysis of the nucleotide 400 1o 600 region
revealed a close identity among HAJGV-D22, HAJV-D37, and
HAJV-D33 (Fig. 4B). Analysis of the nucleotide 750 1o 1350
region of the penton base gene revealed o close identity of
HAAV-D22 and HAJV-D19 (Fig. 4C).

In summary, comparison of the HAGV-D22 genome to other
sequenced HAAV-D genomes identified substantinl sequence
divergence in the penton, hexon, E3, and fiber open reading
frames. Differences between HADV-D genomes in these areas
have previously been deseribed by us in reports on HAAV-D19
strain C and HAAV-D37 genomes (29, 30). However, the se-
quence conservation among HAJV-D22, HAAV-D19, and
HAAV-D37 in the penton base gene wis unexpected and sug-
gests recombination among these viruses. Bootscan analysis
identified recombination events at two regions within the peo-
1on base gene, encompassing nucleotides 400 to 600 and 750 1o
1330, Further analysis of other HAAV-D penton genes sug-
gests that these areas represeat hot spots for recombination,

The propensity for recombination among  different
HAdV-Ds in the penton buse gene can be understood in the
context of penton base function, The adenovirus penton base
acts as the ligand for a secondary attachment cvent that is
critical to host cell internalization (38) and thus is critical to
infection. The penton base protein contains two hypervariuble
loops located on the surface of the viral capsid (16, 44). One
loop contains the host cell imegrin binding  Arg-Gly-Asp
(RGD) motif mediating attachment to host cell integrins (8,
38). The RGD motif is conserved in almost every HAdV pen-
ton base protein, with the exception of HAJV-F40 and HAJV-
F41, which do not use host cell integrins for internnlization (1,
11). The second exterior loop, known as the variable loop
(HVLI1), has no known function. Both of these regions nre
highly variable among diffierent HAAV types. We identified
recombination around both of these loops for multiple viruses
within HAJV-D (Fig. 3A).

In recent epidemiological studies, patients were identified
with coincident clinical infections with two or more adenovirus
types (17, 36). Simultancous infection by more than a single
HAdJV type is possible because of conserved host receptor
affinity, common tissuc tropisms, and an absence of immunity
across serotypes. Our data, along with evidence from previous
studics (22, 23, 37, 43), identificd recombination cvents among
viruses with similar tissue tropisms, providing evidence that the
restriction of tissue tropism might determine in part the ob-
served recombination within adenoviruses of the same specics.
Recently, a novel HAJV, HAJV-D53, was isolated from an
outbreak of keratoconjunctivitis. Subseguent analysis revealed
recombination among HAJV-D22. HAJV-D37, HAAV-DS,
and & previossly unknown adenoviral sequence, suggesting the
potential for the emengence of new pathogens, with important
ramifications for human discase,

Previous work provides evidence for recombination in
HAJVs (10, 12, 22, 25, 26, 37, 39, 41-43), but the mechanisms
of recombination have yet to be identified. Recombination
may result from selective pressure from the host immune sys-
tem relative to surface capsid proteins, o nucleotide motif that
directs cellular recombination machinery to the local sites on
the viral DNA, or a combination of both. Two cukaryotic
recombinases, RADS1 and Dmcl, both homologues of the
bacterial recombinase RecA, act in host cell DNA recombina-
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tion (5, 33), RADSI mediates recombination durig mitosis,
while Dmel ncts during meiosis, RADS1 is of potential interest
because it colocalizes with promyelocytic keukemia nuclcar
bodies in the nuclens (4), Adenoviral proteins E1A and E4
Orf3 have been shown to interact with promyclocytic leukemia
nucledr bodies, which play an important role in adenoviral
replication (7, 15). An interaction between RADS1 and adeno-
viral DNA has not been studied. A proposed motif consisting
of CONCONTNNCONC wis recently identified as being asso-
cisted with loci of recombination and genome instability in
humans (28). Although not present in the viruses we studied,
sequencing of other viruses within HAJV-D may vet reveal a
consensus site for recombination. The elucidation of recombi-
mation mechamsms for HAAVS shoald altow a better under-
standing of adenoviral evolution.

In conclusion, our analysis of the penton base gene of
HAJV-D identified o potential paradigm lor adenovirus re-
combination and the emergence of pathogenic strains. An in
depth understanding of adenovirus recombination and evolu-
tion is eritical to ensure the sufety of adeaoviral gene therapy.

Nucleotide sequence accession number. The HAJV-D22 ge-
nome sequence obtained in this study has been deposited in
GenBank under sccession number FI04771,
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Novel human adenoviruses (HAGVs) arise from genome recombination. Analysis of HAAV type 55 from an
outhresk in China shows o hexon recombination between HAAV-B11 and HADV-B14, resulting in o genome that
15 97.4% HAAV-BI4. Sporadic appearunces as o re-emergent psthogen and misidentification as “HAAV-B11a™

are due to this partial hexon,

Human adenoviruses (HAAVs) were first identified as respi-
mtory pathogens (7, 18) but are now recognized as causing o
range of discases, including those that are ocular, gastrointes-
tinal, and metabolic (4). There are 51 “scrotypes”™ defined by
using biological characteristics, including immunochemical
methods, ¢.g., serum neutralization and hemagglutination (4).
A novel HAAV was chamcterized using nonimmunochemical
methods, c.g., genomics and bioinformatics. and was named
HAdJV-G52 (9). Recently, genomics and bioinformatics data
have defined two emergent, pathogenic, and recombinant
HAdVs (D53 and D54) (8, 21). All three are characterized by
genomics and therefore should be termed appropriately as
“type” rather than “serotype,” as discussed at the 9th Interna-
tional Adenovirus Meeting (Dobogdkd. Hungary, April 2009)
(our unpublished data). Described here is a re-emergent res-
piratory puthogen, HAJV-B5S, which contains a partial hexon
recombinution conferring a change in serotype and, hence, an
escape from immune reactivity against HAJV-Bi4, Tt was
isolated recently from an acute respiratory discase (ARD)
outbreak in China and incorrectly termed “HAAV-B11-like”
(22, 23).

Genomes of “HAAV-BI1 strain QS-DLL." noted here s
HAJV-B35 (accession no. FI643676), HAAV-11p (accession
no. AF532578), and HAdV-Bl4p (accession no. AYS03294),
were obtained from GeaBank. Computational analysis in-
cluded sequence comparisons with zPicture (15), restriction
enzyme pattern wnalysis (http2/www.acaclone.cony), phylog-
eny analysis using MAVID (1), and recombination analysis
with SimPlot and Bootscan (12). Genome percent identities
were determined using zPicture, MAFFT (10), and Chimera
(16).

The genome “chassis™ of HAJV-B5S is HAJV-B14 (19), an

* Correspooding nuthor, Mailing address 10900 University Bivd,,
MSN SH3, Dcpamnml ol Boolnbumnm: and C ional Biokogy,
George M iversi VA 20110, Phone: (T03) 993
NIL‘ I"at:('lll!) wmwn E mul: dsetoie gmo cdu.

Y Published abead of print on 3 December 2000,
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ARD pathogen, with 5 partial HAJV-B11 hexon providing the
misleading serum neutralization result and incorrect, incom-
plete original identification, as well as an incorrect clinical
diagnosis. HAdV-B5S hexon contains 907 nucleotides from
HAJV-BI1 out of 2,84]1 nucteotides (31.9% ), embedded in
the 34,755 base pair genome (2.6%) (Fig. 1A and B). Se-
quence comparisons reflect the following: HAJV-BSS versus
HAdAV-BId4 at 98.86%; HAJV-BSS versus HAAV-BIL w
97.64%; and HAJV-B11 versus HAdV-B14 at 97.21% (Fig
1C). HAdV-B33 appears to have evolved from a recombina-
tion between HAGV-B14 and -BI1 and should be noted as a
new type, in the context of hoth the recombinant HAJVs that
are accepted as novel types (8, 21) and its change in serotype
(22). In phylogeny analyses, HAAV-B5S groups into a sub-
clade with HAJV-B14 and HAJdV-Bi4a, whercas hexon
(loops 1 and 2) groups into 2 subciade with HAAV-B11. As
"HAdV-Bl1a" did not cross-react with HAdV-B14 antiscra, it
is not a simple varnt of HAGV-BI4, Detailed restniction
enzyme (RE) digestion pattern analysis, seemingly anachronis-
tic but highly effective visually, confirms this, showing HAJV-
BSS as closer to the HAAV-BI4 genome than to the HAdV-
B11 genome (data not shown), und also matching the onginal
RE analysis for HAdV-Bita (11).

The divergent hexon comprises two regions of identity indi-
cating a recombination event within the gene (Fig 1B). Anal-
ysis of an carlier deseribed “HAJV-Bl1a™ hexon (GenBank
accession no. AY972515) (2) shows it is identical 1o the one
embedded in the “OS™ genome (23), suggesting that “HAJV-
Bl1a" was incorrectly characerized earlier as o variant of
HAdJV-BI11 (2. 6. 11, 22) by the use of “then-available™ assays.
Serum neutralization has the hexon as its target, as does lim-
ited molecular typing (3, 13). Since genome rearrangements
are missed by serological and molecular assays against a lim-
ited repertoire, it is problematic to rely solely on these methods
o characterize o virus thoroughly. Thus, due to the limitations
of these assays, the original “HAdV-B11a" isolates have been
misnamed as well (2, 6, 11).

As “HAdV-B11a." this virus represented a parsdox. HAGV-
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B11 i a member of subspecies B2 and was not originally
ussociated with respiratory discase (14); only HAJV-B14 in
this group is associated with respiratory disease (20). A clue as
to the meorrect association of HAJV-BI1 as a resprratory
pathogen lies in the reports that “HAJV-Bl1a™ was unusual in
having cellular tropism 1o respirntory epithelinl cells rather
than renal cells, as observed for onginal and subsequent iso-
lates of HAAV-B11 (11, 23). Ia addition, the original “HAdV-
Bl1a™ did not agglutinate monkey erythrocytes, unlike the true
HAJV-BI1 field strains and the prototype Slobitski strain (5).
If HAAV-BS55 is teuly o variant of HAAV-B11 and an ARD
pathogen, it presents a drastic change in cell and tissue tro-
pism—{rom renal and urinary tract 1o lung, with high morbid-
ity and some mortality (11, 23), This paradox is resolved by the
anplysis of its genome, that it is HAdV-Bl4-like rather than
HAdJV-BI1-like, By inference, the cell recognition epitope is
either the distal 68,19 of the HAJV-B14 hexon or the fiber,
rather than the proximal 31.9% encompassing “loops | and 2"
of the HAJV-BI1 hexon,

Although originally identificd in sporadic and infrequent
historical ARD outhreaks by serum neutralization as “HAJV-
Bl1-dike™ and recently recharacterized by immunochemistry
(serum neutralization and enzyme-linked immunosorbent as-
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mdwanng n very high fevel of identity

say |ELISA]) und limited molecular typing (PCR and hexon
sequencing) also as “HAJV-B11-like™ (2, 6, 11, 22), genomics
und bioinformatics demonstrate that it is a novel type. All of
these older technigues, assaying only the hexon gene, simply
reconfirmed a HAdV-BI1-like hexon epitope. Thercfore, it is
incorrectly named and noted in GenBank (accession no.
FJ643676) as "HAIV-B11a™ or “"HAdV-BI11 strain OS-DLL™
(23)., Bascd on the reported and additional computational
analyses and within the context of recent reports of HAJV
molecular evolution based on recombination (8, 17, 21), this
pathogen i a novel adenovirus type that should be named
HAJV-B55,

A tsunami of gesome sequence information from both newly
isolated and presciently archived HAJV strains and their ac-
companying bivinformatics are leading to an in-depth under-
standing of the biology of HAJVs. Correct identification and
nomenclature of viruses are critical for delining and under-
stunding them as well us their pathogenic variants, purticularly
in GenBank, The correction of the name of this re-emergent
type is urgent, as rescarch groups characterizing other ARD
outbreaks by similar or the same HAAV pathogens are on
the verge of reporting their findings, adding 10 the confu-
sion. Genome recombination plays sn important role in the
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molecular evolution of HAdVs, with consequences of newly
cmerging strains and new understandings of re-emerging
pathogens that have tropism change or that become more
virulent. An intriguing thought for HAJV-BS5S5 is that per-
haps this region of the hexon is a recombination hot spot,
driving the evolution, selection, and appearance of a recur-
rent re-emergent pathogen by altering its serotype and giv-
ing it an advantage in a population with s¢roprevalence
against HAdV-B14. As more HAdV genomes are cluci-
dated, they will Jead 10 better understandings of other
pathogens that may utilize similar evolution pathways in
appearing as emergent and re-emergent pathogens.
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CHAPTER 5: A Necessary Paradigm Shift in HAdV Nomenclature

The current accepted taxonomy scheme of HAdV classifies the HAdVs into species
based on biological and clinical data [21]. Within each species, HAdVs are further
delineated into different “serotypes”. The serotype of a HAdV is determined using
specific properties of the hexon and fiber genes of the organism and was originally based
on antibody — antigen reactions or serology (hence, “sero” type)[21].

The properties used to ascertain the serotype of a HAdV can be measured using
antibody or molecular typing. Antibody typing uses serum neutralization (SN) and
hemagglutination inhibition (HI) assays to test whether or not the hexon and fiber
proteins of a query HAdV are similar to homologs in a previously established serotype
[1]. In molecular typing, portions of a query HAdV genome that encode for the epitopes
targeted in SN and HI assays (hexon and fiber genes) are amplified via PCR. The PCR
products are then sequenced and compared to established serotypes using sequence
homology software (Blast) [66,30,67,4]. In cases where data from the hexon and fiber
characterizations disagree, hexon data is given precedence and the virus is often referred
to as an intermediate strain [36].

Antibody and molecular typing techniques were the best and only available
HAdV classification mechanisms for many years. However, these methods are limited in
the proportion of the genome and virus they explore. SN and hexon molecular typing
examine a portion of the hexon that constitutes approximately a third of the gene and less
than three percent of the genome each. HI and fiber molecular typing explore less than a
third of the fiber gene which accounts for approximately two percent of the genome. The
ninety-five percent of the genome that is ignored by the assays certainly holds data that
would be useful in the classification of HAdV.

The limitations of the current typing techniques have led to contradictions in the
study of some HAdV. For example, early molecular typing results indicated that HAdV -
D53 (discussed in Chapter 4) was a variant of HAdV-D22 [39]. However, the fact that
HAdV-D53 had been implicated in outbreaks of severe epidemic keratoconjunctivitus
(EKC) distinguished it from HAdV-D22 which is not normally pathogenic [39,27]. This
apparent paradox was not resolved until whole genome analysis of HAdV-D53 revealed
that the majority of its genome was similar to HAdV-D37, a known causal agent of EKC
[65,10]. The data from the HAdV-D53 analysis led to its designation as a novel HAdV
type. HAdV-D53 is referred to as a novel “type” as opposed to “serotype” to distinguish
it from HAdVs that have been classified using serological methods.

Advancements in genome sequencing and bioinformatics methods allow for the
development of a more “comprehensive typing algorithm” (CTA). This algorithm makes
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use of all available genome analysis data from phylogenomics (as defined in Chapter 2)
and recombination analysis to clinical data. The method also incorporates the principles
of the current typing conventions (which make use of the virus capsid proteins: penton,
hexon, fiber) so that the contradictions with past HAdV literature can be avoided. The
sum of the information from all parts of the CTA is combined to determine the degree of
novelty of a query HAdV sequence and its place in the HAdV taxonomy.

The phylogenomic examination of a HAdV begins with a whole genome
phylogenetic tree. The whole genome tree is based on a sequence alignment of all
available HAdV genomes. This tree can be used to determine the species of a query
HAdV. Phylogenomic species determination is an improvement over earlier methods
because it uses the molecular relationship between HAdVs, rather than clinical data that
can be incomplete or misinterpreted, to discern the species of a HAdV. Furthermore, and
perhaps surprisingly, data from this method reflects the findings of past literature. Figure
11 shows a whole genome phylogenetic tree that demonstrates this fact. In the tree, all
taxa form clades based on the species determinations made by the original authors of the
reference publication for each HAdV.

111



v OCOOM L Py’ G ol
190 | Gt ) Paargrtas

180 | | Ry onmmn By ponc 12y

DOCOGHEOD | ALY 5 (1l

- ]-y:u;th 4 LT
1 A Y Mg oy 4 v
£ ABAETLP R B

Figure 11. A whole genome phylogenetic tree of seventy HAdV genomes. The
name of each taxa has a format that list the GenBank accession number for the genome,
followed by a “|”, followed by the species of the genome and followed by the serotype of
the HAdV. The neighbor joining, bootstrapped tree (1000 replicates) was constructed
using Mega 4. Phylogenetic distances for the tree were calculated using the Maximum
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Composite Likelihood method (MCL). Taxa from the same species form distinct clades
within the tree.

It would be convenient, and therefore tempting, to use some metric of the whole
genome phylogeny (percent identity or phylogenetic distance values) to determine the
type of a query HAdV. In this type of method, the shortest distance between any two
different established HAdV types could be measured and used as a sort of “low bar”.
Then any query HAdV with a distance from its nearest relative that is larger than the
“low bar” would be called novel.

The “low bar” method was explored and inconsistencies in the current genome
versus type data made it impossible to employ it as a comprehensive typing strategy. The
most common types of inconsistencies found were cases in which the distance between
two established HAdVs of the same type was larger than the distance between HAdVs of
different types. For example, the Maximum Composite Likelihood (MCL) [50,51]
calculated distance between the reference and field strains of HAdV-B7 is 0.0176, which
is larger than the distance of 0.0139 between HAdV-B35 and HAdV-B11. Percent
identity values of these HAdVs show the same relationships indicating that the
inconsistencies observed are not artifacts of the method of distance calculation. The
source of the contradictions in the distance values is not yet known but may be related to
different evolutionary rates among disparate species of HAdVs. Nonetheless, a more
refined method must be used to determine HAdV types.

To determine the type of query HAdVs, the phylogenomics of individual genes
must be examined. The hexon, fiber and penton genes are explored in this step of the
CTA. These genes encode the surface proteins of the virus. Their role in determining the
cell tropism of the virus makes them a logical choice for HAdV typing. Furthermore, the
genes are well studied and information from previous examinations can be incorporated
into the CTA so that its results remain consistent with past research.

The HAdV hexon protein contains two major loops (referred to as L1 and L2) that
hold the epitope targeted by SN assays. Primers that are capable of isolating the portion
of the hexon gene that encodes for these loops have been developed as part of a
molecular typing strategy [30]. Only one of the hexon loops is necessary to mimic SN
results (personal communication). Given the choice of using either loop, it is logical to
select L1 because it is larger and any phylogeny based on L1 will be less likely to be
affected by small differences in alignment methods. For these reasons, the
phylogenomics of the L1 region of the hexon gene have been included in the CTA.

Recombination studies have revealed that the all of the known HAdV hexon
recombination events bracket the L1 and L2 regions [10,11]. Downstream of L1 and L2
is a conserved region (referred to as C4) that constitutes approximately half of the gene
and shows very little recombination potential. Incorporating phylogenomics data from
this region into the CTA allows for the identification of potential recombination events.
Primers that isolate a portion of the C4 region have been developed previously [43] and
were integrated in to the analysis.
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The HAdAV fiber protein contains a variable region, called the knob. This contains
the epitope that is targeted in HI assays. This region also contains the determinants for
cell entry and cell tropism. Primers bracketing the knob region of the fiber gene have
been published [30] and so the phylogenomics of this region is included as part of the
CTA in order to mimic HI results.

The penton protein and gene are often overlooked by antibody and molecular
typing methods. As a result of this, primers for important portions of the penton gene
have not been developed. The phylogenetics of the entire penton gene is incorporated into
the CTA representing this portion of the genome.

Figure 12 shows a phylogenomic examination of HAdV-B55 and HAdV-B55p1.
Both of these isolates are members of the HAdV-B2 subspecies, as indicated by the
whole genome tree. The fact that HAdV-B55 and B55p1 form clades with one another in
all trees suggests that they are variants of the same HAdV type.
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Figure 12. A phylogenetic examination of HAdV-B55 and HAdV-B55p1l. The
genome, penton, hexon conserved, and fiber knob trees reveal a close relationship
between HAdV-B55, B55p1, HAdV-B14, and HAdV-B14a. The hexon loop 1 tree shows
a close relationship with HAdV-B11, indicating a recombination event. HAdV-B55 and
HAdV-B55p1 form clades together in all trees, demonstrating that they are variants of the
same type.
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The HAdV-B55 isolates were originally mis-identified as variants of HAdV-B11
(HAdV-B11a) based on molecular typing data. However, phylogenetic analysis of the
whole genome, penton, hexon conserved region and fiber knob region clearly indicate
that HAdV-B55 and HAdV-B55p1 are most closely related to HAdV-B14. Furthermore,
the discrepancy between the hexon loop 1 and conserved region trees shows a hexon
recombination (discussed in Chapter 4) that led to the misleading molecular typing
results.

Only two logical conclusions can be drawn from the phylogenomic examination
of the HAdV-B55 isolates. The first conclusion is that HAdV-B55 and B55p1 are
variants of HAdV-B14. The second conclusion is that the HAdV-B55 isolates are
variants of a novel HAdV type due to changes in pathology.

To determine whether or not the isolates of HAdV-B55 represent a novel HAdV
type, the CTA incorporates biological or clinical data. The phylogenetic trees of both
hexon regions indicate that the HAdV-B55 variants contain a hexon recombination. This
data is confirmed by a formal recombination analysis (Figure 5 in chapter 2, also
discussed in Chapter 4) [11]. However, a recombination event alone is not enough to
designate a novel HAdV type. Otherwise, biologically insignificant recombination events
could be used as a basis to name novel types which could lead to confusion in the
literature. In order for a new type to be defined based on a recombination event, that
event must have some biological or clinical relevance. It is this relevance that makes the
claim of a novel type scientifically defensible.

The recombination event within the genome of HAdV-B55 causes it (and its
variants) to have a hexon that resembles HAdV-B11, a renal pathogen. However, the rest
of the HAdV-B55 genome is similar to HAdV-B14 which, like HAdV-B55, causes
respiratory symptoms. The renal hexon of HAdV-B55 could allow the virus to evade a
host immune system that is primed to fight respiratory pathogens that are similar to
HAdV-B14. The biological implications of this evasion are intriguing and lead to the
conclusion that HAdV-B55 and its variants represent a novel type of HAdV.

The analysis of HAdV-B55 demonstrates how a new CTA can be used to
combine phylogenomic, recombination, biological and clinical data to designate a novel
HAdV type. Furthermore, the analysis of HAdV-B55p1 shows that variants of existing
types can also be identified using the CTA. This new algorithm makes use of existing
typing methods and augments them with whole genome analysis to create an exact and
thorough typing strategy.
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CHAPTER 6: Future Directions

The previous chapters of this document discuss a new algorithm to study
comprehensively HAdV genomes and their evolutionary history. This method has been
useful in the examination of HAdVs with pathogenic or vaccine/vector development
potential and viruses from species that have been understudied in the past. The algorithm
has also been used to examine the growing number of newly isolated recombinant HAdV
genomes. Furthermore, recombination studies have revealed the need for a new
comprehensive typing method for HAdV which has been developed and incorporated
into the genome analysis process.

Each aspect of this new analysis algorithm can be improved with future research.
First, the study of non-recombinant genomes can be enhanced by standardizing the
annotation of HAdV genomes. Second, the study of recombinant genomes can be
improved by more accurately defining the amount of data required to identify a
recombination event and the best way to deal with the growing amount of data being
produced by recombination studies. Finally, the comprehensive typing algorithm (CTA)
discussed in this document can be improved thorough the development of a standardized
nomenclature for HAdV variants.

The non-recombinant aspects of HAdV genome analysis can be greatly improved
with the development of standardized annotation for genes and proteins. An annotation of
HAdV sequences varies widely from genome to genome. Products from the E1A gene,
for example, can be named according to their size in kilodaltons (eg. E1A 21K in HAdV-
D53), length in residues (eg. ELA 253R in HAdV-D46), or rate of centrifugal
sedimentation rate (eg. E1A 13S in HAdV-B3). The disparate naming conventions hinder
homology (and other) studies because they make it more difficult to determine whether or
not genes or products are, in fact, homologs of one another.

The diverse HAdV research community will have to play a large role in any effort
to standardize the annotations process. One possible method of involving this community
in an annotation review is to create a publicly available and editable database of HAdV
sequence data. This Wikipedia-like resource could create an environment where the
annotation of specific HAdV sequences is standardized by the researchers who are most
familiar with these sequences. The first step toward developing this type of HAdV
catalog is the creation of a sequence database similar to the one that is described in
Chapter 2 of this document.

Answering two important questions will improve HAdV recombination studies in
the future. The first question is “How convincing must data be to support adequately a
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claim of recombination?”” The second question is “What is the best way to undertake
recombination studies that contain a large number of reference sequences?”

The recombination studies discussed in this document describe HAdVs that
contain clear, almost undeniable recombination events. In all cases, the recombinant
sequences have a very high degree of similarity (>95%) and bootscan analysis graphs
show prolonged plateaus at the maximum possible level (100%). In short, these
recombination claims are very easy to defend scientifically. However, it may be the case
that these recombination events represent the so called “low fruit” that has been picked
from the tree. Future recombination studies may have to rely on data that supports a claim
of recombination in a less convincing manner. For example, the analysis of HAdV-A18
(discussed in Chapter 3) presents bootscan evidence that indicates the presence of hexon
recombination. This bootscan data is contradicted by the similarity plot graphs, showing
only eighty-five percent (85%) similarity in the recombinant region. This contradiction
raises a question as to what degree of homology is necessary for a defensible claim of
recombination. Questions, such as these, are likely to become more common as the
number of HAdV recombination studies increases.

The question of how convincing data must be to support a claim of recombination
will ultimately have to be answered by the HAdV research community through the
process of peer review. However, it may be logical to incorporate clinical and biological
data into recombination studies to aid in answering this question. The recombination
events in HAdV-D53 and HAdV-B55 changed the tropism of these viruses, which has
biological and clinical implications. These implications make a claim of recombination
more scientifically convincing.

The number of HAdV genomes that are fully sequenced is growing rapidly. The
large number of sequences available can make recombination studies more difficult. The
problem with using a high number of sequences in a recombination study is that it
becomes more difficult to differentiate those sequences in graphs, such as bootscans or
similarity plots. However, eliminating sequences from the analysis could decrease the
quality of the analysis. Answering the question of how to deal with numerous sequences
will be an important part of future recombination studies.

One strategy for dealing with a large number of sequences in a recombination
study is to “pare down” the data in a step-wise fashion. In this method, a first-pass
recombination analysis is run that contains every possible sequence. Next, the sequences
that contribute little or nothing to the analysis are removed from the sequence group and
the recombination scan is run again. This process is repeated until the recombination
plots are sufficiently clarified. The “pare-down” strategy was employed, to great effect,
in the recombination studies that are discussed in this document. As the body of HAdV
sequences grows, this strategy will, most likely, have to be refined in some manner.

The comprehensive typing algorithm (CTA) that is discussed in Chapter 5 of this
document can be improved by standardizing the nomenclature that will be used for
variants of existing HAdV types. The CTA has been shown to be capable of determining
the novelty of a query HAdV. The current convention on naming novel HAdVs is to
name them in sequential order. Since there are currently fifty-five HAdV types, the next
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novel HAdV to be characterized will be named HAdV-56. This convention is suitable for
most purposes and is accepted among the HAdV community. However, the typing
convention for variants of HAdVs is not standardized. This variability of variant names
could lead to confusion with regard to the identity of HAdVs in the future.

It may be possible to standardize variant names in the future, by using less
variable methods to measure the differences between variants. A popular typing
convention for variant names that has been used in the past is based on restriction enzyme
(RE) map differences [Heim ref]. Variants that differ significantly from another strain are
given letters. This is the case for HAdV-B14a which is a variant of HAdV-B14. Variants
that differ only slightly from another strain are given numbers. This is the case with
HAdV-B55p1 which is a variant of HAdV-B55p (the “p” stands for prototype and is
commonly omitted from the name).

A major problem with using the RE typing convention is that the degree of
difference which is required to give a variant a letter name, rather than a number, is ill-
defined. The primary reason that this degree of difference is not defined is that RE maps
measure sequence identity in a variable way. In a RE analysis, the restriction maps of two
sequences may be more or less similar, depending upon which enzymes are used to
construct the maps.

A less variable method of measuring the difference between sequences could be
used to overcome the limitations of RE analysis. Percent identity and phylogenetic
distance measurements between sequences remain relatively constant even when
different alignment methods are used or extra sequences are added to the analysis. These
measurements could be used to define a metric that is required to name a variant with a
letter. This technique would be similar to the “low bar” method discussed in Chapter 5. It
is possible that using “low bar” measurements to define variants will prove to be
impossible, just as they cannot be used to define novel HAdV types. However, the use of
these measurements is a logical approach that should be explored.

The genome analysis method described in this document represents a
comprehensive way to characterize HAdVs quickly and accurately. This system has
already produced a wealth of valuable data. As HAdV research progresses, the genome
analysis algorithm will undoubtedly, evolve and improve.

Note: All references to HAdV-B14a, in this manuscript, describe HAdV-B14p1. The virus

was originally incorrectly named.
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APPENDIX

Java code for the Protein Percent Identities program that is discussed in this Dissertation:

dispacter-servelet.xml

<?xml version="1.0" encoding="UTF-8"?>

<beans xmlns="http://www.springframework.org/schema/beans"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:p="http://www.springframework.org/schema/p"
xmlns:aop="http://www.springframework.org/schema/aop™
xmlns:tx="http://www.springframework.org/schema/tx"
xsi:schemalocation="http://www.springframework.org/schema/beans

http://www.springframework.org/schema/beans/spring-beans-2.5.xsd
http://www.springframework.org/schema/aop

http://www.springframework.org/schema/aop/spring-aop-2.5.xsd

http://www.springframework.org/schema/tx

http://www.springframework.org/schema/tx/spring-tx-2.5.xsd">

<bean
class="org.springframework.web.servlet.mvc.support.ControllerClassNameHandlerMapp
ing"/>

<I--
Most controllers will use the ControllerClassNameHandlerMapping above, but
for the index controller we are using ParameterizableViewController, so we must
define an explicit mapping for it.
-—->
<bean id="urlMapping"
class="org.springframework.web.servlet.handler.SimpleUrIHandlerMapping">
<property name="mappings">
<props>
<prop key="FastaUploadForm.htm">fastaAlign</prop>
<prop key="FastaConvertForm.htm">fastaConvert</prop>
<prop key="FileUploadForm.htm">seqAlign</prop>
<prop key="index.htm">indexController</prop>
</props>
</property>
</bean>

<bean id="multipartResolver"
class="org.springframework.web.multipart.commons.CommonsMultipartResolver"/>
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<bean id="viewResolver"
class="org.springframework.web.servlet.view.InternalResourceViewResolver"
p:prefix="/WEB-INF/jsp/"
p:suffix=".jsp" />

<I--

The index controller.

->

<bean name="indexController"
class="org.springframework.web.servlet.mvc.ParameterizableViewController"
p:viewName="index" />

<bean id="segAlign" class="controller.SeqAlignController" p:seqAlignService-
ref="segAlignService">
<property name="commandName" value="segAlignForm"/>
<property name="pages">
<list>
<value>FileUploadForm</value>
<value>SeqSelectForm</value>
<value>SeqConfirmationForm</value>
</list>
</property>
</bean>

<bean id="fastaAlign" class="controller.FastaAlignController" p:segAlignService-
ref="segAlignService">
<property name="commandName" value="fastaAlignForm"/>
<property name="pages">
<list>
<value>FastaUploadForm</value>
<value>FastaSeqSelectForm</value>
<value>FastaSeqConfirmationForm</value>
</list>
</property>
</bean>

<bean id="fastaConvert" class="controller.FastaConvertFormController"
p:seqgAlignService-ref="segAlignService">
<property name="commandName" value="fastaForm"/>
<property name="commandClass" value="controller.FastaConvertBean"/>
<property name="formView" value="FastaConvertForm"/>
<property name="successView" value="FastaConvertConfirmation"/>
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</bean>

</beans>

applicationContext.xml

<?xml version="1.0" encoding="UTF-8"?>

<beans xmlns="http://www.springframework.org/schema/beans"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:p="http://www.springframework.org/schema/p"
xmlns:aop="http://www.springframework.org/schema/aop™
xmlns:tx="http://www.springframework.org/schema/tx"
xsi:schemalocation="http://www.springframework.org/schema/beans

http://lwww.springframework.org/schema/beans/spring-beans-2.5.xsd
http://www.springframework.org/schema/aop

http://www.springframework.org/schema/aop/spring-aop-2.5.xsd
http://www.springframework.org/schema/tx

http://www.springframework.org/schema/tx/spring-tx-2.5.xsd">

<!--bean id="propertyConfigurer"
class="org.springframework.beans.factory.config.PropertyPlaceholderConfigurer"
p:location="/WEB-INF/jdbc.properties" />

<bean id="dataSource"
class="org.springframework.jdbc.datasource.DriverManagerDataSource"
p:driverClassName="${jdbc.driverClassName}"
p:url="${jdbc.url}"
p:username="${jdbc.username}"
p:password="${jdbc.password}" /-->

<bean name="seqAlignService" class="service.SegAlignService">

<constructor-arg value="/WEB-INF/Res/BLOSUM®62.txt"/>
</bean>
<!-- ADD PERSISTENCE SUPPORT HERE (jpa, hibernate, etc) -->

</beans>

AlignConf.jsp

<?xml version="1.0" encoding="UTF-8"?>

<beans xmlns="http://www.springframework.org/schema/beans"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlins:p="http://www.springframework.org/schema/p"
xmlns:aop="http://www.springframework.org/schema/aop”
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xmlns:tx="http://www.springframework.org/schema/tx"
xsi:schemaLocation="http://www.springframework.org/schema/beans
http://www.springframework.org/schema/beans/spring-beans-2.5.xsd
http://www.springframework.org/schema/aop
http://www.springframework.org/schema/aop/spring-aop-2.5.xsd
http://www.springframework.org/schema/tx
http://www.springframework.org/schema/tx/spring-tx-2.5.xsd">

<!--bean id="propertyConfigurer"
class="org.springframework.beans.factory.config.PropertyPlaceholderConfigurer"
p:location="/WEB-INF/jdbc.properties" />

<bean id="dataSource"
class="org.springframework.jdbc.datasource.DriverManagerDataSource"
p:driverClassName="${jdbc.driverClassName}"
p:url="${jdbc.url}"
p:username="%{jdbc.username}"
p:password="${jdbc.password}" /-->

<bean name="seqAlignService" class="service.SegAlignService">

<constructor-arg value="/WEB-INF/Res/BLOSUM®62.txt"/>
</bean>
<!-- ADD PERSISTENCE SUPPORT HERE (jpa, hibernate, etc) -->

</beans>

FastaConvertConfirmation.jsp
<%--
Document : FastaConvertConfirmation
Created on : May 7, 2009, 12:53:03 PM
Author  : Michael
--0p>
<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core" %>
<%@ taglib prefix="form™ uri="http://www.springframework.org/tags/form" %>
<%@ taglib prefix="spring" uri="http://www.springframework.org/tags" %>
<%@page contentType="text/html" pageEncoding="UTF-8"%>
<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.0rg/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>Fasta Conversion Confirmation</title>
</head>
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<body>
<h1>Fasta Conversion Confirmation</h1>
<p>
Sequence Type: ${fastaForm.seqType}
</p>
<em>The results are presented in tablular format so that they can easily be<br/>
"screen scraped" into a text file</em>
<c:if test="%{fastaForm.seqType == "proteins'}">
<table border="1">
<thead>
<tr>
<th align="left">Protein Seqs</th>
</tr>
</thead>
<tbody>
<c:forEach items="${fastaForm.seqL.ist}" var="seq">
<tr>
<td>>${seq.geneProd}<br/></td>
</tr>
<tr>
<td>${seq.cdsTransltn}</td>
</tr>
</c:forEach>
</tbody>
</table>
</c:if>

<c:if test="${fastaForm.seqType == 'nucleotides'}">
<table border="1">
<thead>
<tr>
<th align="left">Nucleotide Segs</th>
</tr>
</thead>
<tbody>
<c:forEach items="${fastaForm.seqList}" var="seq">
<tr>
<td>>${seq.geneProd}<br/></td>
</tr>
<tr>
<td>${seq.cdsSeq}</td>
</tr>
</c:forEach>
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</tbody>
</table>
</c:if>
</body>
</html>

FastaConvertForm.jsp
<%--
Document : FastaConvertForm
Created on : May 7, 2009, 12:52:27 PM
Author  : Michael
--0p>
<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core™ %>
<%@ taglib prefix="form" uri="http://www.springframework.org/tags/form" %>
<%@ taglib prefix="spring" uri="http://www.springframework.org/tags" %>
<%@page contentType="text/html" pageEncoding="UTF-8"%>
<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.0rg/TR/html4/loose.dtd">

<htmI>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>Fasta Convert</title>
</head>
<body>
<h1>Input GenBank Files and Output Features in Fasta Format.</h1>
<form:form commandName="fastaForm" action="FastaConvertForm.htm"
enctype="multipart/form-data">
<input type="file" name="file"/><br/>
<form:checkbox path="seqType" label="get protein seqs" value="proteins"/>
<form:checkbox path="seqType" label="get nuleotide seqs"
value="nucleotides"/>
<br/>
<input type="submit" value="submit"/>
</form:form>
</body>
</html>

FastaSegConfirmation.jsp

<0%p--
Document : FastaSeqConfirmationForm
Created on : May 10, 2009, 3:44:11 PM
Author  : Michael
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--0p>

<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core™ %>

<%@ taglib prefix="form™ uri="http://www.springframework.org/tags/form" %>

<%@ taglib prefix="spring" uri="http://www.springframework.org/tags" %>

<%@page contentType="text/html" pageEncoding="UTF-8"%>

<IDOCTYPE HTML PUBLIC "-//W3C//[DTD HTML 4.01 Transitional//EN"
"http://www.w3.0rg/TR/html4/loose.dtd">

<html>

<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>

</head>

<body>
<h1>Hello World!Page3</h1>
<form:form commandName="fastaAlignForm" action="FastaUploadForm.htm">

<table border="1">
<thead>
<tr>
<th></th>
<th></th>
</tr>
</thead>
<tbody>
<tr>
<td valign="top"><c:forEach items="${fastaAlignForm.alteredSeqL.ist}"
var="seq">
${seq.fastalabel}
<strong>
Will be compared to->
</strong><br/> <hr/>
</c:forEach></td>
<td valign="top"><c:forEach
items="${fastaAlignForm.alteredSeqL.ist2}" var="seql">
${seql.fastaLabel} <br/> <hr/>

</c:forEach></td>
</tr>
</tbody>
</table>
<input type="submit" value="submit™ name="_finish"/>

125



<l--</form>-->

</form:form>
</body>
</html>

FastaSeqgSelectForm.jsp

<%--
Document : FastaSeqSelectForm
Created on : May 10, 2009, 3:41:33 PM
Author  : Michael

--0p>

<%@ taglib prefix="form" uri="http://www.springframework.org/tags/form" %>

<%@page contentType="text/html" pageEncoding="UTF-8"%>

<IDOCTYPE HTML PUBLIC "-//W3C//IDTD HTML 4.01 Transitional//EN"
"http://www.w3.org/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>
</head>
<body>
<h1>Hello World!FastaSegselect</h1>
<form:form commandName="fastaAlignForm" action="FastaUploadForm.htm">
<font color="red"><form:errors path="*"
delimiter="<br/>"></form:errors></font>
<table border="1">
<thead>
<tr>
<th>seql</th>
<th>seq2</th>
</tr>
</thead>
<tbody>
<tr>
<td valign="top">
<form:checkboxes path="alteredlds"
items="${fastaAlignForm.seqList}"
itemLabel="fastaLabel" itemValue="id" delimiter="<br/><hr/>"/></td>
<td valign="top"><form:checkboxes path="alteredlds2"
items="${fastaAlignForm.seqList2}"
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itemLabel="fastaLabel" itemValue="id" delimiter="<br/><hr/>"/></td>
</tr>
</tbody>
</table>

<input type="submit" value="submit" name="_target2"/>
</form:form>
</body>
</html>

FastaUploadForm.jsp

<0%--
Document : FastaUploadForm
Created on : May 10, 2009, 3:39:31 PM
Author  : Michael

--0p>

<%@ taglib prefix="form" uri="http://www.springframework.org/tags/form" %>

<%@page contentType="text/html" pageEncoding="UTF-8"%>

<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core" %>

<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.0rg/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>
</head>
<body>
<h1>Hello World! This is the fastaUpload</h1>
<form:form commandName="fastaAlignForm" action="FastaUploadForm.htm"
enctype="multipart/form-data">
<I--<form action="" method="POST">-->
<table border="1">
<thead>
<tr>
<th>1st GenBank File</th>
<th>2nd GenBank File</th>
<ftr>
</thead>
<tbody>
<tr>
<td><input type="file" name="file"/></td>
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<td><input type="file" name="file2"/></td>
<ftr>
</tbody>
</table>
<input type="submit" value="submit" name="_target1"/><br/>
<font color="red"><form:errors path="*"
delimiter="<br/>"></form:errors></font>
<l--</form>-->
</form:form>
</body>
</html>

FileUploadForm.jsp
<0%--
Document : FileUploadForm
Created on : Apr 29, 2009, 3:51:55 PM
Author  : Michael
--0p>
<%@ taglib prefix="form" uri="http://www.springframework.org/tags/form" %>
<%@page contentType="text/html" pageEncoding="UTF-8"%>
<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core™ %>
<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.org/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>
</head>
<body>
<h1>Hello World! This is the fileupload</h1>
<form:form commandName="seqAlignForm" action="FileUploadForm.htm"
enctype="multipart/form-data">
<!I--<form action="" method="POST">-->
<table border="1">
<thead>
<tr>
<th>1st GenBank File</th>
<th>2nd GenBank File</th>
</tr>
</thead>
<tbody>
<tr>
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<td><input type="file" name="file"/></td>
<td><input type="file" name="file2"/></td>
</tr>
</tbody>
</table>
<input type="submit" value="submit" name="_target1"/><br/>
<font color="red"><form:errors path="*"
delimiter="<br/>"></form:errors></font>
<I-- <c:forEach items="%{errors}" var="e">
<strong font="red">${e}</strong><br/>
</c:forEach>-->
<l--</form>-->
</form:form>
</body>
</html>

SeqgConfirmationForm.jsp
<0%--
Document : Page3
Created on : Apr 30, 2009, 12:15:57 PM
Author  : Michael
--0p>
<%@ taglib prefix="c" uri="http://java.sun.com/jsp/jstl/core™ %>
<%@ taglib prefix="form™ uri="http://www.springframework.org/tags/form" %>
<%@ taglib prefix="spring" uri="http://www.springframework.org/tags" %>
<%@page contentType="text/html" pageEncoding="UTF-8"%>
<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.0rg/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>
</head>
<body>
<h1>Hello World!Page3</h1>
<form:form commandName="seqAlignForm" action="FileUploadForm.htm">
<table border="1">
<thead>
<tr>
<th></th>
<th></th>
<ftr>
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</thead>
<tbody>
<tr>
<td valign="top"><c:forEach items="${seqAlignForm.alteredSeqList}"
var="seq">
${seq.geneProdTrans}
<strong>
Will be compared to->
</strong><br/> <hr/>
</c:forEach></td>
<td valign="top"><c:forEach items="${seqAlignForm.alteredSeqList2}"
var="seql">
${seql.geneProdTrans} <br/> <hr/>

</c:forEach></td>
</tr>
</tbody>
</table>
<input type="submit" value="submit" name="_finish"/>
<l--</form>-->

</form:form>
</body>
</html>

SeqSelectForm.jsp
<%--
Document : SeqSelectForm
Created on : Apr 29, 2009, 3:57:01 PM
Author  : Michael
--0p>
<%@ taglib prefix="form" uri="http://www.springframework.org/tags/form" %>
<%@page contentType="text/html" pageEncoding="UTF-8"%>
<IDOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.01 Transitional//EN"
"http://www.w3.org/TR/html4/loose.dtd">

<html>
<head>
<meta http-equiv="Content-Type" content="text/html; charset=UTF-8">
<title>JSP Page</title>
</head>
<body>
<h1>Hello World!Segselect</h1>
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<form:form commandName="segAlignForm" action="FileUploadForm.htm">
<font color="red"><form:errors path="*"
delimiter="<br/>"></form:errors></font>
<table border="1">
<thead>
<tr>
<th>seql</th>
<th>seq2</th>
</tr>
</thead>
<tbody>
<tr>
<td valign="top">
<form:checkboxes path="alteredlds" items="%{seqAlignForm.seqL.ist}"
itemLabel="geneProdTrans" itemValue="id"
delimiter="<br/><hr/>"/></td>
<td valign="top"><form:checkboxes path="alteredlds2"
items="${segAlignForm.seqList2}"
itemLabel="geneProdTrans" itemValue="id"
delimiter="<br/><hr/>"/></td>
</tr>
</tbody>
</table>

<input type="submit" value="submit" name="_target2"/>
</form:form>
</body>
</html>

redirect.jsp

<%p--

Views should be stored under the WEB-INF folder so that
they are not accessible except through controller process.

This JSP is here to provide a redirect to the dispatcher

servlet but should be the only JSP outside of WEB-INF.

--0p>

<% @page contentType="text/html|" pageEncoding="UTF-8"%>
<% response.sendRedirect("index.htm"); %>

FastaAlignController
/*
* To change this template, choose Tools | Templates
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* and open the template in the editor.
*/

package controller;

import java.util. ArrayList;

import java.util.HashMap;

import java.util.Map;

import javax.servlet.http.HttpServletRequest;

import javax.servlet.http.HttpServletResponse;

import org.springframework.beans.propertyeditors.CustomCollectionEditor;
import org.springframework.validation.BindException;

import org.springframework.validation.Errors;

import org.springframework.web.bind.ServletRequestDataBinder;

import org.springframework.web.servlet. Model AndView;

import org.springframework.web.servlet. mvc.AbstractWizardFormController;
import service.Featr;

import service.SegAlignService;

/**

*

* @author Michael

*/

public class FastaAlignController extends AbstractWizardFormController {
private SegAlignService segAlignService;

public void setSeqAlignService(SegAlignService segAlignService) {
this.seqAlignService = segAlignService;

ky

public FastaAlignController() {
/Nnitialize controller properties here or
/lin the Web Application Context

//setCommandClass(controller.SegAlignBean.class);
//setCommandName("MyCommandName");
/IsetSuccessView("successView");
[[setFormView("formView");
//setCommandName("seqAlignForm™);

[IsetPages(new String[] {"'FileUploadForm", "SeqSelectForm", "Page3"});
System.out.printin("Constructor:::::::");
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@Override
protected Object formBackingObject(HttpServletRequest request) throws Exception {

SegAlignBean fastaAlignForm = new SegAlignBean();
/IsegAlignForm.setDum("dum™);
System.out.printin("FBO:::::::: "+ fastaAlignForm.toString());
return fastaAlignForm;

ks

@Override
protected Map referenceData(HttpServletRequest request, Object command, Errors
errors, int page) throws Exception {
SegAlignBean bean = (SegAlignBean) command;
if (getCurrentPage(request)==1){
Map<Object, Object> dataMap = new HashMap<Object, Object>();
bean.setSeqList(segAlignService.makeFeatureListFromFastaFile(bean.getFile()));

bean.setSeqList2(seqAlignService.makeFeatureListFromFastaFile(bean.getFile2()));
IIsegAlignService.getProtAlignmentsAndlds("MMMPPVVVM",
"MMMVVVM");
//bean.setDum(Integer.toString(bean.getSeqList().size()));
/[dataMap.put("seqList", bean.getSeqList());
System.out.printin("RefDatalF0:::::::::::::"+getCurrentPage(request));
return dataMap;
}
if (getCurrentPage(request)==2){
Map<Object, Object> dataMap = new HashMap<Object, Object>();
bean.setAlteredSeqList();
bean.setAlteredSeqL.ist2();
//bean.setDum(Integer.toString(bean.getAlteredSeqList().size()));
/[dataMap.put("seqgL.ist", bean.getSeqList());

System.out.printin("RefDatalF2:::::::::::::"+getCurrentPage(request));
return dataMap;

}

System.out.printin("RefData:::::::::::::"+getCurrentPage(request));

return super.referenceData(request, command, errors, page);

¥

@Override
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protected void onBind(HttpServletRequest request, Object command, BindException
errors) throws Exception {
SegAlignBean fastaAlignForm = (SegAlignBean) command;
if (getCurrentPage(request)==0){

/[fastaAlignForm.setSeqList(segAlignService.makeFeatureListFromFastaFile(fastaAlign
Form.getFile()));

/[fastaAlignForm.setSeqList2(seqAlignService.makeFeatureListFromFastaFile(fastaAlig
nForm.getFile2()));
/[segAlignService.getProtAlignmentsAndlds("MMMPPVVVM",
"MMMVVVM");
/[fastaAlignForm.setDum(Integer.toString(fastaAlignForm.getSeqList().size()));
}
if (getCurrentPage(request)==1){
System.out.printin("errors:::"+errors.getAllErrors().toString());

/IsegAlignForm.setSeqList(segAlignService.makeCodingFeatureListFromFile(seqAlignF
orm.getFile()));

1 fastaAlignForm.setAlteredSeqL.ist();
I fastaAlignForm.setAlteredSeqList2();
1

fastaAlignForm.setDum(Integer.toString(fastaAlignForm.getAlteredSeqList().size()));

by
//seqAlignForm.setDum(Integer.toString(segAlignForm.getPst().length));

System.out.printin("OnBind::::::"+ getCurrentPage(request));
}

@Override
protected void validatePage(Object command, Errors errors, int page) {
SegAlignBean segAlignForm = (SegAlignBean) command;

System.out.printin("Validate::::::::");
if (page==0){
System.out.printin("Validate::::::::0" + errors.getErrorCount());
I ValidationUtils.rejectifEmpty(errors, "file", "2 genbank files must be included™);

if(seqAlignForm.getFile().getOriginalFilename().isEmpty()){
System.out.printin("Validate::::::::File™);
errors.rejectValue(*'file", "2 genbank files must be included”, "The 1st fasta file
must be included");
}if(segAlignForm.getFile2().getOriginalFilename().isEmpty()){
System.out.printin(*Validate::::::::File™);
errors.rejectValue(*'file2", "2 genbank files must be included", "The 2nd fasta
file must be included");
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}
System.out.printin(*Validate::::::::0afte” + errors.getErrorCount());
}
if (page==1){
if(seqAlignForm.getSeqList().size() -
segAlignForm.getAlteredlds().length!=
segAlignForm.getSeqList2().size() -
segAlignForm.getAlteredlds2().length){
System.out.printin("Validate::::::::pagel");
errors.reject("™, "Both columns of the table must contain the same number of
seqs!);

k
¥

/Isuper.validatePage(command, errors, page);

}

@Override
protected ModelAndView processFinish(HttpServletRequest request,
HttpServletResponse response, Object command, BindException errors) throws
Exception {
/lthrow new UnsupportedOperationException("Not supported yet.");
SegAlignBean segAlignForm = (SegAlignBean) command;
segAlignForm.setAligns(
segAlignService.getProtAlignsFromFastaFeatrLists(
segAlignForm.getAlteredSeqList(),
segAlignForm.getAlteredSeqList2()));
System.out.printin("Finish::::::");
return new ModelAndView("AlignConf", "segAlignForm", segAlignForm);
}

}

FastaCovertBean.java

/*

* To change this template, choose Tools | Templates

* and open the template in the editor.
*/

package controller;
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import java.util. ArrayList;
import org.springframework.web.multipart. MultipartFile;
import service.Featr;

/**

*

* @author Michael

*/

public class FastaConvertBean {
private MultipartFile file;
private ArrayList<Featr> seqList;
private String seqType;

public String getSeqType() {
return seqType;

ky

public void setSeqType(String seqType) {
this.seqType = seqType;
}

public MultipartFile getFile() {
return file;

ky

public void setFile(MultipartFile file) {
this.file = file;
}

public ArrayList<Featr> getSeqList() {
return seqL.ist;

ky

public void setSeqList(ArrayList<Featr> seqList) {
this.segList = seqList;
}
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FastaConvertFormController.java

/*

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package controller;

import javax.servlet.http.HttpServietRequest;

import javax.servlet.http.HttpServletResponse;

import org.springframework.validation.BindException;

import org.springframework.web.multipart.MultipartFile;

import org.springframework.web.servlet. Model AndView;

import org.springframework.web.servlet.mvc.SimpleFormController;
import service.SegAlignService;

/**

*

* @author Michael

*/

public class FastaConvertFormController extends SimpleFormController {
private SeqAlignService segAlignService;

public void setSeqAlignService(SegAlignService segAlignService) {
this.seqAlignService = seqAlignService;

}

public FastaConvertFormController() {
/Nnitialize controller properties here or
/lin the Web Application Context

/I[setCommandClass(MyCommand.class);
/[setCommandName("MyCommandName");
IIsetSuccessView("'successView");
/IsetFormView("formView");

}

/I @Override
/I protected void doSubmitAction(Object command) throws Exception {

I throw new UnsupportedOperationException("Not yet implemented");
I}

//Use onSubmit instead of doSubmitAction
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/lwhen you need access to the Request, Response, or BindException objects

@Override
protected ModelAndView onSubmit(
HttpServletRequest request,
HttpServletResponse response,
Object command,
BindException errors) throws Exception {
FastaConvertBean fastaForm = (FastaConvertBean) command,;
MultipartFile file = fastaForm.getFile();
fastaForm.setSeqList(segAlignService.makeCodingFeatureListFromFile(file));
ModelAndView mv = new ModelAndView(getSuccessView(), fastaForm™,
fastaForm);
//Do something...
return mv,
}

ky

SegAlignBean.java

/*

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package controller;

import java.util.ArrayList;

import org.springframework.web.multipart.MultipartFile;
import service.Align;

import service.Featr;

/**

*

* @author Michael

*/

public class SeqAlignBean {
private MultipartFile file;
private MultipartFile file2;
private ArrayList<Featr> seqList;
private ArrayList<Featr> seqList2;
private String[] alteredlds;
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private String[] alteredlds2;

private ArrayList<Featr> alteredSeqList;
private ArrayList<Featr> alteredSeqList2;
private ArrayList<Align> aligns;

private String dum;

public ArrayList<Align> getAligns() {
return aligns;
}

public void setAligns(ArrayList<Align> aligns) {
this.aligns = aligns;
}

public String[] getAlteredlds2() {
return alteredlds2;
}

public void setAlteredlds2(String[] alteredlds2) {
this.alteredlds2 = alteredlds2;
}

public ArrayList<Featr> getAlteredSeqList2() {
return alteredSeqL.ist2;
}

public void setAlteredSeqList2() {
ArrayList<Featr> alteredSeqLists= new ArrayList<Featr>();
for(Featr f: this.seqList2){
String go = "go™;
for(String id:this.alteredlds2){
if(f.getld().equals(id)){
go = "nogo";
}
}
if(go.equals("go™)){
alteredSeqL.ists.add(f);
}
}
this.alteredSeqList2 = alteredSeqLists;

¥
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public ArrayList<Featr> getSeqList2() {
return seqList2;
}

public void setSeqList2(ArrayList<Featr> seqList2) {
this.seqList2 = seqL.ist2;
}

public String[] getAlteredlds() {
return alteredlds;
}

public void setAlteredlds(String[] alteredlds) {
this.alteredlds = alteredlIds;
}

public String getDum() {
return dum;
}

public void setDum(String dum) {
this.dum = dum;
}

public ArrayList<Featr> getAlteredSeqList() {
return alteredSeqList;
}

public void setAlteredSeqList() {
ArrayList<Featr> alteredSeqLists= new ArrayList<Featr>();
for(Featr f: this.seqList){
String go = "go™;
for(String id:this.alteredlds){
if(f.getld().equals(id)){
go = "nogo";
}
}
if(go.equals("go™)){
alteredSeqL.ists.add(f);
}

}
this.alteredSeqList = alteredSeqLists;
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public MultipartFile getFile() {
return file;

ks

public void setFile(MultipartFile file) {
this.file = file;
}

public MultipartFile getFile2() {
return file2;

ky

public void setFile2(MultipartFile file2) {
this.file2 = file2;
}

public ArrayList<Featr> getSeqList() {
return seqL.ist;

ky

public void setSeqList(ArrayList<Featr> seqList) {
this.seqList = seqL.ist;
}

}

SegAlignController.java

/*

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package controller;

import java.util. ArrayL.ist;

import java.util.HashMap;

import java.util.Map;

import javax.servlet.http.HttpServletRequest;

import javax.servlet.http.HttpServletResponse;

import org.springframework.beans.propertyeditors.CustomCollectionEditor;
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import org.springframework.validation.BindException;

import org.springframework.validation.Errors;

import org.springframework.validation.ValidationUtils;

import org.springframework.web.bind.ServletRequestDataBinder;

import org.springframework.web.servlet. Model AndView;

import org.springframework.web.servlet. mvc.AbstractWizardFormController;
import service.Featr;

import service.SegAlignService;

/**

*

* @author Michael

*/

public class SegAlignController extends AbstractWizardFormController {
private SegAlignService seqAlignService;

public void setSeqAlignService(SegAlignService segAlignService) {
this.seqAlignService = segAlignService;

ky

public SegAlignController() {
/Nnitialize controller properties here or
/lin the Web Application Context

/IsetCommandClass(controller.SegAlignBean.class);
//setCommandName("MyCommandName");
/IsetSuccessView("successView");
lIsetFormView("formView");
//setCommandName("seqAlignForm™);

IIsetPages(new String[] {"FileUploadForm", "SeqSelectForm", "Page3"});
System.out.printin("Constructor:::::::");

}

@Override

protected Object formBackingObject(HttpServiletRequest request) throws Exception {
SegAlignBean segAlignForm = new SegAlignBean();
/IseqAlignForm.setDum("dum™);
System.out.printin("FBO:::::::: "+ segAlignForm.toString());
return segAlignForm;

¥

@Override
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protected Map referenceData(HttpServletRequest request, Object command, Errors
errors, int page) throws Exception {
SegAlignBean bean = (SegAlignBean) command,
System.out.printin("Ref::::");
if (getCurrentPage(request)==1){
System.out.printin("RefDatalF0:::::::::::::"+getCurrentPage(request));
Map<Object, Object> dataMap = new HashMap<Object, Object>();

bean.setSeqList(seqAlignService.makeCodingFeatureListFromFile(bean.getFile()));

bean.setSeqList2(seqAlignService.makeCodingFeatureListFromFile(bean.getFile2()));
IIsegAlignService.getProtAlignmentsAndlds(*"MMMPPVVVM",
"MMMVVVM");
//bean.setDum(Integer.toString(bean.getSeqList().size()));
/[dataMap.put("seqList", bean.getSeqList());
return dataMap;
}
if (getCurrentPage(request)==2){
Map<Object, Object> dataMap = new HashMap<Object, Object>();
bean.setAlteredSeqList();
bean.setAlteredSeqList2();
//bean.setDum(Integer.toString(bean.getAlteredSeqL.ist().size()));
/[dataMap.put("seqgList", bean.getSeqList());

System.out.printin("RefDatalF2:::::::::::::"+getCurrentPage(request));
return dataMap;

}

System.out.printin("RefData::::::::::::"+getCurrentPage(request));

return super.referenceData(request, command, errors, page);

ky

@Override
protected void validatePage(Object command, Errors errors, int page) {
SegAlignBean segAlignForm = (SegAlignBean) command;

System.out.printin("Validate::::::::");
if (page==0){
System.out.printIn(*Validate::::::::0" + errors.getErrorCount());
I ValidationUtils.rejectifEmpty(errors, "file", "2 genbank files must be included™);

if(segAlignForm.getFile().getOriginalFilename().isEmpty()){
System.out.printin(*Validate::::::::File™);
errors.rejectValue(*'file", "2 genbank files must be included”, "The 1st genbank
files must be included");
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}if(segAlignForm.getFile2().getOriginalFilename().isEmpty()){
System.out.printin("Validate::::::::File™);
errors.rejectValue("file2", "2 genbank files must be included”, "The 2nd
genbank files must be included");

}

System.out.printin("Validate::::::::0afte” + errors.getErrorCount());
}
if (page==1){

if(seqAlignForm.getSeqList().size() -
segAlignForm.getAlteredlds().length!=
segAlignForm.getSeqList2().size() -
segAlignForm.getAlteredlds2().length){
System.out.printin(segAlignForm.getAlteredlds().length+
", "+ seqgAlignForm.getAlteredlds2().length);

seqs!);

k
¥

/Isuper.validatePage(command, errors, page);

}

@Override
protected void onBind(HttpServletRequest request, Object command, BindException
errors) throws Exception {
SegAlignBean segAlignForm = (SegAlignBean) command;
if (getCurrentPage(request)==0){

/IseqgAlignForm.setSeqList(segAlignService.makeCodingFeatureListFromFile(seqAlignF
orm.getFile()));

IlIsegAlignForm.setSeqList2(seqAlignService.makeCodingFeatureListFromFile(segAlign
Form.getFile2()));
Ill/seqAlignService.getProtAlignmentsAndlds("MMMPPVVVM",
"MMMVVVM");
/IseqAlignForm.setDum(Integer.toString(seqAlignForm.getSeqList().size()));
}

if (getCurrentPage(request)==1){
System.out.printIn("errors:::"+errors.getAllErrors().toString());
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/IsegAlignForm.setSeqList(segAlignService.makeCodingFeatureListFromFile(seqAlignF
orm.getFile()));

I segAlignForm.setAlteredSeqL.ist();
I segAlignForm.setAlteredSeqList2();
1

segAlignForm.setDum(Integer.toString(segAlignForm.getAlteredSeqList().size()));
}
/IsegAlignForm.setDum(Integer.toString(segAlignForm.getPst().length));
System.out.printin("OnBind::::::"+ getCurrentPage(request));

ks

@Override
protected ModelAndView processFinish(HttpServletRequest request,
HttpServletResponse response, Object command, BindException errors) throws
Exception {
[lthrow new UnsupportedOperationException("Not supported yet.");
SegAlignBean segAlignForm = (SegAlignBean) command;
segAlignForm.setAligns(
segAlignService.getProtAlignsFromFeatrLists(
segAlignForm.getAlteredSeqList(),
segAlignForm.getAlteredSeqList2()));
System.out.printin("Finish::::::");
return new ModelAndView("AlignConf", "segAlignForm", segAlignForm);
}

ky

Align.java

/*

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package service;

/**

*

* @author Michael
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*/

public class Align {
private String queryLabel;
private String targetLabel,
private String queryAligned,
private String targetAligned,;
private double percentld;

public double getPercentld() {
return percentld;
¥

public void setPercentld(double percentld) {
this.percentld = percentld;
}

public String getQueryAligned() {
return queryAligned,;
}

public void setQueryAligned(String queryAligned) {
this.queryAligned = queryAligned;
}

public String getQueryLabel() {
return queryLabel;
k

public void setQueryLabel(String queryLabel) {
this.queryLabel = queryLabel;
}

public String getTargetAligned() {
return targetAligned;
}

public void setTargetAligned(String targetAligned) {
this.targetAligned = targetAligned;
}

public String getTargetLabel() {
return targetLabel;
}

146



public void setTargetLabel(String targetLabel) {
this.targetLabel = targetLabel;

}

}

Featr.java

/*

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package service;

/**

*

* @author Michael

*/

public class Featr {
private String srcAccNum;
private String id;
private String cdsGene = null;
private String cdsProduct;
private String cdsLoc = null;
private int ftrStart;
private String cdsNote = null;
private String cdsProtID = null,
private String cdsSeq = null;
private String cdsTransltn = null;
private String ftrName = null;
private String ftrNote = null;
private String ftrGene = null;
private String ftrLoc = null;
private String ftrProduct = null;
private String ftrSeq = null;
private String geneProdTrans = null;
private String geneProd = null;
private String fastaLabel = null;

public Featr(){
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ks

public String getFastaLabel() {
fastaLabel = this.cdsGene + "<br/>"+
formatLongStr(this.cdsSeq);
return fastaLabel;

ks

public String getGeneProd() {
geneProd = this.cdsGene + "["+
this.cdsProduct;
return geneProd;

ky

public String getGeneProdTrans() {
geneProdTrans = this.cdsGene + "|"+
this.cdsProduct+"<br/>"+
formatLongStr(this.cdsTransltn);
return geneProdTrans;

}

public String getld() {
return id;
¥

public void setld(String id) {
this.id = id;
}

public String getCdsGene() {
return cdsGene;
k

public void setCdsGene(String cdsGene) {
this.cdsGene = cdsGene;
}

public String getCdsLoc() {
return cdsLoc;
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ks

public void setCdsLoc(String cdsLoc) {
this.cdsLoc = cdsLoc;
}

public String getCdsNote() {
return cdsNote;
}

public void setCdsNote(String cdsNote) {
this.cdsNote = cdsNote;
}

public String getCdsProduct() {
return cdsProduct;
}

public void setCdsProduct(String cdsProduct) {
this.cdsProduct = cdsProduct;
}

public String getCdsProtID() {
return cdsProtID;
}

public void setCdsProtID(String cdsProtID) {
this.cdsProtID = cdsProtID;
}

public String getCdsSeq() {
return cdsSeq;
}

public void setCdsSeq(String cdsSeq) {
this.cdsSeq = cdsSeq;
}

public String getCdsTransltn() {
return cdsTransltn;
}

public void setCdsTransltn(String cdsTransltn) {
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this.cdsTransltn = cdsTransltn;

}

public String getFtrGene() {
return ftrGene;

}

public void setFtrGene(String ftrGene) {
this.ftrGene = ftrGene;

}

public String getFtrLoc() {
return ftrLoc;

}

public void setFtrLoc(String ftrLoc) {
this.ftrLoc = ftrLoc;

}

public String getFtrName() {
return ftrName;

}

public void setFtrName(String ftrName) {
this.ftrName = ftrName;

}

public String getFtrNote() {
return ftrNote;

}

public void setFtrNote(String ftrNote) {
this.ftrNote = ftrNote;

}

public String getFtrProduct() {
return ftrProduct;

¥

public void setFtrProduct(String ftrProduct) {
this.ftrProduct = ftrProduct;

¥
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public String getFtrSeq() {
return ftrSeq;

ks

public void setFtrSeq(String ftrSeq) {
this.ftrSeq = ftrSeq;

ks

public int getFtrStart() {
return ftrStart;

ks

public void setFtrStart(int ftrStart) {
this.ftrStart = ftrStart;

ky

public String getSrcAccNum() {
return srcAccNum:;

ky

public void setSrcAccNum(String srcAccNum) {
this.srcAccNum = srcAccNum;

ky

public String formatLongStr(String lonstr){
String shrt = null;
shrt = lonstr.substring(0,10) + ".....";
shrt = shrt + lonstr.substring(lonstr.length() - 10);
return shrt;

}

SegAlignService.java

* To change this template, choose Tools | Templates
* and open the template in the editor.

*/

package service;

import java.io.BufferedReader;
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import java.io.lOException;

import java.io.InputStreamReader;

import java.util.ArrayList;

import java.util.Iterator;

import java.util.NoSuchElementException;

import org.biojava.bio.BioException;

import org.biojava.bio.alignment.NeedlemanWunsch;
import org.biojava.bio.alignment.SequenceAlignment;
import org.biojava.bio.alignment.SubstitutionMatrix;
import org.biojava.bio.seq.FeatureFilter;

import org.biojava.bio.seq.FeatureHolder;

import org.biojava.bio.seq.ProteinTools;

import org.biojava.bio.seq.Sequence;

import org.biojava.bio.seq.SequenceTools;

import org.biojava.bio.seq.io.SubIntegerTokenization;
import org.biojava.bio.seq.io.SymbolTokenization;
import org.biojava.bio.symbol. Alignment;

import org.biojava.bio.symbol. AlphabetManager;

import org.biojava.bio.symbol.FiniteAlphabet;

import org.biojava.bio.symbol.lllegal AlphabetException;
import org.biojava.bio.symbol.lllegalSymbolException;
import org.biojava.bio.symbol.Symbol;

import org.biojavax.RichAnnotation;

import org.biojavax.bio.seq.RichFeature;

import org.biojavax.bio.seq.RichLocation;

import org.biojavax.bio.seq.RichSequence;

import org.biojavax.bio.seq.RichSequencelterator;
import org.springframework.core.io.Resource;

import org.springframework.web.context.WebApplicationContext;
import org.springframework.web.multipart.MultipartFile;

/**

*

* @author Michael
*/
public class SegAlignService {

public SegAlignService(Resource protMat) throws IOException {
setProtMat(protMat);
System.out.printin("file:::::"+getProtMat().getFile().length());
/lresource.getInputStream();
/Iresource.exists();
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private Resource protMat;

public Resource getProtMat() {
return protMat;

ks

public void setProtMat(Resource protMat) {
this.protMat = protMat;

ks

public ArrayList<Featr> makeFeatureListFromFastaFile(MultipartFile file) throws
IOException, NoSuchElementException, BioException{
BufferedReader b = new BufferedReader ( new InputStreamReader (
file.getInputStream() ) );
RichSequencelterator seqlt =
org.biojavax.bio.seg.RichSequence.lOTools.readFastaProtein(b, null);

ArrayList<Featr> list = new ArrayList<Featr>();
intid=0;
while(seqglt.hasNext()){
Featr f = new Featr();
RichSequence seq = seqlt.nextRichSequence();
f.setCdsGene(seq.getURN());
f.setCdsSeq(seq.seqString());
f.setld(Integer.toString(id));
id=id +1;
list.add(f);
}

return list;

public ArrayList<Featr> makeCodingFeatureListFromFile(MultipartFile file)
throws Illegal AlphabetException, IllegalSymbolException, IOException,
BioException{
/Imake a holder for the coding filter
RichSequencelterator seqlt = getSeqlterFromMultipartFile(file);
/[FeatureHolder ftrHId = getCdFtrHId(seqlt);
FtrHIdAndSeq fHS = getCdFtrHIdandSeq(seqlt);

I RichSequence seq = seqlt.nextRichSequence();
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/[FeatureFilter src = new FeatureFilter.ByType("'source™);

/[FeatureHolder s = seq_.filter(src);

ArrayList<Featr> | = new ArrayList<Featr>();

/literate over the Features in fh

intid =0;

for (Iterator i = fHS.getHId().features(); i.hasNext(); ){
Featr ftr = populateCdFeatr(fHS.getSeq(), (RichFeature)i.next());
ftr.setld(Integer.toString(id));
id=id + 1;
l.add(ftr);

}

return I;

ky

public RichSequencelterator getSeqlterFromMultipartFile(MultipartFile file) throws
IOException{
BufferedReader b = new BufferedReader ( new InputStreamReader (
file.getInputStream() ) );
RichSequencelterator seqlt =
org.biojavax.bio.seg.RichSequence.lOTools.readGenbankDNA(b, null);
return seqlt;

}

public FeatureFilter getCodingFilter(){
FeatureFilter fCode = new FeatureFilter.ByType("CDS");
return fCode;

ky

public FtrHIdAndSeq getCdFtrHIdandSeq(RichSequencelterator seqlt)
throws BioException, NoSuchElementException{
FtrHIdAndSeq ftrHIdSeq = new FtrHIdAndSeq();
FeatureFilter codeFltr = getCodingFilter();
RichSequence seq = seqlt.nextRichSequence();
ftrHIdSeq.setSeq(seq);
ftrHIdSeq.setHId(seq.filter(codeFltr));
return ftrHIdSeq;

ky

public Featr populateCdFeatr(RichSequence seq, RichFeature f
) throws lllegal AlphabetException, lllegalSymbolException{
Featr ftr = new Featr();
ftr.setSrcAccNum(seq.getAccession());
IIparseSrcinfo(fh, ftr);
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Stringgn="";

String prd =""";

[Iftr.setCdsSeq(getSequenceMotifNoSplice(f));

ftr.setCdsSeq(getSequenceMotif(f));

ftr.setCdsLoc(formatLocation(f, ftr));

RichAnnotation an = (RichAnnotation) f.getAnnotation();

if(an.containsProperty(“protein_id")){
ftr.setCdsProtID(an.getProperty(“protein_id™).toString());

}

if(an.containsProperty(gene™)){
/lgn = an.getProperty(*'gene™).toString();
ftr.setCdsGene(an.getProperty(*'gene™).toString());
}
if(an.containsProperty(*“product™)){
/lprd = an.getProperty("product”).toString();
ftr.setCdsProduct(an.getProperty("product™).toString());
}
if(an.containsProperty(“translation™)){
ftr.setCdsTransltn(an.getProperty(“translation™).toString());
}

if(an.containsProperty(*note™)){
ftr.setCdsNote(an.getProperty("note").toString());
}

/[ftr.setCdsGeneProduct(gn+" "+prd);
return ftr;
}

private String formatLocation(RichFeature ftr, Featr ft){
String loc = null;
ft.setFtrStart(ftr.getLocation().getMin());
if (ftr.getLocation().toString().contains(":")){
loc = ftr.getLocation().toString();
loc = loc.substring(loc.lastindexOf(":")+2,loc.lastindexOf("]™) );
}
else{
loc = ftr.getLocation().toString();
}
if (ftr.getStrand().getValue() < 0){
loc ="("+ loc + ")c";
}

if (loc.contains(",")){
loc = loc.replaceAll(",", ", ");
}
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return loc;

}

private String getSequenceMotif(RichFeature rf) throws Illegal AlphabetException,
IllegalSymbolException{
Sequence sq = rf.getSequence();
RichLocation | = (RichLocation) rf.getLocation();
Sequence s = null;
String sb ="";
for (Iterator i = l.blocklterator(); i.hasNext();){
RichLocation blk = (RichLocation) i.next();
if (rf.getStrand().getValue() < 0){
s = SequenceTools.subSequence(sq, blk.getMin(), blk.getMax());
sb = sb + SequenceTools.reverseComplement(s).seqString();
}
else{
s = SequenceTools.subSequence(sq, blk.getMin(), blk.getMax());
sb = sb + s.seqString();
}

¥
/1System.out.printIn(sb);

return sb;

ky

public Align getProtAlignmentsAndlds(String queryStr, String targetStr) throws
BioException, NumberFormatException, IOException, Exception{
Align protAlign = new Align();
/I The alphabet of the sequences. For this example DNA is choosen.
FiniteAlphabet alphabet =
(FiniteAlphabet) AlphabetManager.alphabetForName("PROTEIN-TERM");
// Read the substitution matrix file.
/I For this example the matrix NUC.4.4 is good.
SubstitutionMatrix matrix =
new SubstitutionMatrix(alphabet, protMat.getFile());
/I Define the default costs for sequence manipulation for the global alignment.
SequenceAlignment aligner = new NeedlemanWunsch(
(short)0, /[ match

(short)3, I/ replace
(short)2,  //insert
(short)2, /I delete

(short)l, // gapExtend
matrix // SubstitutionMatrix

);
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Sequence query = ProteinTools.createProteinSequence(queryStr, "query");
Sequence target = ProteinTools.createProteinSequence(targetStr, "target™);

I Sequence query = DNATools.createDNASequence(querysStr, "query");
I Sequence target = DNATools.createDNASequence(targetStr, "target™);
I [/l Perform an alignment and save the results.

aligner.pairwiseAlignment(
query, // first sequence
target // second one

);
/I Il Print the alignment to the screen
I System.out.printin("Global alignment with Needleman-Wunsch:\n" +
I aligner.getAlignmentString()+
I aligner.getAlignment(query,

target).symbolListForLabel(target.getName()).seqString());
/[Save the info to the Aign object
protAlign.setQueryAligned(aligner.getAlignment(
query, target).symbolListForLabel(
query.getName()).seqString());
protAlign.setTargetAligned(aligner.getAlignment(
query, target).symbolListForLabel(
target.getName()).seqString());
Alignment alignment = aligner.getAlignment(query, target);
int matches = 0;
for (int i = 1; i <= alignment.length(); i++) {
Symbol querySym = alignment.symbol At(query.getName(), i);
Symbol subjectSym = alignment.symbol At(target.getName(), i);
if (querySym!=null && querySym.equals(subjectSym)) matches++;

protAlign.setPercentld((double)matches/(double)alignment.length());
/lidentity = (double)matches/(double)alignment.length();
/ISystem.out.printIn(protAlign.getPercentld());

return protAlign;

ky

public ArrayList<Align> getProtAlignsFromFeatrLists(ArrayList<Featr> queryList,
ArrayList<Featr> targetList) throws BioException, NumberFormatException,
IOException, Exception{

ArrayList<Align> alignList = new ArrayList<Align>();

inti=0;

for(Featr gF: queryList){
Featr tF = targetList.get(i);
=i+l
Align al = getProtAlignmentsAndIlds(gF.getCdsTransltn(), tF.getCdsTransltn());
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al.setQueryLabel(gF.getGeneProd()); al.setTargetLabel(tF.getGeneProd());
alignList.add(al);

ks

return alignList;

}

public ArrayList<Align> getProtAlignsFromFastaFeatrLists(ArrayList<Featr>
queryList,
ArrayList<Featr> targetList) throws BioException, NumberFormatException,
IOException, Exception{
ArrayList<Align> alignList = new ArrayList<Align>();
inti=0;
for(Featr gF: queryList){
Featr tF = targetList.get(i);
i =i+1;
Align al = getProtAlignmentsAndlds(gF.getCdsSeq(), tF.getCdsSeq());
al.setQueryLabel(gF.getCdsGene()); al.setTargetLabel(tF.getCdsGene());
alignList.add(al);

}

return alignList;

ky

public class FtrHIdAndSeqg{
private FeatureHolder hld;
private RichSequence seq;

public FeatureHolder getHId() {
return hld;

}

public void setHId(FeatureHolder hld) {
this.hld = hid;

}

public RichSequence getSeq() {
return seq;

¥

public void setSeq(RichSequence seq) {
this.seq = seq;
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