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Vaccine strains of human adenovirus serotypes 4 and 7 (HAdV-4vac and HAdV-7vac) have been used
successfully to prevent adenovirus-related acute respiratory disease outbreaks. The genomes of these two
vaccine strains have been sequenced, annotated, and compared with their prototype equivalents with the goals
of understanding their genomes for molecular diagnostics applications, vaccine redevelopment, and HAdV
pathoepidemiology. These reference genomes are archived in GenBank as HAdV-4vac (35,994 bp; AY594254)
and HAdV-7vac (35,240 bp; AY594256). Bioinformatics and comparative whole-genome analyses with their
recently reported and archived prototype genomes reveal six mismatches and four insertions-deletions (indels)
between the HAdV-4 prototype and vaccine strains, in contrast to the 611 mismatches and 130 indels between
the HAdV-7 prototype and vaccine strains. Annotation reveals that the HAdV-4vac and HAdV-7vac genomes
contain 51 and 50 coding units, respectively. Neither vaccine strain appears to be attenuated for virulence
based on bioinformatics analyses. There is evidence of genome recombination, as the inverted terminal repeat
of HAdV-4vac is initially identical to that of species C whereas the prototype is identical to species B1. These
vaccine reference sequences yield unique genome signatures for molecular diagnostics. As a molecular foren-
sics application, these references identify the circulating and problematic 1950s era field strains as the original
HAdV-4 prototype and the Greider prototype, from which the vaccines are derived. Thus, they are useful for
genomic comparisons to current epidemic and reemerging field strains, as well as leading to an understanding
of pathoepidemiology among the human adenoviruses.

There are five genera of adenoviruses (AdVs) comprising
the family Adenoviridae. One genus includes the human ad-
enoviruses (HAdVs). HAdVs have been identified and associ-
ated as infectious agents causing several diseases, including
acute respiratory disease (ARD); for example, the HAdV se-
rotype 4 (HAdV-4) prototype was first isolated by investigators
from the Walter Reed Army Institute of Research from ARD
cases that occurred during an influenza-like epidemic at Fort
Leonard Wood (Missouri) in the winter of 1952–1953 (http:
//history.amedd.army.mil/booksdocs/historiesofcomsn/section1
.htm). Since then (25), and since the contemporaneous isola-
tion and characterization of the first respiratory-illness-causing
adenovirus in a civilian, HAdV-1 (41), 50 additional serotypes
have been identified and characterized, with the newest two
being isolated from the gastrointestinal tracts of immunocom-

promised patients with human immunodeficiency virus (HIV)
infections (16). The HAdVs are divided into six species (for-
merly subtypes or subgroups), classified as A to F, which are
based on differentiating biochemical, immunological, and in-
creasingly, as the sequence and molecular data become avail-
able, genomic properties (15). Although AdVs are of special
interest in general in terms of their basic biology, there is
focused attention on the HAdVs, since they are associated with
several pathologies in humans (47). To illustrate, members of
species C cause mild gastrointestinal and respiratory disease;
among these, HAdV-5-based vectors are also important in
gene therapy protocols (49). Respiratory diseases are also
caused by another important grouping, the B1 and E species,
which have been associated with ARD, as well as with con-
junctivitis. Interestingly, the newest member of the B1 subspe-
cies has been isolated from a gastrointestinal infection in a
HIV-infected individual (16). This additional tropism for a B1
member may have implications for HAdV serotype evolution
and pathoepidemiology.

HAdV infections are highly contagious and can spread easily
within confined or isolated communities (18). For example,
epidemics of ARD are common in dense and contained pop-

* Corresponding author. Mailing address: School of Computational
Sciences, George Mason University, 10900 University Boulevard,
MSN 5B3, Manassas, VA 20110. Phone: (703) 993-8403. Fax: (703)
993-8401. E-mail: dseto@gmu.edu.

† Present address: Midwest Research Institute, 1470 Treeland Blvd.,
S.E., Palm Bay, FL 32909.

3083



ulations, such as military training venues and day care centers.
This is documented extensively for the U.S. military popula-
tions in the literature and in an archived narrative (http:
//history.amedd.army.mil/booksdocs/historiesofcomsn/section1
.htm). In particular, reemerging epidemic outbreaks of febrile
respiratory infections caused by HAdV-4 and HAdV-7 among
basic military trainees since the cessation of immunization are
of immediate pressing concern to the U.S. Department of
Defense (21). One study published in 2000 documents
HAdV-4 infections in 57%, and HAdV-7 in 25%, of the iso-
lates from throat cultures of trainees with respiratory disease
(21). An “epidemic threshold” is defined arbitrarily as 1.5 cases
per 100 trainees per week. The reemergence of HAdV-caused
ARD during a temporary lapse of vaccine coverage in 1994–
1995 is documented in a study noting an 11.6% rate of ARD
hospitalization in a military group in the week ending 6 May
1995. The following week brought a rate of 3%, with HAdV-4
characterized in 85.7% of the cases (3).

During the 1950s and 1960s, well-documented studies of
respiratory disease epidemic outbreaks among basic military
trainees found that up to 80% of recruits showed evidence of
HAdV infections, with 20% requiring hospitalization (19). The
burden of this morbidity was and is high and costly. Addition-
ally and more devastating, a few cases have resulted in fatali-
ties within the military (17, 34, 44). This recent reemergence of
HAdV-related ARD and the burden of high costs of patient
care, along with loss of worktime and training time, have
prompted the Department of Defense to initiate the redevel-
opment of vaccines against ARD-related HAdVs.

Formalin-inactivated HAdV vaccines were tested in the
mid-1950s (24). Several concerns, including the potential on-
cogenicity of the HAdV-3 and -7 serotypes, contamination of
the vaccine stocks with simian adenovirus 40, and apparent
lot-to-lot variations led to the suspension of their use in 1963
(19, 33). Alternative live vaccines for both HAdV-4 and -7
were tested subsequently, and both were deployed effectively
in 1971 (11, 19, 53, 54). Both were administered routinely as
combined prophylactic oral doses until the supplies were ex-
hausted in the late 1990s. The use of these vaccines dramati-
cally and effectively lowered HAdV morbidity and mortality
rates among military recruits, by 95 to 99%; additionally, the
overall ARD morbidity rate was lowered by 50 to 60% (21). In
1996, Wyeth-Lederle Laboratories (Marietta, PA), the sole
producer of the vaccines, ceased production, citing a lack of
funds to upgrade its production facilities. With the cessation of
vaccinations, there has been a reemergence of HAdV infec-
tions with a concomitant rise in ARD cases. In fact, HAdV-
related ARD cases have risen to the prevaccination era levels
(21).

As the production of vaccines was concluding, an HAdV
surveillance program was initiated at the Respiratory Disease
Reference Laboratory, located in the U.S. Naval Health Re-
search Center (NHRC; San Diego, CA) (43). One mission of
the NHRC is to monitor emerging and reemerging respiratory
pathogens, into which the documentation of the epidemiology
of HAdV during and after the period of vaccine cessation fits
(21). Sampling was conducted at eight U.S. military cross-
service training venues (43). The surveillance, analyses, and
documentation showed large increases in HAdV morbidity,
including several cases of mortality, clearly suggesting that

vaccination was and is still the best method of preventing
HAdV-associated ARD outbreaks. This contributed to the
decision to redevelop and redeploy HAdV vaccines. Under-
standing the original vaccine strains will contribute to the con-
tinuing development of effective vaccines. These strains are the
bases for the current versions of the vaccines.

This report presents the complete DNA sequences and de-
tailed annotations of the genomes of the vaccine strains cor-
responding to HAdV-4 and HAdV-7 (HAdV-4vac and HAdV-
7vac, respectively). The HAdV4vac genome sequence contains
35,994 bp, encoding 49 proteins, and two RNAs. Analogously,
the HAdV-7vac genome sequence contains 35,240 bp, encod-
ing 48 proteins, plus two RNA coding sequences. The organi-
zation of coding sequences in both genomes is similar to that in
other members of the genus Mastadenovirus, which comprises
human and monkey adenoviruses. Comparisons between the
vaccine strains and related prototypes are presented in the
context of the genomics and bioinformatics analyses for iden-
tifying unique genome signatures for the development of mo-
lecular diagnostics tools and protocols and for vaccine rede-
velopment. As an example of the use of these reference
sequences in molecular forensics, these data suggest that
HAdV-4vac was derived from the circulating original HAdV-4
prototype at the time, while HAdV-7vac was derived from a
circulating Greider-like strain (HAdV-7a), as opposed to the
contemporary Gomen prototype strain (HAdV-7).

Given the repository of data and strains collected at NHRC,
detailed comparisons and epidemiological studies may be ex-
trapolated from the “vaccine period,” adding to an under-
standing of HAdV and ARDs in the context of pathoepidemi-
ology. In this context, these genome references are useful and
critical as gold standard references, i.e., to identify epidemic
outbreak strains. Furthermore, this paper also serves as an-
other example of whole-genome comparative studies of viruses
as a means to characterize pathogens rapidly, perhaps as an
accepted gold standard, as recent advances in DNA-sequenc-
ing technologies have dramatically reduced the time and ex-
pense involved in sequencing and analyzing the whole genomes
of microorganisms. With the increasing availability of whole-
genome data, it will be possible to make global comparisons of
the genome sequences of organisms of interest. Such whole-
genome analyses offer a complete picture of the similarities
and differences of two genomes, and as an example, have led to
groundbreaking results in the field of tuberculosis vaccine re-
search (4, 9). The findings presented in this publication will
complement HAdV vaccine development and further a better
understanding of HAdV pathoepidemiology.

MATERIALS AND METHODS

Strains. HAdV-7vac was resuscitated from an original Wyeth-Lederle Labo-
ratories (Marietta, PA) vaccine tablet archived at the NHRC (San Diego, CA).
The paired HAdV-4vac strain was not as robust, as several attempts to resusci-
tate it from the original tablets failed. Instead, this HAdV-4vac strain was
acquired as a gift from Leta Crawford-Miksza (California State Department of
Health Services, Berkeley). The original source was also a Wyeth-Lederle vac-
cine tablet that was used for their hexon studies (13).

Cells, virus stocks, and DNA preparation. Virus stocks were expanded in
A-549 cells (ATCC CCL-185), a human lung tumor cell line that provided the
necessary quantities of HAdV-1 particles (31). The cell line was infected with
adenovirus at an approximate multiplicity of infection of 5; when the entire
monolayer showed viral cytopathogenic effect, the medium was gently decanted
and replaced with Hirt’s lysis buffer, followed by the addition of proteinase K to
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the monolayer. The Hirt method for extraction of virus-infected cells to purify
low-molecular-weight DNA directly from the infected cell lysates proved to be
the most efficient method, so it was not necessary to purify the virus particles
beforehand. According to this protocol, adenoviral DNA was prepared essen-
tially as described previously (32).

PCR strategy and methodology. Standard PCR methodologies were used to
amplify regions to be sequenced, as detailed for HAdV-1 (31). PCR conditions,
in brief, called for Pfu Ultra DNA Polymerase (Stratagene, Inc.) at 2.5 units in
a total volume of 50 �l containing 5 �l of 10� polymerase buffer (Stratagene,
Inc.), 3.5 �l dimethyl sulfoxide (7% final), deoxynucleoside triphosphates (200
�M; stock solutions of 1 mM), oligonucleotide primers (0.5 �M; stock solutions
of 10 �M), and template DNA (30 ng; stock solutions of 33.16 ng/�l). An MJ
Research (Waterstown, MA) Dyad thermocycler was used under the following
conditions: 95°C for 2 min for one cycle to denature, with cycling at 95°C for 30 s,
55°C for 9 min (for 5- to 6-kb amplicons and 3 min for 2- to 3-kb amplicons), and
72°C for 9 min (for 5- to 6-kb amplicons and 3 min for 2- to 3-kb amplicons) for
35 cycles to amplify. At the conclusion of the cycling, an additional extension
period of 72°C for 10 min was included, after which the samples were cycled into
storage at 4°C.

DNA sequencing. (i) “Shotgun” sequencing of HAdV-7vac genome. Since no
previous HAdV-7 or other B species genome sequence was available to serve as
a reference, a shotgun strategy was employed to provide overlapping comple-
mented genome coverage. Purified genomic DNA was partially digested with
SauIIIA1, separated from small (�400 bases) DNA fragments by passing it
through a SizeSep400 Sepharose column (Amersham Biosciences, Piscataway,
NJ), and ligated to BamHI-digested pBlueScript II SK(�) plasmid (Stratagene,
La Jolla, CA). After selection of insert-containing clones, 100 to 200 clones were
amplified using TempliPhi reagent (Amersham, Piscataway, NJ) and sequenced
(200 ng of template per reaction) with either KS and SK or M13-20 and M13F
primer sets using the DYEnamic ET Terminator Cycle Sequencing kit (Amer-
sham Biosciences, Piscataway, NJ) on an ABI Prism 377 DNA Sequencer (Ap-
plied Biosystems, Foster City, CA). Sequences were trimmed and assembled
using Sequencher (Gene Codes, Ann Arbor, MI).

(ii) “Leveraged” primer walk sequencing of HAdV-4vac genome. The genome
sequence of HAdV-4, determined earlier by the Epidemic Outbreaks Consor-
tium (39), was used to generate a scaffold of minimally tiled and overlapping
primers for PCR amplification and DNA sequencing, leading to threefold cov-
erage of each base with complementary reads of the strands. As shown in a study
to rapidly resequence the HAdV-1 genome, this strategy allows efficient rese-
quencing of related genomes at minimal cost and effort (31). PCR was performed
using Pfu Ultra DNA Polymerase (Stratagene, Inc.) and 30 ng of purified ad-
enoviral DNA as a template. Fifty-microliter reactions were set up as follows:
95°C for 2 min for one cycle to denature and 95°C for 30 s, 55°C for 9 min for 5-
to 6-kb amplicons (3 min for 2- to 3-kb amplicons), and 72°C for 9 min for 5- to
6-kb amplicons (3 min for 2- to 3-kb amplicons) for 35 cycles to amplify. At the
conclusion of the cycling, an additional extension period of 72°C for 10 min was
included, after which the samples were cycled into storage at 4°C. The amplicons
were visualized on a 1% agarose gel and then extracted and purified using a
Millipore Ultrafree-DA centrifugal filter device. The amplicons were sequenced
(200 ng per reaction) with the PCR primers using the BigDye Terminator version
3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) on an ABI 3100
DNA Sequencer (Applied Biosystems, Foster City, CA).

(iii) Direct sequencing of inverted terminal repeat (ITR) ends. Both ends of
this linear double-stranded DNA genome were determined by direct sequencing
of the purified genomic DNA. Primers were designed from internal sequences
established during the early sequencing phase and were used to sequence directly
off the ends in a 40-�l reaction mixture using 16 �l of BigDye, 0.2 to 1.0 mg of
template, and 20 pmol of primer. Cycling conditions were according to the
manufacturer’s instructions: 95°C for 5 min for one cycle to denature, followed
by 95°C for 1 min, 50°C for 20 s, and 60°C for 4 min for 50 cycles to amplify. At
the conclusion of the cycling, the samples were stored at 4°C. The sequencing
reaction mixtures were purified with Centri Sep Spin Columns (Princeton Sep-
arations, Adelphia, NJ).

Sequence bioinformatics. (i) Sequence assembly and quality control and as-
surance. DNA sequence ladders were assembled using Sequencher 4.1.1 (Gene
Codes Corporation, Inc., Ann Arbor, MI). Visual inspection of the sequence
assembly data resolved several miscalls and mismatches. Genome annotation
provided an additional layer of sequence quality control. Unresolvable and
ambiguous sequences were resequenced with primers closer to the regions in
question.

(ii) Genome annotation and sequence analysis. General features of the DNA
sequence, such as percent G�C content and repetitive sequences, were revealed
using the Wisconsin GCG package (SeqWeb version 2). The coding sequences

were annotated by first segmenting them into contiguous 1-kb nonoverlapping
segments and then querying the National Center for Biotechnology Information
(NCBI) database. This was repeated using windows of 1-kb segments that over-
lapped by 500 nucleotides. The algorithm is identical to the annotation protocol
employed for the HAdV-1 analysis (31). The sequence fragments were queried
systematically against the nonredundant NCBI database using the BLASTX
program of the BLAST suite sequence alignment software (2). The searches used
the default parameters of a word size of 3 and expectation of 10, with the
BLOSUM62 substitution matrix and with gap penalties of 11 (existence) and 1
(extension). Low-complexity sequences were filtered out of the queries.

GenomeScan was used for predicting theoretical genes. This approach was
especially useful for identifying exons from the coding sequences where exon-
intron borders were difficult to determine. To enable this feature, the algorithm
uses exon-intron identification combined with similarity searches of a sequence
database in order to predict coding sequences in a given DNA fragment (57). In
parallel, novel sequences or “hypothetical proteins” were also identified using
another gene prediction software program, GeneMark (6). In these annotations,
while GeneMark had a slightly higher accuracy than GenomeScan, neither was
completely accurate or comprehensive in generating a list of putative genes. To
visualize and record progress, the web-accessible Sanger Center annotation tool
Artemis was used to expedite genome annotation (5).

CLUSTALX was used to perform multiple-sequence alignments of adenovirus
proteins (52). Sequence alignments were performed with default parameters (for
pairwise alignment, gap opening and extension penalties of 10 and 0.1 and the
Gonnet 250 protein weight matrix; for multiple alignments, gap opening and
extension penalties of 10 and 0.2; for both, the Gonnet series of protein weight
matrices was applied). All phylogenetic trees were constructed by the neighbor-
joining method described in the literature (45). Bootstrapping was performed
with 1,000 resampling iterations to assess the robustness of the trees.

Substitution rates for coding sequences of interest were calculated by using
Molecular Evolutionary Genetics Analyses (MEGA) software version 2.1 (30).
The rates of synonymous and nonsynonymous substitution were calculated ac-
cording to an unweighted method of Nei and Gojobori (38).

Nucleotide sequence accession numbers. The genomes of the vaccine strains
corresponding to HAdV-4 and HAdV-7 have been deposited in GenBank at the
NCBI as HAdV-4vac (accession no. AY594254) and HAdV-7vac (accession no.
AY594256).

RESULTS AND DISCUSSION

Sequencing strategies and overview of annotation. Two dif-
ferent DNA-sequencing strategies were employed to map the
genomes. Since no species B genome sequence was available,
HAdV-7vac was sequenced by the “shotgun” method. This
involves fractionating the genome into smaller pieces, subclon-
ing it into a plasmid, and sequencing it with universal primers.
Walking with custom-designed primers filled the gaps. On the
other hand, as the genome of HAdV-4 was recently deter-
mined, and with the corroborating sequences in GenBank, a
“leveraged primer walk strategy” was employed for HAdV-
4vac.

The genome sequences of both HAdV-4vac and -7vac were
annotated to identify biological features. This was facilitated by
the use of reference genomes from the HAdV-4 (GenBank
AY594253) and HAdV-7 (GenBank AY594255) prototype
strains recently determined (39, 40). The HAdV-4vac se-
quence includes 49 protein and two RNA coding sequences, as
presented in Table 1. Comparative genomic analysis shows that
the prototype strain HAdV-4 includes essentially identical se-
quences, with a few exceptions. Functionally, the noncoding
features, such as promoters and transcription factor binding
and recognition sites, are conserved between the two strains, as
shown in Table 2. However, the HAdV-4vac ITRs contain
some intriguing differences, as will be discussed. In contrast,
the HAdV-7vac sequence contains 48 proteins and two RNA
coding sequences, displayed in Table 3, compared to its coun-
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terpart prototype strain, HAdV-7, which has 49 protein, plus
the two RNA, coding sequences, with many sequence differ-
ences. This vaccine strain lacks the coding sequence for a
hypothetical 7.9-kDa protein. Of note, a duplication of the E3
gene-encoded 20.6-kDa protein found in HAdV-7 is also con-

served in HAdV-7vac. The ITRs are longer in HAdV-7vac
(136 bp) than in HAdV-7 (108 bp) and contain several differ-
ences. Other noncoding biological features are conserved be-
tween the two strains, as noted in Table 4.

HAdV-7 and HAdV-7vac sequence comparison and applica-
tions of the sequence. Whole-genome alignment and compar-
isons of the sequences from both vaccine and prototype strains
were performed using the dot blot software PipMaker to ana-
lyze the nucleotide sequences. PipMaker uses the BLASTZ
alignment algorithm for whole-genome alignments (48). For
both vaccine genomes, PipMaker analysis suggests minimal
differences at the gross level, as illustrated by the HAdV-7
sequences in Fig. 1A. However, under finer scrutiny, HAdV-
7vac has 611 mismatches and 130 gaps compared to the pro-
totype Gomen strain HAdV-7. An example of each is high-
lighted in Fig. 1B. For these analyses, PipMaker counts each
“missing base” as a gap, so a 3-base deletion is counted as three

TABLE 1. HAdV-4vac genome sequence annotationa

Gene Product Location

E1A ORF1 (putative protein) 576–1154
E1A E1A 6.8-kDa protein 576–650, 1236–1340
E1A E1A 28-kDa protein 576–1142, 1235–1441
E1A E1A 24.6-kDa protein 576–1049, 1235–1441
E1B Small T antigen 1600–2001, 2003–2029
E1B E1B 20-kDa protein 1600–2115
E1B E1B 8.2-kDa protein 1905–2123, 3259–3276
E1B Large T antigen 1905–3356
E1B E1B 16.8-kDa protein 1905–2153, 3141–3356
IX Protein IX 3441–3869
IVa2 IVa2 protein 3930–5263, 5542–5554(c)
E2B DNA polymerase 5033–8605, 12212–12220(c)
Hypo 19.4-kDa early protein 5105–5674
Hypo 11.5-kDa early protein 6126–6446
Hypo DNA-binding protein 7814–8407
Hypo 14.1-kDa early protein 7814–7819, 8536–8928
E2B Precursor terminal protein 8404–10323, 12212–12220(c)
VA RNA

I
VA RNA I 10356–10514

VA RNA
II

VA RNA II 10575–10743

L1 52-kDa protein 10765–11937
L1 Protein IIIa precursor 11961–13736
L2 Penton protein (protein

III)
12222–12229

L2 Protein VII precursor 14772–14779
L2 Protein V precursor 16055–17080
L2 Protein X (protein mu) 17103–17336
L3 Protein VI precursor 17368–18141
L3 Hexon protein (protein II) 18248–21058
L3 23-kDa protease 21082–21702
E2A DNA-binding protein 21774–23312(c)
L4 100-kDa protein 23341–25716
L4 22-kDa protein 25439–25978
L4 33-kDa protein 25439–25756, 25926–26252
L4 Protein VIII precursor 26321–27004
E3 E3 12.1-kDa protein 27005–27325
E3 E3 23.3-kDa protein 27279–27911
E3 E3 19-kDa protein 27893–28417
E3 E3 24.8-kDa protein 28449–29111
E3 E3 6.3-kDa protein 29279–29443
E3 E3 29.7-kDa protein 29440–30264
E3 E3 10.4-kDa protein 30273–30548
E3 E3 14.5-kDa protein 30554–30994
E3 E3 14.7-kDa protein 30987–31388
L5 Fiber protein 31649–32926
E4 E4 7.4-kDa protein 33022–33216(c)
E4 E4 15.9-kDa protein 33022–33270,

33996–34169(c)
E4 E4 34.6-kDa protein 33270–34169(c)
E4 E4 14.1-kDa protein 34072–34440(c)
E4 E4 13.7-kDa protein 34449–34802(c)
E4 E4 14.6-kDa protein 34799–35188(c)
Hypo Hypothetical protein 35335–35427
E4 E4 13.5-kDa protein 35236–35610(c)

a Forty-nine protein and two RNA coding regions were identified in the
HAdV-4vac genome sequence. Their corresponding proteins and functions are
indicated (hypothetical proteins are marked as “Hypo”). The nucleotide posi-
tions of the start and stop codons and applicable splice sites are noted (5�-to-3�
direction). Coding sequences transcribed from the complementary strand are
designated by “c,”e.g., 35236–35610(c).

TABLE 2. HAdV-4vac genome noncoding feature annotationa

Sequence motif Function Position

CTATCTECGGGG ITR 1–116
TATAATATACC DNA pol-pTP binding

site
9–18

TATGCAAATAA NFIII/OctI binding site 41–51
GGGGATGGGGC SP1 binding site 65–75
TATTTA TATA box for E1A 479–484
AATAAA Poly(A) signal for E1A 1499–1504
TATATA TATA box for E1B 1558–1563
TAAAAT TATA box for IX gene 3408–3413
AATAAA Poly(A) signal for pIX

gene
3880–3885

AATAAA Poly(A) signal for E2B
and I

3902–3907(c)

TGATTGGCTT Inverted CAAT box
for MI

5803–5812

GCCACGTGAC Upstream element for
MLP

5823–5832

GCCGGGGGGG MAZ binding site for
MLP

5844–5853

TATAAAA TATA box for MLP 5854–5860
GGGGGCGGGCC MAZ/SP1 binding site 5861–5871
TCACTGT Initiator element for

MLP
5883–5889

TTGTCAGTTTC DE1 for MLP 5970–5980
AACGAG–TTTGA DE2a and DE2b for

MLP
5985–6000

AATAAA Poly(A) signal for L1 13749–13754
ATTAAA Poly(A) signal for L2 17357–17362
AATAAA Poly(A) signal for L3 21725–21730
AATAAA Poly(A) signal for E2A 21767–21772(c)
TATAAA TATA box for E3 26686–26691
AATAAA Poly(A) signal for the

E3
31428–31433

AATATC Poly(A) signal for L5 32986–32991
AATATA Poly(A) signal for E4 34392–34397(c)
TATATA TATA box for E4 35687–35692(c)
GGGGATGGGGC SP1 binding site 35920–35930(c)
TATGCAAATAA NFIII/OctI binding site 35944–35954(c)
ATAATATACC DNA pol-pTP binding

site
35977–35986(c)

CTATCTECGGGG ITR 35879–35994(c)

a Noncoding features in the HAdV-4vac genome sequence were identified by
BLAST analyses with GenBank data. Their nucleotide signatures and putative
functions are indicated, with positions of their locations noted in the 5�-to-3�
orientation. Functionality embedded within the complementary strand is desig-
nated by “c,”e.g., 3902–3907(c).

3086 PURKAYASTHA ET AL. J. CLIN. MICROBIOL.



gaps. The Gomen genome was chosen as a reference HAdV-7
prototype for these studies, as its complete genome is available
(39, 40). Several selected indels found in the HAdV-7vac se-
quence are summarized in Table 5, along with their effects on
various coding sequences. “Selected” indels are defined as
those affecting �9 nucleotides or changing protein-coding po-
tential. These are as follows. (i) The VA RNA I and II coding
regions of the HAdV-7vac have been shortened by a 19-bp and
a 24-bp deletion, respectively. The VA RNA genes are non-
protein-coding genes whose products have been shown to an-
tagonize the antiviral activities of host interferons (36). (ii) A
12-bp in-frame insertion adds four amino acids to the L1 52-
kDa protein sequence. The amino acid sequence Q18 Q19 L20
Q21 is added to the N-terminal sequence of the 52-kDa pro-
tein. The 52-kDa protein serves as a scaffold for the assembly
of the virus capsid (23). The structure and key residues of this
protein have not been identified, so it is difficult to predict what
effect such an insertion may have on the structure and function
of the 52-kDa protein. (iii) A 9-bp in-frame deletion excises
three amino acids, VTT, from the N terminus of the hexon of
HAdV-7vac (Fig. 2). The hexon protein is the major structural
and antigenic component of the HAdV capsid (46). This 9-bp
deletion falls within a variable region of the hexon that con-
tains most of the antigenic epitopes (12). (iv) A 13-bp deletion,
TCTAAAAATCACC, shortens the HAdV-7vac E3 7.7-kDa
protein-coding sequence compared to HAdV-7. This 7.7-kDa
protein belongs to the E3 transcription unit, whose products
are required to evade the host immune system (29, 56). How-
ever, the effect of this deletion remains to be seen, as the
specific function of the E3 7.7-kDa protein has not been dem-
onstrated in the literature. (v) A 24-bp deletion, TTATACTA
TCTGTTATTCTTTATT, occurs in a noncoding stretch be-
tween the coding sequences of the E3 7.7-kDa and 10.3-kDa
proteins.

These unique genome differences define genome signatures
that may be and have been used to develop tools and protocols
for molecular diagnostics and to enable molecular surveillance
(unpublished data). The genome data are useful for following
the molecular forensics of HAdV epidemic outbreaks, identi-
fying the specific genome type and strain, including historical
circulating strains.

Example of applying genome data to historical strains: mo-
lecular forensics. As a postscript, limited genome comparisons,
due to a paucity of archived Greider sequences, suggest that
the Greider strain (also called HAdV-7a), or a similar variant,
was used for vaccine development rather than the contempo-
raneous prototype, the Gomen strain (also called HAdV-7, or
prototype). The ITR for the Greider strain (GenBank V00036)
contains 4 nucleotides in common with the vaccine strain,
which differs from the Gomen strain ITR. Hexons described
for several HAdV-7a variants, strain 55142 (GenBank
AF065067), strain S-1058 (GenBank AF065066), and strain Kn
T96-0620 (GenBank AF065068), have a 100% match with their
counterparts in HAdV-7vac (13). In the fiber region, HAdV-7a
strain S-1058 (GenBank AF104382) and HAdV-7vac have
three mismatches observed in their nucleotide alignments but
show 100% identity in their amino acid alignments (13).

Genome duplication. Genome comparison using the dot plot
software PipMaker shows a small duplication that is conserved
in both the HAdV-7vac and HAdV-7 genomes (Fig. 1A). This

TABLE 3. HAdV-7vac genome gene coding annotationa

Gene Product Location

E1A E1A 6-kDa protein 572–647, 1247–1348
E1A E1A 32-kDa protein 572–1157, 1246–1452
E1A E1A 28-kDa protein 572–1067, 1246–1452
E1B 20-kDa protein, small T

antigen
1599–2136

E1B 55-kDa protein 1904–3382
E1A Hypothetical protein 1904–2172, 3166–3382
pIX Protein IX 3476–3892
E2B pIVA2 3945–5278,

5557–5569(c)
E2B DNA polymerase 5048–8539,

13819–13827(c)
Hypo A-106 hypothetical protein 6141–6461
Hypo 13.6-kDa agnoprotein homolog 7826–8422
Hypo Hypothetical 12.6-kDa protein 8325–8570(c)
E2B DNA terminal protein

precursor
8419–10386,
13819–13827(c)

Hypo 8.8-kDa protein 8545–8787
Hypo 11.3-kDa hypothetical protein 9540–9854(c)
Hypo 9.7-kDa hypothetical protein 9754–10029
VA RNA

I
VA RNA I 10419–10541

VA RNA
II

VA RNA II 10651–10794

L1 55-kDa protein 10828–11997
E2B 6.1-kDa hypothetical protein 12021–12194(c)
L1 Protein IIIa precursor 12022–13788
L2 Penton protein (protein III) 12283–12291
L2 Protein VII precursor 14860–14868
L2 Protein V precursor 16141–17193
L3 Protein VI precursor 17523–18275
L3 Hexon 18388–21192
L3 23-kDa protease 21229–21858
E2A DNA-binding protein 21947–23500(c)
L4 100-kDa hexon-assembly

protein
23531–26020

L4 22-kDa protein 25722–26321
L4 33-kDa protein 25722–26070,

26252–26595
L4 Protein VIII precursor 26665–27348
E3 12.1-kDa glycoprotein 27348–27668
E3 E3 16.1-kDa protein 27622–28062
E3 E3 18.3-kDa glycoprotein

precursor
28047–28565

E3 E3 20.1-kDa protein 28595–29134
E3 E3 20.6-kDa protein 29147–29716
E3 E3 7.7-kDa protein 29731–29856
E3 E3 10.3-kDa protein 29969–30244
E3 E3 14.9-kDa protein precursor 30249–30653
E3 E3 14.7-kDa protein 30646–31053
U exon U exon 31072–31236(c)
L5 L5 fiber protein 31251–32228
E4 E4 ORF 6/7 32263–32514(c)
E4 33:2-kDa protein 32511–33410(c)
E4 E4 13.6-kDa protein 33313–33681(c)
L5 Agnoprotein 33536–34045
E4 E4 13-kDa protein 33690–34043(c)
E4 130-amino-acid protein 34040–34429(c)
E4 13.9-kDa protein 34471–34848(c)

a Forty-eight protein and two RNA coding regions were identified in the
HAdV-7vac genome sequence. Their corresponding proteins and functions
are indicated (hypothetical proteins are marked as “Hypo”). Nucleotide
positions of the start and stop codons, as well as applicable splice sites, are
noted (5�-to-3� direction). Coding sequences transcribed from the comple-
mentary strand are designated by “c,” e.g., 31072–31236(c). ORF, open read-
ing frame.
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FIG. 1. Whole-genome analyses of the HAdV-7 and HAdV-7vac sequences. The genome sequences of the HAdV-7 and HAdV-7vac strains
were aligned and analyzed. (A) Dot plot analysis of the aligned sequences as displayed by PipMaker; genome duplication is indicated by short
parallel diagonal lines above and below the main line in the upper right portion of the plot. (B) Mismatches and gaps in the HAdV-7vac sequence
as displayed by PipMaker, with an example of a gap and a base substitution. Asterisks identify conserved nucleotides. (C) Summary of selected
indels in the HAdV-7vac genome compared to the HAdV-7 genome. “Selected” indels are defined as those affecting nine or more nucleotides or
changing the protein-coding potential. Note that “gaps” are defined by PipMaker as the total number of nucleotides inserted or deleted, not the
number of events.

TABLE 4. HAdV-7vac genome noncoding-feature annotationa

Motif Function Position

CTATA–CGTGACT ITR 1–136
ATAATATACC DNA pol-pTP binding site 5–14
TGTTATGGTGCCAA NFI binding site 22–35
CTGTGTGG Sp1 recognition site 68–75
TATTTA TATA box for E1A 476–481
AATAAA Poly(A) signal for E1A 1490–1495
TATATA TATA box for E1B 1545–1550
TAAAGT TATA box for pIX gene 3380–3385
AATAAA Poly(A) signal for pIX gene 3905–3910
AATACA Poly(A) signal for E2B 3923–3928(c)
TGATTGGCTT Inverted CAAT box for MLP 5818–5827
GCCACGTGAC Upstream element for MLP 5838–5846
GCCGGGGGGG MAZ binding site for MLP 5859–5868
TATAAAA TATA box for MLP 5869–5874
GGGGGCGGACC MAZ/SP1 binding site for MLP 5876–5886
TCACTGT Initiator element for MLP 5898–5904
TTGTCAGTTTC DE1 for MLP 5985–5995
AACGAGGAGGATTTGA DE2a and DE2b for MLP 6000–6015
AATAAA Poly(A) signal for L1 13801–13806
ATTAAA Poly(A) signal for L2 17467–17572
AATAAA Poly(A) signal for L3 21878–21883
AATAAA Poly(A) signal for E2A 21890–21895(c)
TATAAA TATA box for E3 27030–27035
AATAGA Poly(A) signal for L4 27547–27552
AATAAA Poly(A) signal for E3 31059–31064
AATATC Poly(A) signal for L5 34052–34057
AATATA Poly(A) signal for E4 32247–32252(c)
TATATATA TATA box for E4 34929–34935(c)
CTGTGTGG Sp1 recognition site 35156–35165(c)
TGGAATGGTGCCAA NFI binding site 35198–35211(c)
ATAATATACC DNApol-pTP binding site 35219–35228(c)
CTATCTETAACAT ITR 35129–35236(c)

a Noncoding features in the HAdV-7vac genome sequence are annotated. These features were identified by BLAST analyses with GenBank data. Nucleotide
signatures and putative functions are indicated. The nucleotide positions of the locations are noted in the 5�-to-3� orientation. Functionality embedded within the
complementary strand is designated by “c,”e.g., 21890–21895(c).
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duplication resides in the E3 region and gives rise to the E3
20.1-kDa protein and the 20.6-kDa protein. The 20.1-kDa pro-
tein is 10 amino acids shorter than the 20.6-kDa protein. These
two proteins share 31% identity. As noted earlier, the E3
transcription unit encodes products that are required to evade
the host immune system (29, 56). This duplication may have
contributed to the robustness of this circulating HAdV-7 ge-
nome type in the period leading up to the initial deployment of
the vaccines, as it was the main culprit in the ARD cases versus
other circulating HAdVs, HAdV-3, -4, and -21, (47), leading to
its use as a vaccine strain. However, the specific functions of
these proteins have not been investigated.

Comparison and analysis of the HAdV-7-related ITRs. The
linear double-stranded DNA genomes of adenoviruses contain
ITRs that are located at either end (14) and that are critical to
viral development. Contained within this ITR are DNA se-
quence motifs that are required for viral replication, as well as
for gene activation and transcription. One component is the
canonical “core” origin of DNA replication (ATAATATACC)
that binds the preterminal protein-DNA polymerase complex
(51). This core sequence is found in both HAdV-7vac, starting
at nucleotide 9, and its prototype, as aligned in Fig. 3. In
addition to the virus-encoded DNA pol and pTP, HAdVs also
require a set of host cellular factors for efficient replication.
These are reflected in the cellular transcription factor DNA-
binding motifs contained in the genome, as cataloged in Table
4. Examples include the NFIII/Oct-1 recognition site (TATG
CAAATAA). This motif is present in the HAdV-7vac genome;
it is also present, albeit with a single base change relative to the
vaccine strain, in both prototype strains, Gomen and Greider.
The NFI/CTFI recognition site (TGTTATGGTGCCAA) is
present in the HAdV-7vac genome starting at nucleotide 26.
This sequence, with a 1-base difference from the vaccine ge-
nome, is also found in the Gomen and Greider ITRs. In vivo
and in vitro studies in the literature note that both NFI and
NFIII are required for efficient DNA replication of HAdV
(37).

The ITR of HAdV-7vac is 136 bp in length. As aligned in

Fig. 3, this is in contrast to the 108-bp ITR of the prototypes,
e.g., the Gomen strain (40). Up to nucleotide 108, all three
(vaccine, Gomen, and Greider) HAdV-7 ITRs are nearly iden-
tical, with six nucleotide changes. As noted above, these single-
nucleotide polymorphisms also suggest that the vaccine strain
is related to the Greider strain (matching at four of the six
positions, with the two differences matching neither prototype
strain). Beyond 108 bp, the three sequences align well with
each other. There are five nucleotide differences, all of which
are contained in common in both the vaccine and Greider
strains. Additionally, within the first 22 bases, all three strains
share identity with fellow species B1 member HAdV-3, as well
as with HAdV-4 (but not with HAdV-4vac, as will be discussed
below). Beyond these first 22 bases, all three HAdV-7 strains

FIG. 2. Detailed alignment of the hexon amino acid sequences of
the prototype (HAdV-7) and vaccine (HAdV-7vac) strains. The hexon
coding sequences of the two HAdV-7 strains were aligned by CLUST-
ALX. Seven hypervariable regions, designated HVR1 to -7, were iden-
tified in the literature, as discussed in the text, as containing serotype-
specific residues. These seven hypervariable regions span most of the
hexon epitopes. A VTT deletion in the HAdV-7vac hexon sequence is
marked with a rectangular box. *, conserved amino acid; �, either size
or hydropathy is conserved; :, both size and hydropathy are preserved.

TABLE 5. Summary of selected indelsa

Variation Effect

HAdV-7vac
19-bp deletion .....................................VA RNA I shortened
24-bp deletion .....................................VA RNA II shortened
12-bp insertion ....................................In-frame addition of QQLQ

to L1 52-kDa CDS.
9-bp deletion .......................................In-frame deletion of VTT in

hexon CDS
13-bp deletion .....................................Truncates E3 7.7-kDa CDS
24-bp deletion .....................................Occurs in noncoding sequence

HAdV-4vac
3-bp insertion ......................................In-frame addition of A to L4

33-kDa CDS
1-bp insertion ......................................Insertion in non-coding

sequence in E3 region

a Indel differences between the vaccine genomes and the prototype genomes
are analyzed using PipMaker; several are displayed. For HAdV-7, the Gomen
prototype strain is used as a reference instead of the Greider strain due to the
availability of the complete sequence for comparative analysis. “Selected”indels
are defined as those affecting nine or more nucleotides or changing the protein-
coding potential. CDS, coding domain sequences.
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share remarkable identity with each other, as well as with the
species B1 member HAdV-3, as shown in Fig. 3.

Comparisons of the E1A 32-kDa protein, penton, hexon, and
fiber coding sequences of the vaccine and prototype strains of
HAdV-7. (i) E1A 32-kDa coding sequence. The E1A 32-kDa
protein belongs to a set of adenovirus proteins that are ex-
pressed early in the infection cycle. The E1A proteins regulate
viral and host gene expression by interacting with various
members of the host cell transcription machinery. Bioinfor-
matics analysis shows that the E1A 32-kDa protein coding
sequences of HAdV7 vaccine and prototype strains had seven
nucleotide differences between them. Five of these were syn-
onymous changes, while the other two were nonsynonymous
mutations. The nonsynonymous changes resulted in two amino
acid substitutions: E57Q and G62E. In addition, there were
two insertions, K195 and C196, found in the vaccine strain. The
rates of synonymous and nonsynonymous mutations were 19
and 3 per 1,000 bp, respectively (Table 6). These low substitu-
tion rates (compared to similar rates in the penton, hexon, and
fiber genes) underscore the conserved nature of the E1A cod-
ing sequences across the various adenovirus species. The E1A
32-kDa coding sequence appears to be under a strong func-
tional constraint and thus does not seem to tolerate high rates
of substitution.

(ii) Hexon coding sequence. The adenovirus capsid com-
prises three proteins: hexon, fiber, and penton. Of these, hexon
proteins comprise roughly 60% of the capsid mass. Each hexon

monomer is formed as two eight-stranded, antiparallel �-bar-
rels and a set of loops (42). Comparative studies of several
adenovirus hexon coding sequences found that while the
�-barrels are conserved, maximum variation exists in the loops
L1 and L2 (12). It has been documented in the literature that
seven hypervariable regions identified within these loops (dis-
played in Fig. 2) account for 99% of the serotype-specific
variations (12). Most of the antibodies against the hexon in an
adenoviral infection are directed against epitopes within these
seven hypervariable regions (12). A comparison of the hexon
coding sequences from the HAdV-7 and -7vac genomes iden-
tifies 67 synonymous and 28 nonsynonymous substitutions. The
overall rates of synonymous and nonsynonymous substitutions
are 101 and 13 changes per 1,000 bp. The nonsynonymous
changes lead to substitutions in 25 amino acid positions. In
addition to the amino acid substitutions, there is a three-ami-
no-acid (VTT) deletion in hypervariable region 1 of the vac-
cine strain, as noted in Fig. 2. The hexon proteins of HAdV-7
and -7vac are 97% identical at the amino acid level. Interest-
ingly, most of the amino acid substitutions (23 out of 25) in
HAdV-7vac occur within the seven hypervariable regions in
loops L1 and L2 (Fig. 2), while the synonymous substitutions
are found in the conserved regions of the hexon coding se-
quence. Presumably, mutations that are positively selected
confer a survival advantage (20). The concentration of nonsyn-
onymous mutations in the hypervariable regions indicates that
loops L1 and L2 are sites of positive selection. This may not be
surprising, given that L1 and L2 contain most of the hexon
epitopes recognized by the host immune system. Any change in
the amino acid sequences of these loops may result in antigenic
drift, allowing the virus to evade the host’s immune response.
This observation may have relevance in vaccine design.

(iii) Penton coding sequence. The penton protein is found at
the vertices of the adenovirus capsid. It serves as the attach-
ment site of the fiber trimer and plays a role in virus internal-
ization (46, 55). The penton proteins of the prototype and
vaccine strains are 98% identical at the nucleotide level and
92% at the amino acid level. There are a total of 21 synony-
mous and 7 nonsynonymous substitutions. The overall rates of
synonymous and nonsynonymous changes are 54 and 6 per
1,000 bp, respectively (Table 6). The effects of these mutations
are difficult to predict, since the structural and functional do-
mains of the penton have yet to be determined.

(iv) Fiber coding sequence. The adenovirus fiber protrudes
from the vertices of the capsid and is responsible for the virus
binding to host cells (46). The fiber coding sequences of
HAdV-7 and -7vac are 99% identical, with three synonymous
and three nonsynonymous substitutions. The overall rates of
synonymous and nonsynonymous substitutions are, respec-
tively, 12 and 4 changes per 1,000 bp (Table 6). Analogous to
the E1A 32-kDa protein, these low rates of substitution in the
fiber coding sequence suggest a strong functional constraint on
the protein. The substitutions result in the following amino
acid changes: A85T, D128N, and T142R. Of these, the first two
changes occur in the fiber “shaft,” while the third occurs in the
“knob.” Importantly, these mutations are also present in the
genome of a recent field isolate of HAdV-7 and are therefore
unlikely to disrupt the host cell binding process (unpublished
data).

FIG. 3. Multiple-sequence alignment of ITRs. CLUSTAL X (v.
1.81) was used to align the ITRs of several HAdVs. The vaccine
genomes are compared with their corresponding prototypes; species
B1 (HAdV-11) and C (HAdV-1) sequences are included as references.
Gaps used to optimize alignments are indicated by dashes. Conserved
nucleotides presumably involved in genome replication are indicated
by asterisks.

TABLE 6. Substitution rates in selected HAdV-7vac
coding sequencesa

Gene
Rate

Synonymous Nonsynonymous

E1A 32-kDa protein 19 3
Penton 21 7
Hexon 101 13
Fiber 12 4

a Molecular Evolutionary Genetics Analysis (MEGA) software was used to
calculate the synonymous and nonsynonymous substitution rates in the coding
sequences of the E1A 32-kDa protein, penton, hexon, and fiber genes of the
HAdV-7vac genome. These are important determinants of tropism and infec-
tion. They are aligned with their homologs in HAdV-7 (Gomen strain). The rates
are calculated as the number of substitutions per 1,000 bp.
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A recently reported different HAdV-7 vaccine strain from
China. The sequence of a second HAdV-7vac strain, appar-
ently in use in China, was submitted by X. Jiang et al. (Gen-
Bank AY495969). As it is unpublished, a full comparison is not
available. Based on the GenBank data and PipMaker analysis,
this vaccine strain has 626 mismatches and 352 gaps compared
to the HAdV-7 prototype. The most important indel appears
to be a 237-bp insertion in the Chinese vaccine genome se-
quence that abolishes the L1 52-kDa protein coding sequence.
Since this protein serves in the scaffolding for the capsid (23),
its absence may indicate an attenuation of the live virus. The
two HAdV-7vac genomes have 17 mismatches and 274 gaps
between them. Differences in the two vaccine genomes are
likely a reflection of the circulating genome types that were
used in the development of different versions of the vaccine in
China and the United States.

HAdV-4 and HAdV-4vac sequence comparison. With this
newly characterized reference sequence, the HAdV-4vac ge-
nome can be compared to its prototype and presumed progen-
itor, HAdV-4. These HAdV-4 genomes share close identity
with respect to nucleotide sequences, as seen in the dot blot
analysis with PipMaker (Fig. 4). HAdV-4vac has six mis-
matches and four gaps compared to HAdV-4. A 3-bp in-frame
insertion results in the addition of a single amino acid, A128, to
the amino acid sequence of the L4 33-kDa protein. No func-
tion has been assigned to the L4 33-kDa protein, so it is
difficult to determine what effect such an insertion may have. A
1-bp insertion occurs in the noncoding region of the E3 tran-
scriptional unit. Such low rates of substitution and indel events
suggest strongly that the vaccine strain was based on the pre-
vailing and circulating field strain at the time. During the
preparation of this report and after the submission of the
reported sequence to GenBank, another genome sequence of
HAdV-4vac was published (26). This strain was also resusci-
tated from a Wyeth-Lederle Laboratories vaccine tablet. Its
sequence corroborates the sequence reported here; it differs

from this sequence by one nucleotide substitution (T:G at
position 1971) out of 35,994 nucleotides. Reexamination of the
raw data suggests that this may be a true single-nucleotide
polymorphism (SNP) rather than a sequencing error. Addi-
tionally, the 37 coding sequences reported earlier (26) are a
subset of the 51 coding sequences in this report.

Comparison and analysis of the HAdV-4-related ITRs: ge-
nome recombination. As mentioned earlier, there are intrigu-
ing similarities and differences between the ITRs of HAdV-
4vac and its prototype counterpart. These are in line with one
recent key observation that the HAdV genomes appear to
exchange sequences with each other, particularly the species
B1 members (unpublished data). This may also be seen in the
temporal progression of genome variants of strains isolated
from patients (field strains). As the HAdV-4 prototype strain
dates from the early 1950s and the vaccine strain, presumably
derived from the then-current circulating field strain, dates
from the mid- to late 1950s, recombination events are likely
retained if they confer selective advantage. This may be borne
out in the analysis of the ITRs, particularly those of recent field
strains (unpublished data), and are reported here for the vac-
cine and prototype genomes.

The terminus of HAdV-4vac contains a CATCATCAA se-
quence, starting at nucleotide 1, which is present in species C
serotypes, represented by HAdV-1 (Fig. 3). Curiously, unlike
the HAdV-4vac terminus, HAdV-4 has a CTATCTATA motif
in the terminus (39). This sequence motif is identical to the
corresponding sequences in several species B1 members, as
represented by HAdV-3, -7, and -7vac. Historically, these spe-
cies B1 serotypes were and are associated with ARD. The
species C serotypes are associated historically with childhood
and milder respiratory diseases (8). The divergent termini of
the nearly identical genomes are indicative of a recombination
event between the species E serotype and species B1 and/or
species C. Interspecies recombination between HAdVs has not
been commonly noted in the literature. Recombination events
may increase the replicating efficiency and robustness of the
ensuing recombinant strain (35).

In both genomes, these divergent 9 nucleotides are followed
by the canonical sequences that are conserved across all se-
quenced HAdV genomes from nucleotides 10 to 25. After this,
with the exception of four nucleotide differences, both vaccine
and prototype genomes have identical sequences stretching to
the end of the 116-bp ITR. These differences are present in the
vaccine genome as follows: “deletion” of a T at nucleotide 2,
insertion of an A at nucleotide 5, and a dinucleotide substitu-
tion (CA for AT) at positions 7 and 8. The identical sequences
include a unique string of eight T nucleotides from positions 22
to 29 in both vaccine and prototype genomes. The significance
of these similarities and differences are not yet understood;
however, they may have relevance in serotype and/or pathoge-
nicity evolution, as well as infectiousness, as the reemergent
HAdV-4 variants are the current predominant agent of ARD
(7). This, in turn, has relevance for vaccine redevelopment.
This particular genome sequence represents an important site
for the development of reagents for molecular diagnostics,
yielding a unique genome signature for prototype, vaccine, and
current epidemic field strains of HAdV-4 (unpublished data).

As mentioned earlier, HAdVs require certain host cellular
factors for efficient viral replication. Cellular transcription fac-

FIG. 4. Whole-genome analyses of HAdV-4 and HAdV-4vac se-
quences. The genome sequences of HAdV-4 and HAdV-4vac strains
were aligned and analyzed. (A) Dot plot of the aligned sequences as
displayed by PipMaker. (B) Mismatches and gaps in the HAdV-4vac
sequence as noted by PipMaker. (C) Summary of selected indels in the
HAdV-4vac genome compared to the HAdV-4 sequence. “Selected”
indels are defined as those affecting nine or more nucleotides or
changing the protein-coding potential. Note that “gaps” are defined by
PipMaker as the total number of nucleotides inserted or deleted, not
the number of events.
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tor DNA-binding motifs for the HAdV-4vac genome are noted
in Table 2. The HAdV-4vac genome contains an NFIII/Oct-1
recognition site (TATGCAAATAA) at bp 41 to 51, which is
also found in the prototype genome, as well as all other
HAdVs. However, it contains a unique Sp1 binding site (GG
GGATGGGGC) at bp 65 to 75, again found in the prototype
genome but not other HAdV ITRs. Also, particularly notewor-
thy, the NFI/CTFI recognition site is not present in either
HAdV-4 genome but is present in all other HAdVs character-
ized to date. This is consistent with earlier work reporting the
ITRs and DNA sequence motifs required for HAdV-4 repli-
cation (22, 39). In contrast, reports in the literature show that
HAdVs require both NFI and NFIII for efficient DNA repli-
cation (37).

Comparisons of the E1A 32-kDa protein and penton, hexon,
and fiber proteins of the vaccine and prototype strains of
HAdV-4: an example of molecular forensics. In contrast to the
HAdV-7 genomes described here, the HAdV-4 genomes have
very few differences, identifying the then-circulating field strain
as the HAdV-4 prototype described in 1953 (25). This is an
example of the molecular forensics possible using genome
bioinformatics and genomes as gold standards.

The E1A 32-kDa protein and penton and fiber protein cod-
ing sequences of the vaccine and prototype strains are nearly
100% identical at the nucleotide level. The hexon coding se-
quence has a single synonymous A-to-T transversion at posi-
tion 1997. This is a synonymous mutation, as the hexons are
100% identical at the amino acid level.

Nonattenuation of vaccine strains. Live attenuated viruses
have been used routinely for vaccination against several viral
pathogens. For example, vaccines against polio, measles,
mumps, rubella, and influenza are formulated from live, atten-
uated viral strains (1). No observations or studies were re-
ported showing whether these HAdV strains were attenuated
for virulence. This report is the first comparative examination
of the two vaccine strain genome sequences with the prototype
genomes. The comparative analyses, using whole-genome dot
plot comparisons via PipMaker and also examining the coding
structures, suggest that neither vaccine strain appears to have
undergone any mutation or recombination events that would
lead to attenuated virulence. While the HAdV-4vac strain se-
quence is nearly identical to that of its prototype, the HAdV-
7vac sequence has five major indels compared to the HAdV-7
(Gomen) prototype. Three of these indels either shorten or
abolish the coding sequences of the VA RNAs and the E3
7.7-kDa protein. The VA RNA and the E3 coding sequences
are required by the virus to counter the host’s immune system,
thus raising the possibility that any disruption in these coding
sequences may attenuate the virulence of the virus. However,
all of these indels are also present in a current and epidemic
field strain isolate of HAdV-7 (unpublished data). Therefore,
it is unlikely that these differences lead to an attenuation of the
virus. In contrast, a second HAdV-7vac strain (GenBank
AY495969), used and sequenced in China, lacks the coding
sequence for the L1 52-kDa scaffold protein. This deletion may
lead to attenuation.

The method of HAdV immunization is to administer oral
doses to produce an asymptomatic infection that leads to se-
roconversion. Numerous safety and efficacy studies have indi-
cated that this asymptomatic gastrointestinal infection results

in between 70 and 80% of those vaccinated seroconverting to
HAdV-4 and HAdV-7 (50, 53, 54). Since HAdV-4 and -7 are
rarely associated with gastrointestinal disease in adults, likely
due to the fact that these serotypes lack tropism for the intes-
tinal epithelial lining, this appears to be an effective and safe
immunization strategy (47). However, the recent isolation of
an apparent B1 species member, HAdV-50, from a gastroin-
testinal infection in a HIV-infected individual may elicit con-
cern (16). This additional tropism may have implications, as
data are accumulating for genome recombination between
HAdV serotypes and species (unpublished data). As an aca-
demic point, recombination events between the ingested vac-
cine strains and other coinfecting adenovirus strains could give
rise to new strains and serotypes that have altered infectious
and pathogenic pathways.

Vaccine efficacy and genome evolution. It is important to
note that the vaccines have proven very effective for countering
HAdV strains circulating at the time of vaccine deployment.
Given the evolving nature of the genomes, as noted in the data
presented here, continued monitoring will ensure continued
efficacy of the vaccines.

An experimental approach to the issue of whether the vac-
cines would protect against current and future circulating
strains can be followed by using archived sera of vaccinated
individuals and current HAdV isolates. This complements the
approach of hypothesizing the predicted effects of antibodies
on presumed altered coat proteins, as noted by the bioinfor-
matics.

The adenovirus prototype strains were isolated approxi-
mately 50 years ago, ca. 1953; the vaccine strains were derived
from that era’s circulating epidemic field strains ca. the mid- to
late 1950s. Limited sequence comparisons, e.g., hexon coding
regions, between the vaccine strains and the present-day cir-
culating strains reveal significant differences (13). Because of
this, one might hypothesize that the neutralizing antibodies
directed against the outer coat proteins of the 1950s era vac-
cine strains may not protect against current and future epi-
demic field strains. Antibodies are generated against the outer
coat proteins, which include the fiber, hexon, and penton pro-
teins. In particular, the hexon amino acid sequence has seven
major hypervariable regions that contain most of the serotype-
specific epitopes (12), as shown in Fig. 2. A comparison of the
hexon sequences of the vaccine, prototype, and current field
strains identifies phylogenetic relationships among these
strains that may be used as predictors of vaccine efficacy (un-
published data). The HAdV-7vac hexon is closer to its coun-
terpart in the HAdV-7 field strain than it is to the HAdV-7
prototype hexon. The hexon of HAdV-7vac also has a higher
level of similarity (99% identity at the amino acid level) to its
homologs in the HAdV-7 genome types, HAdV-7a and -7d
(data not shown), than it does to the hexon of the HAdV-7
prototype. Given this difference in the levels of conservation
between the vaccine strain hexon and its homologs in the other
HAdV-7 genome types, it is possible that the vaccine strain
affords various degrees of protection against different genome
types of HAdV-7. In contrast, the hexon of HAdV-4vac differs
greatly from its homologs in the current field isolates of
HAdV-4. This suggests that while the HAdV-7vac strain may
prove to be efficacious in preventing an HAdV-7 infection, the
HAdV-4vac strain may offer a lower degree of protection
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against the current evolving epidemic HAdV-4 field strains.
Continued monitoring will ensure continued efficacy.

Despite these genome differences between the vaccines and
current field isolates, it must be pointed out that strong evi-
dence exists to suggest that these HAdV-4 and HAdV-7 field
strains were already in circulation at least as early as the 1990s,
when vaccination was still occurring in military trainees (7).
Studies during this time showed effectiveness of the vaccine,
despite these differences betrween vaccine strains and circu-
lating strains, with unvaccinated recruits being 28 times more
likely to be positive for HAdV-4 or HAdV-7 (21).

Nevertheless, epidemiological studies indicate that the
global prevalence patterns of HAdV genome types do shift
over time and geographical region (10, 18, 27, 28). This, along
with the genome data presented here, suggests that it is advis-
able and prudent to design HAdV vaccines from strains that
offer the greatest protection against the prevalent genome type
and to continue surveillance and vaccine redevelopment with
periodic evaluations of current field strains.
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