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In order to determine the suitability of vaccine strains established in the 1960s for a new vaccine, a
comprehensive study of strain variation of adenovirus serotype 4 (AV 4) and AV 7 was undertaken. A 1,500-bp
region of the hexon gene containing the AV neutralization epitopes from prototype, vaccine, and community-
acquired strains and from wild-type strains from military personnel that cause acute respiratory disease
(ARD) was sequenced and analyzed. The whole hexon gene from prototype strains, vaccine strains, and selected
isolates was sequenced. AV 7 and AV 7a were found to have distinct genotypes, and all vaccine and wild-type
strains recovered from 1963 to 1997 had the AV 7a genotype. There was no significant strain variation in the
neutralization epitopes of the AV 7a genotype over a 42-year period. The evolution of AV 4 was more complex,
with continuous genetic drift punctuated by replacement with a new strain. The current strain of AV 4, which
has been in circulation since 1995, is significantly different from the AV 4 prototype and the vaccine strains.
Genetic differences were confirmed to be antigenic differences by neutralization tests, which define the new
strain as an AV 4 variant. A type-specific PCR for AV 4, AV 7/7a, and AV 21 was developed, and this PCR
facilitated the rapid identification of isolates from outbreaks of ARD.

Epidemics of acute respiratory disease (ARD) in military
personnel were the most significant cause of morbidity, hospi-
talizations, and work-time loss in new recruits and trainees
through the 1950s (1, 28). The etiology of ARD was discovered
to be adenoviruses (AVs), primarily AV serotype 4 (AV 4) and
AV 7 (1, 12) and occasionally AV 3, AV 14, and AV 21 (29).
In 1956 the first experimental formalin-inactivated adenoviral
vaccines, which were made from monkey kidney cell cultures,
were tested (13). However, lot-to-lot variation, contamination
with simian virus 40, and the possible oncogenicity of AV 3 and
AV 7 led to their withdrawal in 1963 (15). A live, enterically
coated AV 4 vaccine made from human diploid cells was in-
troduced in that same year (4, 10). Following extensive onco-
genicity testing (9), a live enterically coated AV 7 vaccine was
introduced in 1971 (26). Both vaccines have been in continuous
use since 1971 and have reduced the incidence of ARD caused
by AVs in recruits by 80 to 90% (8, 15).

In 1994, vaccine production delays resulted in shortages,
leading to outbreaks of ARD in several training centers (19,
27). In 1996, the sole manufacturer of the vaccines, Wyeth-
Ayerst, Inc., Marietta, Pa., permanently discontinued produc-
tion of the vaccines (27). A new manufacturer is being sought
by the U.S. Department of Defense, but on-hand vaccine
stocks are projected to be exhausted by the winter of 1999,
depriving the armed services of effective countermeasures to
the excessive morbidity caused by ARD.

Before a new vaccine source is designated, the relationship
of the currently circulating strains of AV 4 and AV 7 to the
vaccine strains needs to be examined. The vaccine strains were
first isolated more than 35 years ago (4, 26). The possibility
exists that current strains in circulation may have undergone
significant genetic and antigenic drift. Protective neutralizing

antibodies to AVs are directed against type-specific epitopes
contained in seven hypervariable regions (HVRs) in the viral
major coat protein, the hexon (6). Mutation in the HVRs can
be extensive and can lead to antigenic shift and drift and the
evolution of new serotypes (7).

The intent of this study was to examine the genetic variation
among strains of AV 4 and AV 7. In order to map their
evolution we sequenced and analyzed a 1,500-bp region that
included the seven HVRs from prototype strains established in
the 1950s, the vaccine strains from the early 1960s, wild-type
strains from patients with community-acquired infections re-
covered from 1963 to 1996, and strains from recent ARD
outbreaks in the military. We sequenced the whole hexon gene
from prototype strains, vaccine strains, and two wild-type
strains. Genetic variation was confirmed by cross-neutraliza-
tion tests for antigenic variation. We also developed a type-
specific PCR for AV 4, AV 7/7a, and AV 21 to rapidly type
isolates from ARD outbreaks.

MATERIALS AND METHODS

Viral strains and isolates. Viruses from four sources were examined (Table 1).
(i) Prototype strains AV 4 (RI-67), AV 7 (Gomen), and AV 7a (S-1058) were
from the collection of the Viral and Rickettsial Disease Laboratory (VRDL),
California State Department of Health Services, Berkeley. (ii) Vaccine strains
AV 4 (CL 68578), lot 4958221, and AV 7 (55142), lot 4958220, were provided by
Wyeth Laboratories, Marietta, Pa. (4, 26). (iii) Thirty-eight isolates recovered
from military personnel were tested. The isolates from military personnel were
identified as AV 4 or AV 7 by the submitting laboratories on the basis of the
neutralization test. All isolates from military personnel were tested by a type-
specific PCR, and 12 were selected for sequencing. (iv) Seven community-ac-
quired AV 4 isolates and 12 community-acquired AV 7 isolates were obtained
from the collection of VRDL and were isolated between 1963 and 1996. Stock
virus preparations were made from the vaccine strains and isolates from military
personnel by a single passage in A549 cells.

Type-specific PCR. Isolates from military personnel were typed by a semimul-
tiplex PCR with a single AV generic upstream primer and four downstream
primers; the latter four primers comprised three primers that specifically iden-
tified AV 4, AV 7/7a, and AV 21 and a downstream generic primer that recog-
nized all serotypes. Generic primers were designed from AV consensus se-
quences from the hexon major coat protein by using deoxyinosine (I) at positions
of ambiguity (6). Generic upstream primer AV1Rm (59-TICTTTGACATICGIG
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GIGTICTIGA-39) and downstream primer AV3L (59-CTGTCIACIGCCTGIT
TCCACAT-39) generate a band of 822 to 870 bp, depending on the serotype.
Sequences for type-specific primers were taken from HVRs of the hexon protein.
The HVRs contain type-specific residues and generate a unique PCR product
band length for AV 4 (510 bp), AV 7 (239 bp) or AV 7a (230 bp), and AV 21 (167
bp). The type-specific primers were AV4HVR5L (59-CGTAGTTAGCAACAAT
AITTTTGC-39), AV7HVR2L (59-GGCTTGTTGTCTGCAGTAATGTC-39),
and AV21HVR1L (59-AGATTTTTCTCTTCCTCTTCGTCAGA-39). The PCR
mixture consisted of (i) 2.5 U of Tfl DNA polymerase (Epicenter Technologies,
Madison, Wis.), (ii) buffer containing 20 mM (NH4)SO4 and 50 mM Tris-HCl
(supplied at a 203 concentration with the enzyme), (iii) 1 mM MgCl2, (iv) 250
mM (each) deoxynucleotide triphosphate, (v) 5 ml of MasterAmp Enhancer
containing a single-stranded DNA binding protein (supplied with the enzyme),
(vi) 5% glycerol, (vii) 0.1% Triton X-100, and (viii) 25 pmol of each primer
(AV1Rm, AV4HVR5L, AV7HVR2L, AV21HVR1L, and AV3L) in a 50-ml
reaction volume. The template was 1 to 10 ml of fluid from the cell culture of the
original isolate. Two drops of oil was added to each tube. PCR cycling consisted
of an initial denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 1
min, 56°C for 1 min, and 72°C for 2 min.

PCR and direct DNA sequencing. Seventeen strains of AV 4 and 19 strains of
AV 7/7a were selected for use in the sequencing of HVRs to include virus strains
with broad ranges of temporal distribution and disease manifestation (Table 1).
A full-length AV template was prepared by extraction by a method modified
from that of Hirt (14). PCR and direct sequencing were performed as described
previously (7). Three PCR products were generated from each strain for a total
of 1,500 bp, which is slightly more than half of the hexon protein (Fig. 1). The
regions sequenced included (i) the conserved pVI core protein nuclear localiza-
tion peptide, the hexon 59 noncoding region, and the first 187 highly conserved
bases of the hexon protein framed by primers UP (59-AACAGCATIGTGG
GTITGGGIGTG-39) and AV1Lm (59-TCIAGIACICCICGIATGTCAAAGIA-
39), (ii) HVRs 1 through 6 framed by primers AV1Rm and AV3L (their se-
quences are given above), and (iii) HVR 7 framed by primers AV3R (59-
ATGTGGAAICAGGCIGTIGACAG-39) and AV5L (59-CGGTGGTGITTIAA
IGGITTIACITTGTCCAT-39). The PCR mixture was as described above but

was expanded to a preparative 100-ml reaction volume, with 100 pmol of each
primer, 10 ml of MasterAmp Enhancer, and 1 to 5 ml of DNA template but no
Triton X-100. PCR cycling was as described above, but the annealing tempera-
ture was 45°C. PCR products were cleaned by adsorption to silica (Prep-A-Gene;
Bio-Rad Laboratories, Hercules, Calif.). Direct cycle sequencing by incorpora-
tion of [33P]dATP was performed with the fmol DNA Sequencing System (Pro-
mega, Madison, Wis.) with 10 pmol of primer and 1 to 5 ml of PCR product. The
sequencing cycle was as described previously (7). The whole hexon from proto-
type, vaccine, and two wild-type strains was sequenced with five additional primer
sets (6). Gene sequences were aligned with Align Plus (Scientific and Educa-
tional Software, State Line, Pa.).

Neutralization assays. Stock virus preparations of prototype strains, vaccine
strains, and an AV 4 variant were tested in cross-neutralization tests with equiv-
alent virus dosages. The virus dosage was calculated by the method of Reed and
Muench (24). Rabbit antisera to prototype strains of AV 7 (Gomen), AV 4
(RI-67), and AV 16 (CH 79) were from the collection of VRDL. National
Institutes of Health (NIH) standardized rabbit antiserum to AV 7a (S-1058) was
obtained from the American Type Culture Collection (V207A-501-565). Cross-
neutralization titers were determined by a semiautomated colorimetric micro-
neutralization assay (5). Antiserum to the prototype AV 16 strain (strain CH 79)
was included in the comparison of AV 4 strains because of its high level of
cross-reactivity with AV 4 (RI-67) (21, 32).

Nucleotide sequence accession numbers. The accession numbers for the com-
plete hexon DNA sequences that were entered into the Genbank database are as
follows: AV 7 (Gomen), AF065065; AV 7a (S-1058), AF065066; AV 7 vaccine
strain (55142), AF065067; AV 7 (Kn T96-0620), AF065068; AV 4 (RI-67),
AF065062; AV 4 vaccine strain (CL 68578), AF065063; and AV 4 variant (Z-G
95-873), AF065064.

RESULTS

Type-specific PCR. Thirty-eight isolates from military per-
sonnel were typed by PCR. The results for 12 of these isolates

TABLE 1. AV 4 and AV 7/7a strains and isolates sequenced for this studya

Serotype Strain Year of
isolation Location (reference) Age/sex Syndrome

AV 4 RI-67 (p) 1953 Missouri (16) PAP
55142 (v) 1963 Washington, D.C. (5, 30) 20 yr/M Febrile respiratory illness
T63-2297 1963 Stockton, Calif. 40 yr/F Conjunctivitis
T64-3630 1964 NA NA NA
T68-0143 1968 San Jose, Calif. 10 mo/M URI
T71-2489 1971 Oakland, Calif. 2.5 yr/F PAP
T82-0981 1982 Modesto, Calif. NA/M Conjunctivitis
810223-2 1985 San Francisco, Calif. .18 yr/F Seen at VD clinic
3 isolates 1988 EAMC, Ga. ARD
Z-G 95-873 1995 Indio, Calif. 2 mo/F Meningitis, diarrhea
1 isolate 1996 EAMC, Ga. ARD
3 isolates 1997 EAMC, Ga. ARD
1 isolate 1997 BAFB, Tex. ARD

AV 7/7a Gomen (p7) 1954 Fort Baker, Calif. (2) Pharyngitis
S-1058 (p7a) 1955 Washington, D.C. (3, 28) Respiratory illness
CL 68578 (v) 1963 Washington, D.C. (5, 30) 10 mo/F Respiratory illness
T63-3630 1963 Oakland, Calif. 9 yr/M Myocarditis
66-03-0210 1966 Fort Ord, Calif. 1 yr/M Pharyngitis, URI
T69-0705 1969 Oakland, Calif. 11 yr/M Myositis
T72-0671 1972 San Mateo, Calif. 1 yr/M Rash, fever
T84-0927 1984 Riverside, Calif. 17 mo/F Pharyngitis, conjunctivitis
T87-1484 1987 Fresno, Calif. 12 yr/F Pneumonia
T92-0229 1992 Sacramento, Calif. 13 yr/F Fatal ARD, lupus
T95-0730 1995 San Diego, Calif. NA/F Pharyngitis
Kn T96-0620 1996 San Francisco, Calif. 27 yr/M Fatal ARD
T96-0731b 1996 New Orleans, La. 2 yr/M Fatal ARD
T96-0732b 1996 New Orleans, La. 1 yr/M Severe ARD
T96-0733b 1996 New Orleans, La. 5 yr/M Severe ARD
1 isolate 1996 EAMC, Ga. ARD
2 isolates 1996 BAFB, Tex. ARD
1 isolate 1997 BAFB, Tex. ARD

a Abbreviations: p, prototype strains; v, vaccine strains; PAP, primary atypical pneumonia; NA, not available; URI, upper respiratory infection; VD, venereal disease;
EAMC, Eisenhower Army Medical Center; BAFB, Brooks Air Force Base; M, male; F, female.

b Isolates from an outbreak at a medical care facility for physically handicapped children. The outbreak resulted in 13 cases of ARD and 7 deaths from severe ARD.
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and their controls are shown in Fig. 2. There was no cross-
reactivity between AV 4, AV 7, or AV 21 or with other closely
related AV serotypes (AV 3 and AV 16), which generated only
generic bands. There was no cross-reactivity with other subge-
nus B serotypes (AV 11, 14, 34, or 35) or subgenus C serotypes
(AV 2 or 5) (data not shown). A few AV 4 and AV 7 strains
amplified a faint generic band as well as a strong type-specific
band. PCR and neutralization results were concordant for 34
of 38 isolates. Two isolates identified by the submitting labo-
ratories as AV 7 were AV 4 and AV 21 strains, respectively, by
PCR. Two strains previously identified as AV 4 were AV 7 and
non-AV4/7/21, respectively, by PCR. Determination of the se-
rotypes of the isolates with discordant results by DNA se-
quencing confirmed the PCR results for all four isolates. The
serotypes segregated primarily with year of isolation. The three
isolates recovered in 1988 were AV 4. Regardless of the geo-
graphic source, 10 isolates recovered in 1996 and early 1997
were AV 7, with 1 AV 4 isolate and 1 AV 21 isolate. Twenty-

two isolates recovered in 1997 were AV 4, with 1 AV 2 isolate
and 1 AV 7 isolate. The AV 2 isolate was identified as an
isolate other than an AV 4, AV 7, or AV 21 isolate by PCR and
typed and confirmed by neutralization assay and sequencing.

Molecular analysis of AV 7/7a strain variability. Compari-
son of the sequences of the whole hexons of AV 7 (Gomen)
and AV 7a (S-1058) revealed that they were two genetically
distinct strains (or had distinct genotypes), with 38 coding and
68 noncoding differences across the hexon gene, including a
9-bp deletion from HVR1 in AV 7a (Fig. 3). The level of
nucleic acid homology between AV 7 and AV 7a was 96%, and
the level of protein homology was 97%. From the sequence
analysis of the whole hexons of the vaccine strain (55142) and
isolate Kn T96-0620 and 1,500 bp of 15 wild-type isolates, it
was clear that all of the vaccine, community-acquired, and
military personnel strains recovered from 1963 to 1997 were of
the AV 7a genotype. Not a single isolate resembled the pro-
totype AV 7 (Gomen) strain. The mutation rate of the AV 7a

FIG. 1. Gene map of the AV hexon protein showing HVRs (shaded), the regions sequenced, and generic and type-specific primers. Adapted from reference 7 with
permission of the publisher. aa, amino acids.

FIG. 2. Type-specific PCR of military isolates and prototype strains. The wells are loaded with 5 ml (10%) of each PCR product. Lane M, molecular mass ladder.
Numbers on the left are in base pairs.
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genotype strains was extremely low. Over a 42-year period
(1955 to 1997) there were six single-base differences among the
18 strains with the AV 7a genotype. For the prototype AV 7a
strain (strain S-1058), 3 of the 1,500 sequenced bases were
unique to that strain. The vaccine strain (strain 55142) had one
coding change that was unique to that strain. Among the 16
wild-type isolates there were two base changes: one HVR 7
coding change that was shared by three strains recovered from
1995 to 1996 (strains T95-0730 and T96-0732 and one isolate
recovered from a member of the military in 1996) and one
unique noncoding change in an isolate from a patient with fatal
case of ARD in 1996 (Kn T96-0620).

AV 4 genetic variability. Sequence analysis of the prototype
AV 4 strain (strain RI-67), vaccine strain 55142, and 15 archi-
val and military personnel isolates demonstrated a more com-
plex evolution. The prototype strain, all isolates recovered
from 1963 to 1971, and a single isolate recovered in 1996 were
identical. The vaccine strain had one coding change that it
shared with one isolate recovered in 1985 and all isolates
recovered after 1995. An isolate recovered in 1982 had a sec-
ond coding change that appeared in all isolates recovered later.
The isolate recovered in 1985 contained a unique coding
change. In 1988 a unique strain was isolated from three spec-
imens at a single location (Eisenhower Army Medical Center).
That strain had incorporated the 1982 coding change and con-
tained a characteristic deletion of 12 bp (four codons) from
HVR 3. In 1995 another unique strain (strain Z-G 95-873)
appeared. That strain incorporated the two earlier coding
changes and, in addition, contained 9 coding and 13 noncoding
changes. Nine of the coding changes occurred in HVRs 1, 3, 4,
5, 6, and 7 and two occurred in the matrix residues between
HVRs 3 and 4 (Fig. 4). All AV 4 isolates recovered since 1995
except one isolate recovered a member of the military in 1996
were this new strain. The isolate recovered from a member of
the military resembled earlier strains.

Neutralization assays. The results of cross-neutralization
tests with AV 7 (Gomen) and AV 7a (S-1058) strains were as
follows: NIH antiserum to AV 7a gave a homotypic titer of

5,120 and a titer of 640 against AV7 (Gomen); this is an
eightfold difference between strains. The vaccine strain was
neutralized at a titer of 5,120 as well. The antiserum to AV 7
(Gomen) did not have the same specificity, giving titers of
1,280 for both AV 7 (Gomen) and the AV 7a strain (S-1058).
The titer for the vaccine strain was not significantly different
from that for the prototype AV 7a strain. The genetic differ-
ences between AV 4 strains were also reflected in their neu-
tralization titers. The AV 4 (RI-67) antiserum gave a homo-
typic titer of 10,240, and a titer of 2,560 was obtained with the
Z-G variant; this was a fourfold reduction. The titer for the
vaccine strain was not significantly different from that for the
prototype strain. The titer with AV 16 antiserum was 2,560
against AV 4 and 80 against the Z-G variant; this was a 32-fold
reduction. The titer for the vaccine strain was not significantly
different from that for the prototype strain.

DISCUSSION

The AV serotypes of isolates from military personnel were
associated with year of isolation, regardless of location, with
1996 being a predominantly AV 7 year and 1997 being a pre-
dominantly AV 4 year. The wave of AV 4 infections in 1997
has been confirmed by others (27). The cycling of AV 4 and
AV 7 in training centers has been reported previously (16).
The type-specific PCR, as formulated, is a timely and cost-
effective alternative to serologic identification of isolates when
a small number of serotypes is suspected, as in outbreaks of
ARD among military personnel. It has the potential to be a
timely and cost-effective diagnostic tool, as well, when used
with specimens submitted for virus isolation. AVs lend them-
selves to a multiplex PCR approach because the seven HVRs
contain sequences unique to each serotype, and the present
PCR configuration could be expanded to include additional
serotypes. The AV 21-specific primer was included with AV 4
and AV 7/7a because AV 21 was earlier shown to be a signif-
icant cause of ARD in military recruits (29).

The implications of this information for AV 7/7a vaccine

FIG. 3. Major coding differences in the HVRs between AV 7 (Gomen), AV 7a (S-1958), and the AV 7 vaccine strain (55142) indicated by shading. The deletion
characteristic of AV 7a strains is indicated by the unfilled box.
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design and delivery are clear. There is essentially no variability
among strains with the AV 7a genotype. The AV 7a vaccine
strain is identical to all of the isolates collected from military
personnel and most wild-type strains isolated from the civilian
population. We have recently examined the mutation rate in
this region of the hexon in strains of a subgenus D AV that
were isolated over a 6-year period and estimated a mutation
rate of one mutation per 2,500 bases per year (6). The muta-
tion rate for the AV 7a genotype appears to be much lower,
with a total of six mutations in 42 years. Given such a low
mutation rate, the profound differences between AV 7 and AV
7a indicate that many, many years have passed since their
divergence.

The existence of a distinct subtype of AV 7 (subtype AV
7-H) was first proposed in 1957 on the basis of cross-neutral-
ization tests with AV 7 (20). Designated AV 7a in 1958 (25), its
validity has been debated almost since it was first reported.
Some reports have found support for these differences (2, 11),
and others have not (23, 31). In cross-neutralization tests, the
critical determinants of differentiation were the equivalence of
virus dosage (2, 25) and the specificity of antiserum (20, 26). In
our neutralization tests, with virus dosage controlled, the spec-
ificity of the antiserum determined significant differences. The
AV 7 (Gomen) hyperimmune antiserum used here was pre-
pared by using a multiple series of immunizations in order to
produce the highest titer, but specificity was sacrificed.

More recent characterization of AV 7/7a has been based on
restriction enzyme analysis (REA) of the whole 36-kbp ge-
nome, and AV 7b-h have been added to the original AV 7 and
7a (17). REA has proven to be a useful tool for epidemiolog-
ical investigation. However, hexon gene sequences for two AV
7b strains and three AV 7d strains culled from DNA sequence

data banks (18) showed the AV 7a hexon sequence in the
HVRs with the characteristic deletion in HVR 1. Differences
in restriction endonuclease cleavage sites did not indicate dif-
ferences in neutralization epitopes for AV 7a. Our data estab-
lish that AV 7 and AV 7a are genetically distinct subtypes. The
protein homology between disparate serotypes AV 3 and AV 7
is only slightly less at 94.3% (22). The AV 7a genotype has
predominated since the 1960s, with neutralization epitopes
virtually unchanged. The AV 7a vaccine strain can offer pro-
tection against current wild-type viruses in circulation now and
in the foreseeable future.

The pattern of evolution in AV 4 is more complex than that
in AV 7a and appears to resemble that of influenza virus. A
small but constant genetic drift is punctuated by the periodic
appearance of a new strain that replaces former strains.
Genomic variation of AV 4, determined by REA, has been
reported by others (3). The current strain in circulation is
significantly different from the prototype and vaccine strains.
Nine of the coding changes occur in the HVRs which contain
the neutralization epitopes and are reflected in the decrease in
neutralization titer. The fourfold reduction in neutralization
titer compared to that for the prototype strain indicates that
this strain is an AV 4 variant. As reported by others (21, 32),
AV 16 antiserum exhibited a high level of cross-reactivity with
the AV 4 prototype strain. The reduction in cross-reactivity of
AV 16 with the AV 4 variant (Z-G) was dramatic, indicating
that one or more of the coding changes in the variant occurred
in neutralization epitopes shared by AV 4 and AV 16. The
degree of protection provided by the vaccine strain against the
currently circulating variant cannot be determined by molecu-
lar methods. Certainly, AV 4 has drifted genetically and anti-
genically and will continue to do so. It is probable that AV 4

FIG. 4. Major coding changes in the HVRs among AV 4 strains indicated by shading: prototype (RI-67), vaccine strain (CL 68578), and the AV 4 variant (Z-G
95-0620). The unique deletion from the strains recovered in 1988, represented by strain 88-16306, is indicated by unfilled box.
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may drift sufficiently that the vaccine will not offer adequate
protection in the foreseeable future. Molecular surveillance of
circulating AV 4 strains is indicated to determine whether a
major antigenic change has taken place so that a new AV 4
vaccine strain can be implemented in a timely fashion.
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