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Human adenoviruses (HAdVs) are the major causes of a variety of acute illnesses. Virus isolation and
neutralization tests are usually done to identify the causative virus, but these tests are labor-intensive and
time-consuming, and standardized antisera are in limited supply. This study investigated a rapid and reliable
method of virus identification based on PCR and phylogenetic analysis. The phylogenetic tree constructed by
neighbor joining on the basis of the newly determined partial hexon sequences from 33 prototypes of HAdV-D
and -E, along with 11 available prototypes of HAdV-A to -C and -F from GenBank, allowed HAdVs to be
grouped into six distinct clusters. These clusters correspond closely to the six newly designated species,
HAdV-A to -F. The partial hexon sequences of 57 isolates from patients with acute conjunctivitis obtained over
20 years plus those of 44 prototype strains were analyzed. Each isolate formed a monophyletic cluster along
with its respective prototype strain, allowing serotype identification. Partial-hexon-based classification appears
to be an effective tool for studying the molecular epidemiology of HAdVs.

Human adenoviruses (HAdVs) in the genus Mastadenovirus
of the family Adenoviridae form a group of viruses with numer-
ous serotypes (1, 9, 16, 31, 38, 42). HAdVs infect billions of
people worldwide and cause various clinical manifestations,
such as keratoconjunctivitis, upper and lower respiratory tract
infections, hemorrhagic cystitis, and gastroenteritis (18, 21).

HAdVs were initially grouped into six subgenera (A to F) on
the basis of several biochemical and biophysical criteria (1, 38).
In 1999, reclassification of HAdVs on the basis of nucleotide
and deduced amino acid sequences was approved by the In-
ternational Committee on Taxonomy of Viruses, after which
the 51 serotypes of HAdVs in the genus Mastadenovirus were
grouped into six species, HAdV-A to HAdV-F (37).

In Japan, 4,528 cases of illness due to HAdVs were reported
in 2001 to 2003 (Infectious Agents Surveillance Report [IASR]
[http://idsc.nih.go.jp/iasr/index.html]). They were obtained
from persons with epidemic conjunctivitis (821; 18.1%), upper
and lower respiratory tract infections (615; 13.6%), and gas-
troenteritis (1,162; 25.7%) (IASR 23[7], 2002, and 24[6], 2003).
HAdVs are major causative agents of keratoconjunctivitis and
acute conjunctivitis in several countries, especially in East and
Southeast Asia, including Japan (4, 5, 15, 19; J. C. Hierholzer,
B. Guyer, D. M. O’Day, and W. Shaffer, Letter, N. Engl.
J. Med. 290:1436, 1974). Among HAdVs, four strains, AdV-4,
-8, -19, and -37, have been responsible for sporadic cases, as
well as outbreaks of severe epidemic keratoconjunctivitis
(EKC). These strains are also well known to be etiological
agents of nosocomial infections (4, 22, 28, 40). Virus isolation,

followed by a neutralization test, has usually been carried out
for the purpose of serotyping (38). However, these procedures
are complicated and time-consuming, and the standardized
antisera are in limited supply. In addition, the neutralization
tests with several serotype-specific antisera showed cross-reac-
tions among AdV-15, AdV-22, and AdV-42 and among AdV-
10, -13, -19, -30, and -37 (1). To address these problems, a
method of PCR-restriction fragment length polymorphism
(RFLP) analysis based on a partial hexon gene (956 bp) was
developed (29). This method is extremely useful for rapid
diagnosis, without viral isolation, of causative AdVs in patients
with eye infections. However, we encountered difficulty in
identifying the serotype of the HAdV isolates from patients
with keratoconjunctivitis in Japan. These isolates were identi-
fied as AdV-4 and -8 by neutralization tests with type-specific
antisera. However, when we compared the cleavage patterns
by PCR-RFLP, the isolates showed patterns different from
those of their respective prototype strains. The sequences of
their PCR products showed several mutations at the cleaved
site.

In this study, we determined the nucleotide sequences of the
partial hexon genes (916 bp) of all prototype strains in
HAdV-D and -E, which have not been available from Gen-
Bank. The database based on the hexon gene was constructed,
including 11 available nucleotide sequences of prototype
strains in HAdV-A to -C and -F, and it was used for phylogeny-
based identification of AdV from patients with conjunctivitis.

MATERIALS AND METHODS

Virus strains. Altogether, we obtained 33 prototype strains, including AdV-8
to -10, AdV-13, AdV-15, AdV-17, AdV-19, AdV-20, AdV-22 to -30, AdV-32,
AdV-33, AdV-36 to -39, and AdV-42 to -50 from HAdV-D, and AdV-4 from
HAdV-E, from the American Type Culture Collection or the National Institute
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of Infectious Diseases, Tokyo, Japan (Table 1). The AdV-19 isolate from a
patient with EKC, which was identified as AdV-19a by genome typing, was used
for determination of the hexon nucleotide sequences and as an example of
AdV-19a in the database. These viruses were used directly for DNA extraction
without further propagation. Eleven field isolates collected from EKC patients,
including three isolates of AdV-4, three isolates of AdV-8, two isolates of AdV-
19a, and three isolates of AdV-37, were propagated in either HEp-2 cells or
HeLa cells (Table 2). These isolates were provided by K. Fujimoto, Sapporo City
Institute of Public Health, and were identified by a neutralization test with
type-specific antisera purchased from Denka Seiken Co., Ltd., Tokyo, Japan, and
the National Institute of Infectious Diseases. These isolates have been well
characterized genetically by genome typing. The 46 isolates, including the iso-
lates untyped by PCR-RFLP, were from patients with EKC. They were propa-
gated in LLC-MK2 or HeLa cells (Table 3).

DNA extraction and PCR. A partial hexon sequence was amplified as de-
scribed previously (29). In brief, viral DNA was extracted from 100 �l of virus
suspension by using the Sumitest EX-R&D kit (Genome Science Laboratories
Co., Ltd., Fukushima, Japan) according to the manufacturer’s instructions. The
DNA was dissolved in 100 �l of TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA).
The 1,004 bp of the hexon gene was amplified with 50 pmol of a pair of primers,
AdTU7 (positions 20,734 to 20,753; 5�-GCCACCTTCTTCCCCATGGC-3�) and
AdTU4� (positions 21,737 to 21,718; 5�-GTAGCGTTGCCGGCCGAGAA-3�).
The positions of the primers for PCR were numbered according to the complete
nucleotide sequence of the AdV-2 strain (GenBank accession no. J01917). Using
10 �l of the PCR product, nested PCR was performed to amplify the 956-bp
DNA fragment with a pair of primers, AdnU-S� (positions 20,743 to 20,762;
5�-TTCCCCATGGCNCACAACAC-3�) and AdnU-A (positions 21,698 to
21,679; 5�-GCCTCGATGACGCCGCGGTG-3�). PCR was carried out for 36 cycles
in a Cetus 9600 thermal cycler (PE-Applied Biosystems, Foster City, Calif.). Each
cycle consisted of denaturation at 94°C for 1 min, annealing at 50°C for 1 min,
and primer extension at 72°C for 2 min. After the last cycle, the extension was
continued at 72°C for 7 min. The PCR products were separated on 3% agarose
gels and purified with a QIA Quick gel extraction kit (Qiagen, Valencia, Calif.).

PCR-RFLP analysis. The 956 bp of PCR products from the hexon gene were
separated on a 1% agarose gel and purified with a QIA Quick gel extraction kit.
Three microliters (out of 10 �l) of purified DNA was digested with 5 U of the
restriction endonucleases (REs) EcoT14I, HaeIII, and HinfI (Takara Shuzo Co.,
Ltd., Shiga, Japan). The digested DNA fragments were loaded onto 3% agarose
gels and electrophoresed in Tris-acetate buffer (pH 8.0) with 1 mM EDTA at 100
V. The serotypes of AdVs were determined by comparison of the restriction
patterns with those of the prototypes.

Genome typing. The viral DNA was extracted from the infected cells in a
75-cm2 plastic flask using 3 ml of Hirt lysis solution (10 mM Tris, 1 mM EDTA,
0.6% sodium dodecyl sulfate, pH 8.0) (17). Proteinase K was added at a final
concentration of 50 �g/ml, and the samples were incubated at 37°C for 1 h. The
cellular DNA was precipitated with 1 M NaCl (final concentration) overnight at
4°C. After phenol-chloroform extraction, the supernatant was treated with a
mixture of ribonucleases A (25 mg/ml) and T1 (80 U/ml) (Sigma, St. Louis, Mo.),
and phenol-chloroform extraction was performed. Viral DNA was precipitated
with isopropanol and suspended in 50 �l of TE buffer. Each aliquot, containing

TABLE 1. Complete set of partial hexon nucleotide sequences of
HAdV-D and -E, along with available nucleotide sequences

from GenBank

Serotype Strain Species GenBank
accession no.a

AdV-8 Trim HAdV-D AB099348
AdV-9 Hicks HAdV-D AB099349
AdV-10 J.J. HAdV-D AB099350
AdV-13 A.A. HAdV-D AB099351
AdV-15 CH38 HAdV-D AB099352
AdV-17 CH22 HAdV-D AB099353
AdV-19 AV-587 HAdV-D AB099354
AdV-20 AV-931 HAdV-D AB099355
AdV-22 AV-2711 HAdV-D AB099356
AdV-23 AV-2732 HAdV-D AB099357
AdV-24 AV-3153 HAdV-D AB099358
AdV-25 BP-1 HAdV-D AB099359
AdV-26 BP-2 HAdV-D AB099360
AdV-27 BP-4 HAdV-D AB099361
AdV-28 BP-5 HAdV-D AB099362
AdV-29 BP-6 HAdV-D AB099363
AdV-30 BP-7 HAdV-D AB099364
AdV-32 HH HAdV-D AB099365
AdV-33 D.J. HAdV-D AB099366
AdV-36 275 HAdV-D AB099367
AdV-37 GW HAdV-D AB099368
AdV-38 LJ HAdV-D AB099369
AdV-39 D335 HAdV-D AB099370
AdV-42 54/82 HAdV-D AB099371
AdV-43 1309 HAdV-D AB099372
AdV-44 1584 HAdV-D AB099373
AdV-45 1590 HAdV-D AB099374
AdV-46 1594 HAdV-D AB099375
AdV-47 1601 HAdV-D AB099376
AdV-48 T85-844 HAdV-D AB099377
AdV-49 T87-677 HAdV-D AB099378
AdV-50 Wan HAdV-D AB099379
AdV-4 RI-67 HAdV-E AB099380
AdV-12 Huie HAdV-A X73487
AdV-18 DC HAdV-A Y17249
AdV-3 GB HAdV-B X76549
AdV-7 Gomen HAdV-B AF065065
AdV-16 CH79 HAdV-B X74662
AdV-21 AV-1645 HAdV-B AB053116
AdV-34 Compton HAdV-B AB052911
AdV-2 Adenoid6 HAdV-C J01917
AdV-5 Adenoid75 HAdV-C M73260
AdV-40 Dugan HAdV-F L19443
AdV-41 Tak HAdV-F X51783

a Nucleotide sequence AB099348 to AB099380 were determined in this study.

TABLE 2. Evaluation of the diagnostic method based on phylogenetic analysis to identify AdV serotypes

Isolate/yr Geographic
origin

Typing by:

Genome type

Typing by phylogeny
Highest-scoring

heterologous
prototype GenBank

accession no.
Neutralization

test PCR-RFLP Type Bootstrap
(%)

Identity
(%) Type Identity

(%)

TC-4822/84 Sapporo AdV-4 Not AdV-1 to -51 AdV-4a AdV-4 100 96.4 AdV-32 89.4 AB098598
TC-18040/91 Sapporo AdV-4 Not AdV-1 to -51 AdV-4a AdV-4 100 96.4 AdV-32 89.4 AB098599
4439/98 Sapporo AdV-4 Not AdV-1 to -51 AdV-4a AdV-4 100 96.4 AdV-32 89.4 AB098601
TC-7223/86 Sapporo AdV-8 AdV-8 AdV-8A AdV-8 100 99.9 AdV-22 94.9 AB099381a

TC-6821/86 Sapporo AdV-8 AdV-8 AdV-8B AdV-8 100 99.8 AdV-22 94.8 AB099382a

TC-26218/96 Sapporo AdV-8 AdV-8 AdV-8E AdV-8 100 99.3 AdV-22 94.3 AB099383a

5363/96 Sapporo AdV-19 Not AdV-1 to -51 AdV-19a AdV-19a 100 100.0 AdV-25 97.9 AB099384a

5464/96 Sapporo AdV-19 Not AdV-1 to -51 AdV-19a AdV-19a 100 100.0 AdV-25 97.9 AB099385a

00402/90 Sapporo AdV-37 AdV-37 AdV-37/D6 AdV-37 87 100.0 AdV-25 98.8 AB099386a

20020/92 Sapporo AdV-37 AdV-37 AdV-37/D7 AdV-37 87 100.0 AdV-25 98.8 AB099387a

4056/99 Sapporo AdV-37 AdV-37 AdV-37/D10 AdV-37 87 99.6 AdV-25 98.6 AB099388a

a Nucleotide sequence was determined in this study.
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1 �g of viral genomic DNA, was digested with 5 U each of the REs BamHI,
EcoRI, SmaI, and XhoI (Takara Shuzo, Kyoto, Japan). The digested viral DNA
was loaded onto 1% agarose gels containing 1 �g of ethidium bromide/ml. The
patterns of the fragments were analyzed by comparison with those of previously
reported genome types (2, 3, 8, 10, 13, 14, 23, 27, 34, 36).

Sequence analysis. The PCR products of PCR-RFLP described above were
used to determine the nucleotide sequences. The nucleotide sequences were
determined with a model 373A DNA auto sequencer (PE-Applied Biosystems)
with fluorescent dideoxy chain terminators (PE-Applied Biosystems) and
AdnU-S� and AdnU-A. Two internal primers for sequencing, AdHxs (positions
21,151 to 21,170; 5�-GTRGCYCARTGYAACATGAC-3�) and AdHxaRe (po-
sitions 21,224 to 21,205; 5�-CCCTGGTAKCCRATRTTRTA-3�), were designed
on the basis of the partial hexon gene sequences determined in this study.

Phylogenetic analysis. The partial hexon nucleotide sequences of 33 prototype
strains of HAdV-D and -E, not available from GenBank, were determined in this
study (Table 1). The 11 partial hexon nucleotide sequences of a number of
prototypes, including AdV-12 and -18 from HAdV-A; AdV-3, -7, -16, -21, and

-34 from HAdV-B; AdV-2 and -5 from HAdV-C; and AdV-40 and -41 from
HAdV-F, were available from GenBank (Table 1). A total of 57 sequences were
analyzed and compared with the database, using SINCA software (Fujitsu Ltd.,
Tokyo, Japan). The evolutionary distances were estimated using Kimura’s two-
parameter method (25), and unrooted phylogenetic trees were constructed using
the neighbor-joining method (30). Bootstrap analyses were performed by 1,000
resamplings of the data sets. Bootstrap values of �70% were considered statis-
tically significant for the grouping (12).

Nucleotide sequence accession numbers. The GenBank accession numbers of
the nucleotide sequences presented in this study are AB099348 to AB099388.

RESULTS

Amplification of the 51 prototype strains. Comparison with
11 available nucleotide sequences from GenBank—2 from
HAdV-A (AdV-12 and AdV-18), 5 from HAdV-B (AdV-3, -7,

TABLE 3. Identification of clinical isolates from patients with EKC by phylogenetic analysis

Isolate/yr Geographic
origin

Typing by phylogeny Highest-scoring heterologous
prototype

Type Bootstrap (%) Identity (%) Type Identity (%)

TC-4972/85 Sapporo AdV-4 100 96.4 AdV-32 89.4
TC-26823/96 Sapporo AdV-4 100 96.4 AdV-32 89.4
4089/98 Sapporo AdV-4 100 96.4 AdV-32 89.4
TC-34148/02 Sapporo AdV-4 100 96.4 AdV-32 89.4
TC-7271/86 Sapporo AdV-8 100 99.8 AdV-22 94.8
TC-17640/91 Sapporo AdV-8 100 99.3 AdV-22 94.3
TC-17659/91 Sapporo AdV-8 100 99.3 AdV-22 94.3
TC-17870/91 Sapporo AdV-8 100 99.3 AdV-22 94.3
20078/92 Sapporo AdV-8 100 99.3 AdV-22 94.3
TC-26219/96 Sapporo AdV-8 100 99.3 AdV-22 94.3
TC-26244/96 Sapporo AdV-8 100 99.3 AdV-22 94.3
20026/92 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4098/97 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4394/97 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4435/98 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4481/98 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4192/99 Sapporo AdV-19a 100 100.0 AdV-25 97.9
4206/99 Sapporo AdV-19a 100 100.0 AdV-25 97.9
TC-33413/01 Sapporo AdV-19a 100 100.0 AdV-25 97.9
TC-33429/01 Sapporo AdV-19a 100 100.0 AdV-25 97.9
TC-5227/85 Sapporo AdV-37 90 100.0 AdV-25 98.8
TC-5972/85 Sapporo AdV-37 90 99.9 AdV-25 98.9
00122/90 Sapporo AdV-37 90 100.0 AdV-25 98.8
00178/90 Sapporo AdV-37 90 100.0 AdV-25 98.8
00395/90 Sapporo AdV-37 90 99.9 AdV-25 98.9
10025/91 Sapporo AdV-37 90 100.0 AdV-25 98.8
10051/91 Sapporo AdV-37 90 99.9 AdV-25 98.9
10356/91 Sapporo AdV-37 90 100.0 AdV-25 98.8
10572/91 Sapporo AdV-37 90 100.0 AdV-25 98.8
20051/92 Sapporo AdV-37 90 100.0 AdV-25 98.8
30606/93 Sapporo AdV-37 90 99.9 AdV-25 98.9
30882/93 Sapporo AdV-37 90 100.0 AdV-25 98.8
30662/93 Sapporo AdV-37 90 100.0 AdV-25 98.8
30663/93 Sapporo AdV-37 90 99.9 AdV-25 98.9
40494/94 Sapporo AdV-37 90 100.0 AdV-25 98.8
40510/94 Sapporo AdV-37 90 100.0 AdV-25 98.8
40577/94 Sapporo AdV-37 90 100.0 AdV-25 98.8
40711/94 Sapporo AdV-37 90 100.0 AdV-25 98.8
5309/95 Sapporo AdV-37 90 100.0 AdV-25 98.8
5617/95 Sapporo AdV-37 90 100.0 AdV-25 98.8
5364/96 Sapporo AdV-37 90 100.0 AdV-25 98.8
5970/96 Sapporo AdV-37 90 100.0 AdV-25 98.8
4080/97 Sapporo AdV-37 90 100.0 AdV-25 98.8
4206/97 Sapporo AdV-37 90 100.0 AdV-25 98.8
4825/98 Sapporo AdV-37 90 100.0 AdV-25 98.8
4190/99 Sapporo AdV-37 90 99.6 AdV-25 98.6
5212/95a Sapporo AdV-8 100 96.7 AdV-22 95.4

a Representative unidentified isolate which caused nosocomial infection.
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-16, -21, and -34), 2 from HAdV-C (AdV-2 and -5), and 2 from
HAdV-F (AdV-40 and -41)—demonstrated that several short
stretches (19 to 23 bases) in the hexon gene are highly con-
served among HAdVs (Fig. 1). Twenty-base stretches in the
hexon gene were selected for the first-PCR primers, AdTU7
and AdTU4�, and the second-PCR primers, AdnU-S� and
AdnU-A (29). These primers allowed the amplification of 956
bp of the genome encoding the 3� one-third of the hexon of
HAdVs. Previous studies indicated that the two sets of primers
were capable of amplifying the genomes of several HAdVs
known to cause eye infection. When the amplification was
performed using the 51 HAdV prototype strains and the set of
primers, all of the strains efficiently produced 956-bp fragments
(data not shown). Amplification was specific to HAdVs; there
was no cross-amplification with a variety of heterologous vi-
ruses, including influenza virus, mumps virus, measles virus,
herpes simplex virus, and cytomegalovirus, nor did amplifica-
tion of the genomes of enteric viruses, including Norwalk-like
viruses and rotaviruses, occur (data not shown).

The sensitivity of the PCR, as determined by a 956-bp band
after staining, appeared to be 0.01 to 0.1 50% tissue culture
infective dose/ml when 10-fold serial dilutions of the prototype
strains of AdV-4, -8, -19, and -37 were tested (data not shown).
These results indicated that the sets of primers were specific to
HAdVs and capable of amplifying all prototype HAdV strains.

Phylogenetic analysis of prototype strains. To date, only 11
hexon sequences (see above) are available from GenBank. No
hexon sequences of the prototype strains from HAdV-D are
available from GenBank. Therefore, we determined the nucle-
otide sequences of the prototype strains of 33 serotypes from
HAdV-D and -E as described in Materials and Methods and
obtained the complete set of the partial hexon nucleotide se-
quences of HAdV-D and HAdV-E (Table 1). An alignment of
the partial hexon nucleotide sequences from 33 sequences
from HAdV-D and -E and from 11 sequences from GenBank

(i.e., 44 sequences in all) was performed with the SINCA
genetic software program. It appeared that all of the prototype
strains contained 916 bases and that no deletions or insertions
occurred in any of them.

To assess the genetic relationships among these sequences, a
phylogenetic tree based on the partial hexon nucleotide se-
quences was constructed. As shown in Fig. 2, the HAdVs were
segregated into six major clusters, A to F. These clusters cor-
responded well to the six newly designated HAdV species, A to
F (37). The genetic relationships of the 44 prototype strains
within a cluster and between clusters were further analyzed by
a one-by-one comparison. The nucleotide identities between
the 44 prototypes and AdV-19a ranged from 74.1 to 99.2%
(mean, 89.7%). In cluster D, the nucleotide identities ranged
from 92.5 (between AdV-8 and AdV-19a) to 99.2% (between
AdV-23 and AdV-25), with an average of 97.4%. AdV-19a
showed only 96.9% nucleotide identity with the AdV-19 pro-
totype AV-587, which was first reported in 1955 in Saudi Ara-
bia (6), and did not form a monophyletic cluster with AdV-19.
The nucleotide identities between the prototype strains of clus-
ter D and the other clusters ranged from 74.6 to 90.5%: 74.6
(between AdV-23 and AdV-18) to 77.2% (between AdV-8 and
AdV-12) in cluster A, 80.5 (between AdV-10 and AdV-16) to
84.6% (between AdV-42 and AdV-21) in cluster B, 79.7 (be-
tween AdV-10 and AdV-2) to 81.8% (between AdV-24 and
AdV-5) in cluster C, 87.2 (between AdV-8 and AdV-4) to
90.5% (among AdV-30, AdV-38, and AdV-4) in cluster E, and
77.7 (among AdV-24, AdV-28, and AdV-41) to 79.6% (be-
tween AdV-17 and AdV-40) in cluster F. On the other hand,
the nucleotide identities between the AdV-4 prototype strains
of cluster E and the other clusters ranged from 74.1 to 90.5%:
74.1 (between AdV-4 and AdV-18) to 75.7% (between AdV-4
and AdV-12) in cluster A, 80.1 (between AdV-4 and AdV-34)
to 83.0% (among AdV-4, AdV-7, and AdV-21) in cluster B,
81.4 (between AdV-4 and AdV-2) to 82.8% (between AdV-4

FIG. 1. Alignment of hexon genes from various AdVs. The primer sequences were aligned, along with available nucleotide sequences of AdVs
from GenBank.
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and AdV-5) in cluster C, 87.2 (between AdV-4 and AdV-8) to
90.5% (among AdV-4, AdV-30, and AdV-38) in cluster D, and
77.7% (among AdV-4, AdV-40, and AdV-41) in cluster F.
These results indicated that phylogenetic analysis based on the
partial nucleotide sequences is capable of distinguishing
among prototype strains of HAdVs.

Evaluation of the diagnostic method based on phylogenetic
analysis to identify AdV serotypes. To evaluate the reliability
of the phylogeny-based identification of HAdVs causing EKC,
clinical isolates from EKC patients were subjected to the anal-
ysis. It has been reported that EKC is caused primarily by four
serotypes, AdV-4, -8, -19a, and -37. These viruses present in-
distinguishable clinical manifestations. We used three isolates
of AdV-4, three isolates of AdV-8, two isolates of AdV-19a,
and three isolates of AdV-37. All isolates were obtained from
outbreaks in Sapporo, in the northern part of Japan. The
isolates were identified by the neutralization test with type-
specific antisera and had all been well characterized genetically
by genome typing and PCR-RFLP. When the partial nucleo-
tide sequences of the three isolates of AdV-8 were compared
with those of the 45 prototype strains, including AdV-19a, all
isolates showed 99.3 to 99.9% nucleotide identity with the
prototype strain of AdV-8 (Trim). The next-highest homology

between isolate and prototype strains was 94.3 to 94.9% (Table
2). Thus, a difference of �5.0% was observed between homol-
ogous and heterologous prototype strains, allowing us to iden-
tify the isolates as AdV-8. When the two isolates of AdV-19
identified by the neutralization test were analyzed, they
showed only 96.9% nucleotide identity with the AdV-19 pro-
totype, AV-587. However, these isolates showed nucleotide
sequences identical to those of AdV-19a. The second-highest
nucleotide identity was seen between the isolates and AdV-25
(Table 2). When the three isolates of AdV-37 were analyzed, a
similar result was obtained. All of the isolates had the highest
identity with the prototype strain AdV-37 (GW), and at least a
1.0% difference was seen between AdV-37 and the next highest
nucleotide identity, which was with AdV-25 (Table 2). There-
fore, the phylogenetic analyses based on the partial hexon
successfully separated three isolates of AdV-8, two isolates of
AdV-19a, and three isolates of AdV-37 into distinct monophy-
letic clusters with their respective prototype strains. All isolates
of AdV-8, -19, and -37 were segregated into cluster D, along
with the prototype, with 99% bootstrap support (Fig. 3). When

FIG. 2. Phylogenetic analysis of AdV prototype strains and AdV-
19a. The nucleotide sequences of a partial hexon region (916 bp) from
44 prototype strains and AdV-19a were analyzed by the neighbor-
joining method. The numbers at the nodes are percentages of 1,000
bootstrap pseudoreplicates containing the cluster distal to the node.

FIG. 3. Phylogenetic analysis of AdV serotypes 4, 8, 19a, and 37.
Nucleotide sequences of a partial hexon region of the isolates, along
with those of prototype strains and AdV-19a, were determined and
analyzed by the neighbor-joining method. The numbers at nodes are
percentages of 1,000 bootstrap pseudoreplicates containing the cluster
distal to the node. Three AdV-4 isolates form cluster E (HAdV-E)
with the AdV-4 prototype strain. Three AdV-8 isolates, two AdV-19a
isolates, and three AdV-37 isolates form cluster D (HAdV-D) with
their respective prototype strains.
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the three isolates of AdV-4 were analyzed, a similar result was
obtained. All of the isolates had the highest identity with the
prototype strain AdV-4 (RI-67), and a 7.0% difference was
seen between AdV-4 and the next highest nucleotide identity,
which was with AdV-32 (Table 2). Therefore, all AdV-4 iso-
lates were segregated into cluster E with 100% bootstrap sup-
port. These results indicated that phylogeny-based clustering
with the partial hexon nucleotide sequences can allow us to
identify clinical isolates from EKC patients.

Identification of clinical isolates from patients with EKC by
phylogenetic analysis. We applied this method for the rapid
diagnosis of conjunctivitis, a major disease caused by the se-
rotypes of HAdV-E and -D. These viruses have afflicted an
increasing number of patients in Japan over the last 20 years.
The nucleotide sequences from 46 isolates were analyzed, in-
cluding 7 AdV-8, 9 AdV-19, and 26 AdV-37 strains of species
D and 4 AdV-4 strains of species E. When the hexon nucleo-
tide sequences of these isolates were compared with those of
the 45 prototype strains, including AdV-19a, each isolate, with
the exception of AdV-19, showed the highest nucleotide iden-
tity with its respective prototype. The nucleotide homologies of
isolates with their prototype strains were 99.3 to 99.8% for
AdV-8, 99.6 to 100.0% for AdV-37, and 96.4% for AdV-4. The
isolates, with the exception of AdV-19, showed at least 1.0%-
higher identity with the homologous prototype strain than with
the highest heterologous strains (Table 3). The nucleotide se-
quence homologies between the AdV-19 isolates and AdV-19a
were identical. The AdV-19 isolates showed at least 2.1%-
higher identity with AdV-19a than with other prototype
strains, including AdV-19 (Table 3). Accordingly, the isolates
were designated AdV-19a. Thirty-three isolates of two sero-
types, AdV-8 and AdV-37, were segregated into cluster D with
their prototype strains. Nine isolates of AdV-19 were segre-
gated into cluster D with AdV-19a (Fig. 4). Four isolates of
AdV-4 and their prototype strain, RI-67, were grouped into
cluster E (Fig. 4). These isolates formed distinct clusters with
their respective prototype strains. We also applied this method
to identify serologically unidentified isolates that caused nos-
ocomial infections. The isolates showed cross-neutralization
against the AdV-8 and the AdV-9 antisera. When the nucleo-
tide sequences were analyzed, all of the isolates had identical
nucleotide sequences. The nucleotide sequences of the uniden-
tified isolates were compared with those of the 44 prototype
strains of AdVs. The unidentified isolates showed 96.7% nu-
cleotide identity with the prototype strain of AdV-8 (Trim).
The next highest homology was 95.4% with AdV-22 (Table 3).
The isolates were segregated into cluster D and formed a
distinct cluster with the AdV-8 prototype strain with 100%
bootstrap support. Therefore, we identified the isolates as vari-
ants of AdV-8 (Fig. 4). These results prove that phylogeny-
based clustering with the partial hexon nucleotide sequences is
a powerful tool for the identification of most HAdV isolates
from patients with conjunctivitis.

DISCUSSION

With the development of molecular biological techniques,
the means of classifying and identifying most viruses, including
HAdVs, hepatitis C virus, hepatitis B virus, transfusion-trans-
mitted virus, human papillomavirus, influenza virus A, corona-

virus, and enterovirus, shifted from serologic assays to genetic
analyses (7, 20, 24, 26, 32, 33, 41). Most diagnostic laboratories
and public health laboratories in Japan have this capability and
expertise. Therefore, our newly developed procedure for the
detection and typing of AdVs is appropriate for laboratories
that have sequencing capability and software for phylogenetic
analysis.

Genome typing has been used for the classification of
HAdVs (1, 9, 16, 31, 42). This method, based on the cleavage
pattern of the full genome of HAdV, is capable of distinguish-
ing the prototype strains of 51 serotypes. Genome typing is a
reliable method, although it requires several micrograms of
viral DNA. In this method, it takes several weeks to prepare
the viral DNA from infected cells.

To improve on this time, PCR- and RFLP-based rapid iden-
tification methods were developed by several researchers, in-
cluding us (11). To identify the serotype of HAdV that causes
conjunctivitis, we developed PCR-RFLP based on 956 bp of
the 3� one-third of the hexon gene digested with the REs
EcoT14I, HaeIII, and HinfI (29). The pair of primer sequences

FIG. 4. Phylogenetic analysis of clinical isolates from patients with
EKC. The results were obtained by the neighbor-joining method. The
numbers at the nodes are percentages of 1,000 bootstrap pseudorep-
licates containing the cluster distal to the node. The representative
unidentified 5212/95� isolates formed a distinct cluster with the pro-
totype strains of AdV-8 (Trim).
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used in PCR was well conserved among the available nucleo-
tide sequences of HAdV from GenBank. PCR with the pair of
primers amplified all prototype strains of 51 serotypes of
HAdVs. We previously applied PCR-RFLP to 127 samples of
conjunctival scrapings from patients with conjunctivitis and
compared the results with those obtained by culture isolation
and a neutralization test. The PCR gave positive results in 69
of 127 cases (54.3%), while 61 of 127 cases (48.0%) tested were
positive by culture isolation. PCR products were further clas-
sified as AdV-3, -4, -8, -11, and -37 (29). Therefore, this PCR
method is expected to amplify newly emerging HAdVs.

PCR-RFLP is useful for rapid identification of the serotypes
of HAdVs from patients with conjunctivitis. Therefore, we
analyzed the cleavage patterns of all prototype strains of
HAdV-A to -F. However, no prototype strain showed a pattern
identical to that of any of the isolates from nosocomial infec-
tions. Therefore, in order to analyze the genetic relationships
between the isolates and prototype strains, we determined the
nucleotide sequences of the PCR products for RFLP and those
of the isolates. The phylogenetic analysis revealed that the
isolates were variants of serotype AdV-4 or -8. Thus, the
method is capable of directly amplifying adenoviral DNA from
a clinical sample, and phylogenetic analysis based on the hexon
gene can classify the HAdV. Indeed, we think that we could
directly determine HAdVs by PCR using an eye swab and
could identify the serotypes by phylogenetic analysis.

By our method, we could diagnose HAdV infections by PCR
and type infectious HAdVs by phylogeny within a few days, in
contrast to the 2 to 4 weeks or longer that an ordinary neu-
tralization test requires. Therefore, this phylogeny-based sys-
tem is considered highly useful when rapid diagnosis and typ-
ing are required, such as in the case of nosocomial infections.
In fact, this method revealed that a new variant of AdV-8
caused severe nosocomial infection. HAdVs, such as AdV-4,
-8, and -19, include a wide variety of variants (2, 3, 8, 10, 13, 14,
23, 27, 34–36, 39). The existence of variants makes it difficult to
identify clinical isolates by RFLP, particularly when mutation
by RE occurs on the cleavage site. However, this sort of mu-
tation is advantageous for phylogeny-based classification, be-
cause it enables detailed molecular epidemiological study.

In conclusion, we have developed a new, rapid, and simple
method of identifying HAdVs based on phylogenetic analysis
of the partial hexon gene. PCR using a set of primers was
efficient for amplifying all prototype strains. This method takes
advantage of the divergence in relatively short hexon se-
quences both within and between serotypes, which in this in-
vestigation enabled the rapid identification of 58 isolates from
four serotypes that appeared over a range of 20 years. Our
method, in conjunction with the accumulation of database
nucleotide sequences, should be of use not only for the rapid
diagnosis and typing of HAdVs but also for global epidemio-
logical study of these viruses.
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