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Human adenoviruses (AdVs) typically cause mild illnesses in otherwise healthy hosts. We investigated a
pediatric outbreak of acute respiratory infection with fatal outcomes that occurred in Lisbon, Portugal, in 2004.
Biological specimens were collected from 83 children attending two nurseries, a kinesiotherapy clinic, and the
household of a nanny. Adenovirus infection was confirmed in 48 children by PCR and virus isolation. Most
(96%) isolates were classified as being of subspecies B1. Phylogenetic analysis of fiber and hexon gene
sequences revealed that most infants were infected with AdV serotype 3 (AdV3) strains. Infants attending one
nursery harbored a new recombinant strain containing an AdV serotype 7 hexon and serotype 3 fiber (AdV7/3).
Both the AdV3 and the AdV7/3 strains caused fatal infections. Two different serotype 3 strains were circulating
in Lisbon in 2004, and the new AdV7/3 recombinant type originated from only one of those strains. These
results demonstrate that recombination leads to the emergence of new adenovirus strains with epidemic and
lethal potential.

Human adenoviruses (HAdVs) have been associated with a
wide spectrum of clinical diseases with respiratory and gastro-
intestinal symptoms (23, 32). Severe illness can occur in new-
borns, elderly individuals, and patients with underlying medical
conditions. In otherwise healthy adults, infections caused by
human adenoviruses do not represent a life-threatening clini-
cal condition. Adenoviruses are characterized by a linear dou-
ble-stranded DNA genome of 2 to 45 kbp that encodes 30 to 40
proteins (6). HAdV comprises 51 serotypes (HAdV-1 to
HAdV-51), on the basis of type-specific antiserum-mediated
neutralization of infectivity (10). The serotypes can be divided
into seven species, named HAdV-A to HAdV-G, on the basis
of hemagglutination inhibition and biochemical criteria (13).
HAdV-B is further classified into subspecies B1 and B2, which
use different cellular receptors for viral entry (29). These vari-
ants can be segregated by different geographic areas, time
periods, and clinical conditions.

Serotype identification is critical for epidemiological surveil-
lance, the detection of new strains, assessment of treatment
efficacy, and understanding the pathogenesis of HAdV. For
example, acute respiratory disease is primarily caused by

HAdV-B1 serotypes 3, 7, 16, and 21; HAdV-B2 serotypes 11
and 14; and HAdV-E serotype 4 (8, 23, 25, 28, 35, 38, 41).
Respiratory infections caused by HAdV-B1 serotypes 3 and 7
(16) and HAdV-B2 serotype 14 (17) are potentially fatal. Neu-
tralization tests are the classical reference method used for the
typing of adenovirus and require virus isolation from infected
organs or tissues (20). The main type-specific neutralizing
epitope, the ε determinant, consists of loop 1 (L1) and loop 2
(L2) on the hexon protein, the major capsid protein and the
most abundant structural protein (26). Cases of the failure of
neutralization with the available antisera require extensive
cross-neutralization studies to define a new HAdV type. To
circumvent the practical problems associated with traditional
serum neutralization studies, molecular methods for the typing
of adenovirus have been established. Examples are restriction
fragment length polymorphism (RFLP) analysis of adenoviral
DNA (16), PCR-based assays (1, 36), and microarray-based
methods (36). However, these methods cannot discriminate
between all serotypes and do not allow detailed studies of
molecular epidemiology and viral evolution to be performed.

More recently, analysis of the nucleotide and amino acid
sequences from different genes has shown that adenovirus spe-
cies form three distinct phylogenetic clusters: HAdV-C be-
longs to cluster 1; HAdV-A and HAdV-F belong to cluster 2;
and HAdV-B, HAdV-D, and HAdV-E belong to cluster 3 (6,
22). In addition, phylogenetic analysis of selected gene frag-
ments has increasingly been used to classify human adenovi-
ruses at the serotype and species levels (7, 19, 40), to detect
cases of coinfection with multiple adenoviral species (36, 38),
and to identify new recombinant strains formed between sim-
ilar species (18, 37, 41) or different species (19). Finally, phy-
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logenetic analysis has become an important tool in the epide-
miological investigation of many disease outbreaks caused by
adenovirus (11, 17, 27, 40, 41). In the present study, we have
used epidemiological, virological, and molecular phylogenetic
methods to investigate the causes and origin of a recent out-
break of acute respiratory infection in Lisbon, Portugal, that
resulted in the deaths of two children.

MATERIALS AND METHODS

Patients and specimens. Biological specimens were collected during an out-
break of respiratory infection that occurred in Lisbon in 2004 and that mainly
affected children (median age, 17 months; maximum age, 117 months; minimum
age, 0 months) (Table 1). The alert came with the hospitalization of five children

with viral pneumonia with suspicion of an adenoviral etiology; and two of those
children, one female and one male 6 and 20 months of age, respectively, died.

These cases led to an epidemiological investigation focused on infants attend-
ing (i) the nursery of one of the deceased infants (patient PA27, kindergarten A),
(ii) the home of the nanny of the other deceased infant (patient PA22), and (iii)
a respiratory kinesiotherapy clinic attended by the remaining three children.
Later, other biological specimens were collected from children from a second
nursery (kindergarten B) who were also hospitalized. Samples collected from
symptomatic children attending a third nursery (kindergarten C) were used as
controls. During this epidemiological investigation, a total of 128 biological
specimens were collected from 83 children. More precisely, at least one sample
from the respiratory tract (a respiratory secretion and/or nasopharyngeal swab
specimen) and a fecal sample from each child were collected and analyzed.
Postmortem biopsy specimens of the lungs and liver from one of the deceased
children were also studied. All biological specimens (respiratory and fecal sam-

TABLE 1. Epidemiological, clinical, and virological characteristics of HAdV-B-infected infants

Patient Age (mo) Symptom
severitya Place of infection

Serotype

Hexon gene Fiber gene,
phylogenetic

analysis
PCR and

REAb
Phylogenetic

analysis

PA2 14 �� Kindergarten A 7 7 3
PA3 22 � Kindergarten A 7 NDc ND
PA4 17 � Kindergarten A 7 ND ND
PA5 23 � Kindergarten A 7 ND ND
PA6 21 � Kindergarten A 7 7 ND
PA17 27 ��� Kindergarten A 7 7/7d 3
PA23 18 ��� Kindergarten A 7 ND ND
PA27 6 ���� (D) Kindergarten A 7 7/7d 3
PA57 23 �� Kindergarten A 7 7 3
PA28 6 �� Kindergarten A 7 ND ND
PA19 NAe 0 Nanny 3 ND ND
PA22 20 ���� (D) Nanny 3 3/3/3/3/3/3/3d 3/3/3/3/3/3/3d

PA25 6 �� Kindergarten B 3 ND ND
PA32 15 0 Kindergarten B 3 3 3
PA33 21 0 Kindergarten B 3 ND ND
PA35 32 0 Kindergarten B 3 ND ND
PA37 33 0 Kindergarten B 3 ND ND
PA38 53 0 Kindergarten B 3 3 3
PA39 11 ��� Kindergarten B 3 ND ND
PA40 32 ��� Kindergarten B 3 ND ND
PA41 23 ��� Kindergarten B 3 3 ND
PA42 13 ��� Kindergarten B 3 3/3d 3
PA64 7 � Kindergarten B 3 3 3
PA65 22 �� Kindergarten B 3 ND ND
PA77 13 0 Kindergarten B 3 ND ND
PA80 6 0 Kindergarten B 3 ND ND
PA81 4 ��� Kindergarten B 3 ND ND
PA82 5 �� Kindergarten B 3 ND ND
PA26 13 ��� Kinesiotherapy clinic 3 3 3
PA29 11 ��� Kinesiotherapy clinic 3 3 3
PA30 5 ��� Kinesiotherapy clinic 3 3 3
PA31 3 �� Kinesiotherapy clinic 3 3 3
PA44 1 0 Kinesiotherapy clinic 3 ND ND
PA46 8 0 Kinesiotherapy clinic 3 ND ND
PA50 16 0 Kinesiotherapy clinic 3 ND ND
PA54 1 ��� Kinesiotherapy clinic 3 ND ND
PA55 4 �� Kinesiotherapy clinic 3 ND ND
PA56 0 � Kinesiotherapy clinic 3 ND ND
PA58 14 �� Kinesiotherapy clinic 3 ND ND
PA60 9 0 Kinesiotherapy clinic 3 ND ND
PA61 35 �� Kinesiotherapy clinic 3 ND ND

a 0, no symptoms; �, mild symptoms; ��, moderately severe symptoms; ���, severe symptoms; ���� (D), death.
b Results obtained using a general PCR combined with restriction endonuclease analysis.
c ND, not done.
d Results based on sequences from isolates obtained from different tissues.
e NA, data not available.
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ples) were analyzed by PCR, and those positive for adenovirus by PCR (48
specimens) were submitted for virus isolation. Because of the limited amount of
reference serum available, only a subset of 17 samples was evaluated by a
microneutralization assay. These samples were from the 2 deceased children, 3
cases who presented with more severe symptoms and who were close contacts of
kindergarten A, and 12 selected cases from kindergarten B and from the kine-
siotherapy clinic. Forty-one species B-positive specimens were further charac-
terized genetically by PCR-restriction enzyme analysis (REA) of the hexon gene.
The hexon and fiber genes of the isolates from 15 patients who presented with
higher viral loads and for whom the amount of the original specimen was not a
limiting factor were sequenced. Informed consent to participate in the study was
obtained from the parents of the children. The study was reviewed and approved
by the ethics committees of the participating institutions.

Extraction of nucleic acids, PCR amplification, and sequencing. Viral DNA
was extracted from the clinical specimens by a guanidine thiocyanate-silica bind-
ing method adapted from the method of Boom et al. 1990 (3) and was stored at
�80°C. On arrival, all specimens were tested for adenovirus infection by an
adenovirus-specific nested PCR (2). All adenoviruses were further subtyped by
multiplex PCR with primers targeting the fiber gene (39). The fiber gene nucle-
otide sequences were obtained by a cycle sequencing reaction with the PCR
primers and a BigDye Terminator kit (Applied Biosystems).

Genetic analysis of the hexon gene was subsequently performed for all species
B-positive samples. PCR-REA was carried out by use of an adaptation of the
protocol described by Allard et al. (1), which used 20 �l of viral DNA and 80 �l
of a PCR mixture containing 0.5 �M each primer, 0.2 �M deoxynucleoside
triphosphates, 3 mM MgCl2, 1 U of Taq polymerase, and 10 �l of 10� PCR
buffer. Enzymatic digestion was carried out with three enzymes (AcsI, Bsp1286I,
and HinfI) and 10 �l of the PCR product under the conditions specified by the
manufacturer. The restriction enzyme digests were loaded onto a 3% agarose gel,
and gel electrophoresis was run for 3 h at 75 V in TBE (Tris-borate-EDTA)
buffer. After staining of the gel with ethidium bromide (1 �g/ml), the DNA
fragments were photographed under UV light. For sequencing analysis, part of
the hexon gene was amplified by PCR with the primers and under the conditions
described previously (4, 15, 24). Sequencing was performed with the PCR prim-
ers and a BigDye Terminator kit (Applied Biosystems).

Virus isolation and neutralization assay. All biological specimens with an
adenovirus-positive PCR result were inoculated onto HEp-2, Vero, MRC-5, and
RD cells for virus isolation. The nasopharyngeal swab specimens were previously
treated with 2.0 ml of tryptose supplemented with gelatin and a mix of antibiotics
and an antifungal agent. The fecal samples were diluted in phosphate-buffered
saline (1/5), the mixture was centrifuged, and the supernatant was treated with
chloroform (antibiotics and an antifungal were added). The processed biological
specimens were inoculated into tubes with a confluent monolayer of HEp-2,
Vero, MRC-5, or RD cells. The tubes were incubated at 37°C and observed daily
for a cytopathic effect (CPE; rounded cells). The serotypes of the isolates were
determined by a microneutralization assay with 2-fold dilutions of type-specific
hyperimmune rabbit antisera (anti-type 3, anti-type 4, and anti-type 7) produced
in our laboratory and empirical determination of the virus dosages which induced
a CPE on 100% of the HEp-2 or MRC-5 cells after 7 days of incubation at 37°C
(5, 20). For serotype determination, the highest dilution which completely in-
hibited the development of a CPE (100% neutralization) and the highest dilution
which inhibited 75% of the CPE (75% neutralization) were considered. The
serotype identification was confirmed when the neutralization titer observed was
within 16-fold of the titer observed when the same antiserum was tested against
the homologous prototype virus. Isolates neutralized by both anti-type 7 anti-
serum and anti-type 3 antiserum but not by anti-type 4 antiserum were consid-
ered to present double cross-reactivity.

Phylogenetic analysis. The nucleotide sequences produced in this study were
first compared with all sequences present in GenBank by pairwise alignment by
use of the BLAST program. The 10 sequences with the highest alignment scores
were recovered. Reference genomic sequences of each adenovirus species within
the Mastadenovirus genus were also obtained from GenBank. All sequences were
aligned by using the CLUSTAL X program; the alignments were manually edited
with the GENEDOC program.

For the fiber gene, phylogenetic reconstructions were done with an alignment
of 379 nucleotides of 53 taxa (positions 31379 to 31707 in reference strain
AY599836.1 of HAdV-B1 serotype 3); an alignment of 257 nucleotides of 60 taxa
was performed as used for the hexon gene (positions 18479 to 18734, corre-
sponding to amino acids 22 to 106). Maximum-parsimony and maximum-likeli-
hood analyses with bootstrap analysis (1,000 replicates) were used for inference
of the phylogenetic trees. The nucleotide distances were also calculated for the
hexon and fiber sequences by using the Kimura two-parameter substitution

model with different rates of substitution among sites (the � distribution). The �
shape parameter � was arbitrarily set equal to 1.0. Phylogenetic reconstructions
and nucleotide distances were determined by the use of MEGA (version 4)
software (34).

Nucleotide sequence accession numbers. The sequences determined in this
study have been assigned GenBank accession numbers GQ922009 to GQ922027
(fiber genes) and GQ922028 to GQ922051 (hexon genes).

RESULTS

Adenovirus infection was confirmed using PCR for 48
children up to 36 months of age. Most of the children were
male (62%). Twelve (25%) of 48 infants were from kinder-
garten A, 20 (42%) were from kindergarten B, 3 (6%) were
from the household of the nanny, and 13 (27%) were from
the respiratory kinesiotherapy clinic (Table 1). The adeno-
virus infections were asymptomatic in 17 (35%) infants and
caused mild symptoms in 7 (15%) infants, moderate symp-
toms in 11 (23%) infants, severe symptoms in 11 (23%)
infants, and death in 2 (4%) infants. The deaths occurred in
one child from kindergarten A and one child attending the
household of a nanny (Table 1). By multiplex PCR, 46
(96%) of the positive isolates were classified as HAdV-B,
and the remaining 2 were found to belong to species C and
D. Virus was isolated from at least one specimen per case
studied, resulting in a total of 48 isolates.

Seventeen of the 48 isolates (35%) were subtyped by micro-
neutralization assay. The results revealed that four of the iso-
lates showed double cross-reactivity with AdV serotype 3
(AdV3) and AdV7 antisera. These isolates corresponded to
one isolate from a deceased child (patient PA27) and isolates
from the three contacts from kindergarten A (patients PA2,
PA17, and PA57) (data not shown). Genetic characterization
of 41 virus isolates was first done by restriction enzyme analysis
of the hexon gene (Table 1). It was found that 31 (76%) infants
were infected with serotype 3 viruses and that 10 (24%) were
infected with serotype 7 viruses.

Fifteen isolates were subsequently characterized by se-
quencing and phylogenetic analysis of the fiber gene and/or
the hexon gene. Analysis by maximum parsimony revealed
that all fiber gene sequences (n � 14; 100%) were highly
conserved and clustered together within human adenovirus
subspecies B1, serotype 3 (Fig. 1A). For the hexon gene, 10
sequences clustered together within HAdV-B1 serotype 3.
In addition, five sequences from patients PA2, PA6, PA17,
PA27, and PA57 were phylogenetically related to HAdV-B1
serotype 7 virus (Fig. 1B). Similar results were obtained by
maximum-likelihood analysis using different models of nu-
cleotide substitution (data not shown). The discordant phy-
logenies in the hexon and fiber genes of the isolates from
these patients indicate that they harbor a recombinant ad-
enovirus strain containing a chimeric capsid composed of a
serotype 7 hexon protein and a serotype 3 fiber (AdV7/3).
All putative recombinant strains were detected in infants
from kindergarten A (Table 1). One of these children
(PA27) died of acute respiratory disease. The other fatal
infection (PA22) was due to a serotype 3 strain and occurred
at a different location (the home of the nanny).

We also determined the nucleotide evolutionary distances
and the nucleotide and amino acid similarities between the
Portuguese hexon and fiber sequences and compared the
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sequences with those of reference strains. The serotype 3
hexon gene sequences from Portugal differed from the ho-
mologous reference sequences by 1 to 4 (0.4% to 1.6%)
nucleotides. The serotype 7 hexon gene sequences from
Portugal differed from the homologous reference sequences
at only 1 (0.4%) nucleotide, located at position 244 (an A
nucleotide in the reference sequences and a C nucleotide in
the Portuguese sequences). This is a nonsynonymous sub-
stitution that leads to a serine-to-arginine amino acid re-
placement at position 82. In contrast, the serotype 7 Portu-
guese hexon gene sequences differed from the serotype 3

Portuguese hexon gene sequences by 11 (4.3%) residues, all
of which were of a synonymous nature (no amino acid re-
placements occurred). Regarding the nucleotide distances,
the hexon genes of serotype 3 strains were also more diver-
gent than those of the serotype 7 strains (Table 2). As was
the case for the reference sequences, the fiber gene se-
quences from the serotype 3 Portuguese isolates were highly
homologous (Table 3). In fact, only one nucleotide at posi-
tion 93 was variable (synonymous substitution) in more than
one sequence. In all AdV7/3 recombinant strains, the nu-
cleotide at this position was a C (a TTC serine codon),

FIG. 1. Evolutionary relationships of adenovirus isolates. The evolutionary history was inferred by using the maximum-parsimony method and
the nucleotide sequences of the hexon (B) and fiber (A) genes. The percentages of replicate trees in which the associated taxa clustered together
in the bootstrap test (1,000 replicates) are shown below the branches. Only bootstrap values above 70% are shown. The tree is drawn to scale, and
the branch lengths were calculated by using the average pathway method and are in units of the number of changes over the whole sequence.
Reference Mastadenovirus genus strains are indicated in italics and are marked by the GenBank accession number, the name of the host, the
country of origin in International Organization for Standardization characters (CN, China; KR, Republic of Korea; US, United States of America;
CH, Switzerland), and the serotype number. Species names are abbreviated as follows: BAdV, bovine AdV; OAdV, ovine AdV; PAdV, porcine
AdV; CAdV, canine AdV; MAdV, mouse AdV; and TSAdV, tree shrew AdV. S, stool; T and ST, tracheal suction; NF, nasopharyngeal.
Postmortem tissue types: LLS, left lung section; RLS, right lung section; LLI, liver lobe. Sequences from Portuguese patients are indicated in
boldface. Each patient is designated by PA followed by a number. The postmortem tissue used for virus isolation for the deceased patients (patients
PA22 and PA27, also designated †) is indicated. The nucleotide at position 93 in the fiber gene (C or G) is indicated in parentheses (see
Discussion).
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whereas in the serotype 3 strains it was a G (a TTG serine
codon) (Fig. 1A).

DISCUSSION

In this report we describe epidemiological, virological, and
molecular phylogenetic investigations undertaken to identify
the cause and the origin of an outbreak of acute and fatal
respiratory infection that occurred in Lisbon and that involved
48 infants (median age, 17 months).

Using neutralization, restriction enzyme analysis, and/or
phylogenetic analysis of hexon and fiber gene fragments, we
were able to accurately identify serotype 3 of the HAdV-B1
subspecies to be the main causative agent of this outbreak. Our
results confirm and extend previous findings showing that Ad3
and Ad7 are highly virulent and potentially lethal subtypes,
especially for children (8, 12, 16, 25, 38). Sequencing and
phylogenetic analysis indicated that infants from one kinder-
garten were infected with a new recombinant adenovirus strain
composed of a serotype 7 hexon and a serotype 3 fiber. As with
Adv3, the Adv7/3 recombinant strain caused several severe
infections, including one that was fatal. These results demon-
strate that the new AdV7/3 recombinant strain is transmissible,
epidemic, and highly virulent.

Of note, we could not identify the new AdV7/3 recombinant
strain using standard neutralization analysis due to extensive
cross-reactivity with reference anti-type 3 and anti-type 7 sera.
The type-determining neutralizing epitopes are primarily lo-
cated in hexon loop 1 and, to a much lesser degree, loop 2 (4,
9). The results therefore suggest that the AdV7/3 strain has a
chimeric hexon protein that comprises the type-determining
neutralizing epitopes from the original serotype 7 and serotype
3 strains. Sequencing of the entire hexon gene of the recom-
binant strains will need to be done to investigate this possibil-

ity. Nonetheless, our results confirm the limitations of the use
of neutralization-based assays for the serotyping of chimeric
adenovirus strains (9).

The serotype 7 partial hexon gene sequences from Portugal
differed from the homologous reference sequences by 1 amino
acid at position 82 (a serine-to-arginine replacement), and the
fiber gene sequences of the serotype 3 isolates differed from
each other by only 1 nucleotide (at position 93). Remarkably,
in all putative AdV7/3 recombinant strains, the nucleotide at
this position was C, whereas in the serotype 3 strains it was G.
These results confirm the strong genetic relatedness and slow
evolution of these two serotypes (14, 19, 30). On the other
hand, these results show that it is possible to find efficient
molecular epidemiologic markers of the circulating adenovirus
strains involved in disease outbreaks.

The presence of the HAdV-B serotype 7/3 recombinant
strain in the infected infants may have one of two explanations:
coinfection with both serotypes or infection with a new recom-
binant strain. Coinfection with HAdV-4 and HAdV-7 strains
has recently been observed in several patients with acute re-
spiratory disease (36). On the basis of the sequence analysis,
we do not favor this hypothesis because none of the patients in
this outbreak seemed to be infected with HAdV-B subtype 7.
Instead, our results suggest that two different parental subtype
3 strains were circulating in Lisbon in 2004 and that only one
of them gave rise to the new recombinant strain with HAdV-B
serotype 7. The HAdV-B serotype 7/3 recombinant strain must
have been generated in an unidentified index case in the same
year and was readily transmitted to and among the infants of
kindergarten A.

Phylogenetic discordances between the fiber gene and/or the
hexon gene of several human adenoviruses have been docu-
mented before, indicating that intra- and interspecies recom-
bination are relatively frequent events in the evolution of
HAdV (7, 19). However, to our knowledge, this is the first
description in Europe of a HAdV-B serotype 7/3 recombinant
strain causing acute lower respiratory tract infection and death.
A potentially similar recombinant strain was previously found
in South America (1991 to 1994), where it caused 17 of 18 fatal
lower respiratory tract infections in children (12). The wider
transmission of the HAdV-B serotype 7/3 recombinant strains
may have been prevented by its potential to cause death.
Clearly, further studies are needed to better understand the
epidemiology and natural history of these recombinant adeno-
viruses.

Recombination may lead to faster rates of molecular evolu-
tion of human adenoviruses, may increase viral fitness, may
change cell tropism, and, as seen here and elsewhere, may lead
to the generation of new and more virulent strains (12, 21, 31,
33). Recombination is also an important issue for adenovirus-
based vaccine development. Thus, a better understanding of
the impact of recombination in the epidemiology and patho-
genesis of human adenoviruses is urgently required.

In conclusion, human adenovirus serotype 3 and a newly
formed HAdV-B serotype 7/3 recombinant strain were identi-
fied as the prevailing etiological agents of an outbreak of acute
respiratory infection that occurred among young children in
Lisbon in 2004 and that resulted in two deaths. Our data
provide new evidence that recombination drives the generation

TABLE 2. Nucleotide distances between hexon sequences from
Portuguese patients and reference isolatesa

Sequence No. of
patients

Within-group: Between-group:

Genetic
distance SE Genetic

distance SE

HAdV3 ref. 12 0.003 0.002 0.002 0.001
HAdV3 PT 11 0.001 0.001
HAdV7 ref. 3 0.000 0.000 0.000 0.000
HAdV7 PT 4 0.000 0.000

a SE, standard error calculated by bootstrap resampling; PT, Portuguese se-
quences (this study); ref., reference sequences (from GenBank).

TABLE 3. Nucleotide distances between fiber sequences from
Portuguese patients and reference isolatesa

Sequence No. of
patients

Within-group: Between-group:

Genetic
distance SE Genetic

distance SE

HAdV3 ref. 11 0.002 0.001 0.004 0.004
HAdV3 PT 13 0.002 0.002
HAdV7 ref. 3 0.000 0.000 NA NA

a SE, standard error calculated by bootstrap resampling; PT, Portuguese se-
quences (this study); ref., reference sequences (from GenBank); NA, not appli-
cable.

VOL. 48, 2010 AdV3 AND AdV7/3 OUTBREAK IN LISBON 1395



of highly virulent human adenovirus strains with epidemic and
lethal potential.
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Instituto Nacional de Saúde I.P., Lisbon, Portugal. In addition, we
thank Graça Freitas from the General Directory of Health for all the
support provided in order to complete this study and João Pedro Frade
for comments on the manuscript.

This research was funded by DGE of the European Commission (for
the research project entitled Genomic inventory, forensic markers, and
assessment of potential therapeutic and vaccine targets for viruses
relevant in biological crime and terrorism, grant SSPE-CT-2005-
022639 RIVIGENE).

We do not have a commercial or other associations that might pose
a conflict of interest.

REFERENCES

1. Allard, A., B. Albinsson, and G. Wadell. 2001. Rapid typing of human
adenoviruses by a general PCR combined with restriction endonuclease
analysis. J. Clin. Microbiol. 39:498–505.

2. Avellon, A., P. Perez, J. C. Aguilar, R. Lejarazu, and J. E. Echevarria. 2001.
Rapid and sensitive diagnosis of human adenovirus infections by a generic
polymerase chain reaction. J. Virol. Methods 92:113–120.

3. Boom, R., C. J. Sol, M. M. Salimans, C. L. Jansen, P. M. Wertheim-van
Dillen, and J. van der Noordaa. 1990. Rapid and simple method for purifi-
cation of nucleic acids. J. Clin. Microbiol. 28:495–503.

4. Crawford-Miksza, L., and D. P. Schnurr. 1996. Analysis of 15 adenovirus
hexon proteins reveals the location and structure of seven hypervariable
regions containing serotype-specific residues. J. Virol. 70:1836–1844.

5. Crawford-Miksza, L. K., and D. P. Schnurr. 1994. Quantitative colorimetric
microneutralization assay for characterization of adenoviruses. J. Clin. Mi-
crobiol. 32:2331–2334.

6. Davison, A. J., M. Benko, and B. Harrach. 2003. Genetic content and
evolution of adenoviruses. J. Gen. Virol. 84:2895–2908.

7. Ebner, K., W. Pinsker, and T. Lion. 2005. Comparative sequence analysis of
the hexon gene in the entire spectrum of human adenovirus serotypes:
phylogenetic, taxonomic, and clinical implications. J. Virol. 79:12635–12642.

8. Erdman, D. D., W. Xu, S. I. Gerber, G. C. Gray, D. Schnurr, A. E. Kajon, and
L. J. Anderson. 2002. Molecular epidemiology of adenovirus type 7 in the
United States, 1966–2000. Emerg. Infect. Dis. 8:269–277.

9. Gall, J. G., R. G. Crystal, and E. Falck-Pedersen. 1998. Construction and
characterization of hexon-chimeric adenoviruses: specification of adenovirus
serotype. J. Virol. 72:10260–10264.

10. Hierholzer, J. C., Y. O. Stone, and J. R. Broderson. 1991. Antigenic rela-
tionships among the 47 human adenoviruses determined in reference horse
antisera. Arch. Virol. 121:179–197.

11. Jones, M. S., II, B. Harrach, R. D. Ganac, M. M. Gozum, W. P. Dela Cruz,
B. Riedel, C. Pan, E. L. Delwart, and D. P. Schnurr. 2007. New adenovirus
species found in a patient presenting with gastroenteritis. J. Virol. 81:5978–
5984.

12. Kajon, A. E., A. S. Mistchenko, C. Videla, M. Hortal, G. Wadell, and L. F.
Avendano. 1996. Molecular epidemiology of adenovirus acute lower respi-
ratory infections of children in the south cone of South America (1991–
1994). J. Med. Virol. 48:151–156.

13. Kajon, A. E., J. M. Moseley, D. Metzgar, H. S. Huong, A. Wadleigh, M. A.
Ryan, and K. L. Russell. 2007. Molecular epidemiology of adenovirus type 4
infections in US military recruits in the postvaccination era (1997–2003).
J. Infect. Dis. 196:67–75.

14. Kajon, A. E., and G. Wadell. 1996. Sequence analysis of the E3 region and
fiber gene of human adenovirus genome type 7h. Virology 215:190–196.

15. Kajon, A. E., W. Xu, and D. D. Erdman. 2005. Sequence polymorphism in
the E3 7.7K ORF of subspecies B1 human adenoviruses. Virus Res.
107:11–19.

16. Kim, Y. J., J. Y. Hong, H. J. Lee, S. H. Shin, Y. K. Kim, T. Inada, M.
Hashido, and P. A. Piedra. 2003. Genome type analysis of adenovirus types
3 and 7 isolated during successive outbreaks of lower respiratory tract infec-
tions in children. J. Clin. Microbiol. 41:4594–4599.

17. Lewis, P. F., M. A. Schmidt, X. Lu, D. D. Erdman, M. Campbell, A. Thomas,
P. R. Cieslak, L. D. Grenz, L. Tsaknardis, C. Gleaves, B. Kendall, and D.
Gilbert. 2009. A community-based outbreak of severe respiratory illness
caused by human adenovirus serotype 14. J. Infect. Dis. 199:1427–1434.

18. Lukashev, A. N., O. E. Ivanova, T. P. Eremeeva, and R. D. Iggo. 2008.
Evidence of frequent recombination among human adenoviruses. J. Gen.
Virol. 89:380–388.

19. Madisch, I., G. Harste, H. Pommer, and A. Heim. 2005. Phylogenetic anal-
ysis of the main neutralization and hemagglutination determinants of all

human adenovirus prototypes as a basis for molecular classification and
taxonomy. J. Virol. 79:15265–15276.

20. Malasig, M. D., P. R. Goswami, L. K. Crawford-Miksza, D. P. Schnurr, and
G. C. Gray. 2001. Simplified microneutralization test for serotyping adeno-
virus isolates. J. Clin. Microbiol. 39:2984–2986.

21. Mautner, V., and M. E. Boursnell. 1983. Recombination in adenovirus: DNA
sequence analysis of crossover sites in intertypic recombinants. Virology
131:1–10.

22. Mizuta, K., Y. Matsuzaki, S. Hongo, A. Ohmi, M. Okamoto, H. Nishimura,
T. Itagaki, N. Katsushima, H. Oshitani, A. Suzuki, Y. Furuse, M. Noda, H.
Kimura, and T. Ahiko. 2009. Stability of the seven hexon hypervariable
region sequences of adenovirus types 1–6 isolated in Yamagata, Japan be-
tween 1988 and 2007. Virus Res. 140:32–39.

23. Moro, M. R., C. A. Bonville, M. Suryadevara, E. Cummings, D. Faddoul, H.
Kobayaa, P. J. Branigan, and J. B. Domachowske. 2009. Clinical features,
adenovirus types, and local production of inflammatory mediators in adeno-
virus infections. Pediatr. Infect. Dis. J. 28:376–380.

24. Noda, M., T. Yoshida, T. Sakaguchi, Y. Ikeda, K. Yamaoka, and T. Ogino.
2002. Molecular and epidemiological analyses of human adenovirus type 7
strains isolated from the 1995 nationwide outbreak in Japan. J. Clin. Micro-
biol. 40:140–145.

25. Ryan, M. A., G. C. Gray, B. Smith, J. A. McKeehan, A. W. Hawksworth, and
M. D. Malasig. 2002. Large epidemic of respiratory illness due to adenovirus
types 7 and 3 in healthy young adults. Clin. Infect. Dis. 34:577–582.

26. San Martin, C., and R. M. Burnett. 2003. Structural studies on adenoviruses.
Curr. Top. Microbiol. Immunol. 272:57–94.

27. Savon, C., B. Acosta, O. Valdes, A. Goyenechea, G. Gonzalez, A. Pinon, P.
Mas, D. Rosario, V. Capo, V. Kouri, P. A. Martinez, J. J. Marchena, G.
Gonzalez, H. Rodriguez, and M. G. Guzman. 2008. A myocarditis outbreak
with fatal cases associated with adenovirus subgenera C among children from
Havana City in 2005. J. Clin. Virol. 43:152–157.

28. Schmitz, H., R. Wigand, and W. Heinrich. 1983. Worldwide epidemiology of
human adenovirus infections. Am. J. Epidemiol. 117:455–466.

29. Segerman, A., N. Arnberg, A. Erikson, K. Lindman, and G. Wadell. 2003.
There are two different species B adenovirus receptors: sBAR, common to
species B1 and B2 adenoviruses, and sB2AR, exclusively used by species B2
adenoviruses. J. Virol. 77:1157–1162.

30. Sirena, D., Z. Ruzsics, W. Schaffner, U. F. Greber, and S. Hemmi. 2005. The
nucleotide sequence and a first generation gene transfer vector of species B
human adenovirus serotype 3. Virology 343:283–298.

31. Stone, D., A. Furthmann, V. Sandig, and A. Lieber. 2003. The complete
nucleotide sequence, genome organization, and origin of human adenovirus
type 11. Virology 309:152–165.

32. Swenson, P. D., G. Wadell, A. Allard, and J. C. Hierholzer. 2003. Adenovi-
ruses, p. 1404–1417. In P. R. Murray, E. J. Baron, M. A. Pfaller, J. H.
Jorgensen, and R. H. Yolken (ed.), Manual of clinical microbiology, 8th ed.,
vol. 2. ASM Press, Washington, DC.

33. Takayama, K., P. N. Reynolds, J. J. Short, Y. Kawakami, Y. Adachi, J. N.
Glasgow, M. G. Rots, V. Krasnykh, J. T. Douglas, and D. T. Curiel. 2003. A
mosaic adenovirus possessing serotype Ad5 and serotype Ad3 knobs exhibits
expanded tropism. Virology 309:282–293.

34. Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol.
24:1596–1599.

35. Tate, J. E., M. L. Bunning, L. Lott, X. Lu, J. Su, D. Metzgar, L. Brosch, C. A.
Panozzo, V. C. Marconi, D. J. Faix, M. Prill, B. Johnson, D. D. Erdman, V.
Fonseca, L. J. Anderson, and M. A. Widdowson. 2009. Outbreak of severe
respiratory disease associated with emergent human adenovirus serotype 14
at a US Air Force training facility in 2007. J. Infect. Dis. 199:1419–1426.

36. Vora, G. J., B. Lin, K. Gratwick, C. Meador, C. Hansen, C. Tibbetts, D. A.
Stenger, M. Irvine, D. Seto, A. Purkayastha, N. E. Freed, M. G. Gibson, K.
Russell, and D. Metzgar. 2006. Co-infections of adenovirus species in pre-
viously vaccinated patients. Emerg. Infect. Dis. 12:921–930.

37. Walsh, M. P., A. Chintakuntlawar, C. M. Robinson, I. Madisch, B. Harrach,
N. R. Hudson, D. Schnurr, A. Heim, J. Chodosh, D. Seto, and M. S. Jones.
2009. Evidence of molecular evolution driven by recombination events in-
fluencing tropism in a novel human adenovirus that causes epidemic kerato-
conjunctivitis. PLoS One 4:e5635.

38. Wong, S., K. Pabbaraju, X. L. Pang, B. E. Lee, and J. D. Fox. 2008. Detection
of a broad range of human adenoviruses in respiratory tract samples using a
sensitive multiplex real-time PCR assay. J. Med. Virol. 80:856–865.

39. Xu, W., M. C. McDonough, and D. D. Erdman. 2000. Species-specific iden-
tification of human adenoviruses by a multiplex PCR assay. J. Clin. Micro-
biol. 38:4114–4120.

40. Yeung, R., A. Eshaghi, E. Lombos, J. Blair, T. Mazzulli, L. Burton, and S. J.
Drews. 2009. Characterization of culture-positive adenovirus serotypes from
respiratory specimens in Toronto, Ontario, Canada: September 2007–June
2008. Virol. J. 6:11.

41. Zhu, Z., Y. Zhang, S. Xu, P. Yu, X. Tian, L. Wang, Z. Liu, L. Tang, N. Mao,
Y. Ji, C. Li, Z. Yang, S. Wang, J. Wang, D. Li, and W. Xu. 2009. Outbreak
of acute respiratory disease in China caused by B2 species of adenovirus type
11. J. Clin. Microbiol. 47:697–703.

1396 REBELO-DE-ANDRADE ET AL. J. CLIN. MICROBIOL.


