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Abstract
Background—Adenovirus type 3 (HAdV3) is one of the most prevalent serotypes detected
globally. Variants of HAdV3 have been associated with outbreaks of severe disease.

Objectives—To better understand genetic diversity of circulating HAdV3s and examine risk factors
for severe disease.

Study Design—Restriction enzyme analysis for genomic characterization of clinical HAdV3
isolates detected by 15 collaborative US laboratories during the period July 2004 to May 2007.
Multivariate modeling was employed for statistical analyses.

Results—The most common HAdV3 types of 516 isolates studied were HAdV3a2 (36.9%),
HAdV3a50 (27.1%), HAdV3a51 (18.0%), and HAdV3a17 (4.6%). Non-HAdV3a genome types
were rare (1.2%). HAdV3a50 and HAdV3a51 are newly described variants which became more
prevalent in 2006 and 2007 and have been associated with at least one epidemic. Their uniqueness
was determined by specific banding profiles generated by digests with endonucleases Bcl I, Bgl II,
and Hind III. Multivariable risk factor modeling demonstrated that children under 2 years of age
(OR=2.7; 95%CI 1.6 to 4.6), persons with chronic disease (OR=5.1; 95%CI 2.6–9.8), persons
infected with HAdV3a2 (OR=3.0; 95%CI 1.5 to 6.0), with HAdV3a50 (OR=2.5; 95%CI 1.2 to 5.2),
or with multiple or rare strains (OR=2.8; 95%CI 1.3–6.5) were at increased risk of severe HAdV3
clinical disease.

Conclusions—In the study period considerable genetic diversity was found among US clinical
HAdV3 strains. Novel variants emerged and became prevalent. One such emergent strain may be
associated with more severe clinical disease.
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Background
Adenoviruses (HAdVs) are a frequent cause of acute respiratory illness in man. HAdVs also
cause conjunctivitis, gastrointestinal and urinary tract infections, and occasionally encephalitis.
1 HAdV infections may be particularly severe among young children and the
immunocompromised. Traditionally, HAdVs have been characterized by hemagglutination
and viral neutralization to identify species (e.g. species A–G) and by neutralization or partial
genome sequencing to identify serotype (e.g. HAdV1-HAdV52).2 Restriction enzyme analysis
(REA) has been used to determine specific genome types within a serotype (e.g. HAdV3a vs.
HAdV3b). Further subgenome type analyses may be performed by using multiple
endonucleases and comparing digest patterns. As HAdV serotypes, genome types, and
subgenome types may differ in tissue tropism and virulence, their characterization can be
clinically and epidemiologically important.3,4

We have adapted molecular typing methods to more rapidly identify HAdV serotypes.5 A total
of 15 collaborating civilian laboratories contributed HAdV specimens in US national
surveillance efforts during the period July 2004 through May 2007. Sequencing a portion of
the hexon gene correlated well with classical HAdV serotyping. HAdV3 was revealed to be
the most prevalent type, comprising approximately 917 (29.9%) of the 3065 clinical Ads
detected.5 Surveillance study data suggest that recent HAdV3 prevalence was elevated as
compared to survey data generated from 1967 to 1976.6

Objectives
The purpose of this study was to more fully characterize recent US clinical HAdV3 isolates
with full-genome REA DNA digests. In an effort to better understand the recent epidemiology
of HAdV3 infections multivariate risk factor modeling was employed.

Study Design
Population

In our previous 3-year study5 we evaluated more than 3000 clinical HAdV isolates with
multiple methods of gene sequence typing.7,8 Any isolate that was sequence-typed as HAdV3
from the beginning of the study (July 2004) to April 2007 was further studied with REA
techniques in this sub study. This sample of 516 isolates represented 56.3% of the 917 HAdV3s
detected in the original study.

Viral Culture
HAdV3 specimens were preserved at −80°C until propagated in A549 cells. A549 cells in 6-
well cluster plates were inoculated with 150 μl of HAdV positive specimen or isolate. Cultures
were incubated and observed for 2 to 10 days for cytopathic effect (CPE). If no CPE was
detected after 10 days, infected cell supernatants were passaged and the observations repeated.
Once CPE was noticed the isolate was harvested for DNA extraction.

DNA Extraction
Following viral harvest and centrifugation at 1200 rpm for 10 minutes, infected cell pellets
were resuspended in 200 μl of corresponding viral supernatant. DNA was extracted from the
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infected cell/supernatant mix using the QIAamp DNA Blood Mini Kit (QIAgen, Valencia CA)
according to manufacturer’s instructions.

Restriction Enzyme Digests
Nucleic acid concentrations from eluted samples were analyzed using a NanoDrop
Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Standard sodium acetate/
ethanol precipitations were performed to yield approximately 1–2 μg of DNA per enzymatic
reaction.9

Enzymatic reaction conditions were determined for each endonuclease according to the
manufacturer’s recommendations (New England Biolabs, Ipswich, MA, USA). Initially,
endonucleases Bam HI, Bgl II, and Bcl I were used in early characterization followed by
subsequent digests with Hpa I, Hind III, Sal I, and Sma I.10

Agarose electrophoresis of DNA restriction fragments
The DNA fragments were separated by electrophoresis on 1.0% agarose horizontal slab gels
prepared and run in 40mM Tris-acetate-EDTA. Gels were stained in ethidium bromide (0.5
μg/ml). Gel banding patterns were analyzed with Quantity One version 4.3.1 software (Bio
Rad, Hercules, CA) with Gel Doc transillumination. Resultant banding profiles were then
compared to data from previously published HAdV3 characterizations.1,10,11

Statistical analyses
Questionnaire and laboratory data were linked by the unique specimen number. During studies
of clinical outcomes, only the first adenovirus specimen from a specific patient’s illness was
considered in studies of clinical events. Chi-square and Fisher’s exact tests were used to
examine potential risk factor associations. The exact Cochran-Armitage trend test was used to
examine adenovirus variant genome type prevalence across years. Logistic regression
modeling was used to examine potential risk factors for outcomes for binary severity (death
or intensive care hospitalization versus other clinical encounters). The proportional odds model
was used to examine risk factors for severe adenovirus infection considering the outcomes of
hospitalization, intensive care unit stay, and death in a mutually exclusive, ordinal severity
scale. Analyses were performed using SAS software version 9.1 (SAS Institute, Inc., Cary,
NC).

Results
Digests of the 516 clinical HAdV3 isolates with Bam HI (Figure 1) showed that most study
isolates were of the HAdV3a genome cluster with the exception of 1 isolate of HAdV3p1
(Figure 1, Lane p1). Further digests with other enzymes were used in the identification of two
new subgenome types, designated HAdV3a50 and HAdV3a51. These genotypes demonstrated
unique REA profiles when compared to previously reported HAdV3 profiles. HAdV3a50 was
distinguished by digest with endonuclease Bcl I (Figure 2 Lane a50), while HAdV3a51 was
distinguished with endonuclease Bgl II (Figure 3, Panel A, Lane a51). Though the HAdV3a51
REA profile was consistent with that found for the HAdV3a1 genome type10 as depicted by
an additional fragment of approximately 2.7 kilobases, verification by digest using
endonuclease Hind III (Figure 3, Panel B, Lane a51) suggests a new variant within the HAdV3a
genome. The two novel strains were unique compared to another recently characterized
HAdV3 variant, identified as HAdV3a17 by digest with Bgl II (Figure 3, Panel A, Lane a17)
and Sma I (Figure 4 Lane a17).3

Among the 516 clinical HAdV3 isolates studied, the most common HAdV3 subgenome types
were HAdV3a2 (36.9%), HAdV3a50 (27.1%), HAdV3a51 (18.0%), and HAdV3a17 (4.6%).
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Non-HAdV3a genome types were rare (1.2%). Among the 516 isolates, 505 were from civilian
laboratories which provided some patient data. Through record review5 it was found that 484
of the 505 specimens had complete questionnaire data and were the first HAdV isolated from
a patient’s unique clinical event (Table 1). Of these 484 civilian isolates, a high prevalence of
newly described HAdV3a genomic variants was found: 131 isolates of HAdV3a50 and 87
isolates of HAdV3a51 (Table 1). Collection year data (Table 1) and a supplemental REA
examination with endonucleases Bam HI, Bgl II, Bcl I, and Sma I of 24 archived HAdV3
isolates from the State of California, Department of Public Health laboratory revealed that the
HAdV3a genome cluster has been the most prevalent genome type in California, consistent
with what has been reported globally since 1963.10,12–16 However, within the HAdV3a
genome type, subgenome types HAdV3a50 and HAdV3a51 have recently emerged in the
United States. Analysis of these archived isolates has revealed that HAdV3a50 may be found
as far back as 2002. Many of these novel HAdV3a50 and HAdV3a51 study strains were
obtained from the collaborating laboratory in New Haven, CT (Table 1) which experienced an
epidemic of HAdV3 detections during the later part of the study period.17 Most of the novel
subgenome type detections were associated with upper respiratory tract infections among
otherwise healthy children. Though sample size was small (n=11), the most prevalent HAdV3
genome type among military isolates studied was also identified as HAdV3a2 comprising 8 of
the total 11 HAdV3 identified (data not shown).

Additional clinical data were available from 373 of the 484 patients who were <7 yrs of age
or who had undergone a transplantation procedure up to six months prior to adenovirus
specimen collection.5 Of these 373 patients, 99.5% were <7 yrs of age, 57.9% were males,
1.6% reported to have been a transplant patient, and 1.6% were diagnosed with cancer (Table
2). In general, relatively few had an underlying chronic disease condition and most suffered
simply an upper respiratory tract illness, yet the clinical impact of HAdV3 infection was
significant with 136 patients being hospitalized, and 17 receiving intensive care.

Multivariable risk factor modeling for adenovirus 3 disease severity (Table 3) demonstrated
that children under 2 years of age (OR=2.7; 95%CI 1.6 to 4.6), persons with chronic disease
(OR=5.1; 95%CI 2.6–9.8), persons infected with HAdV3a2 (OR=3.0; 95%CI 1.5 to 6.0), with
HAdV3a50 (OR=2.5; 95%CI 1.2 to 5.2), or with multiple or rare HAdV strains (OR=2.8; 95%
CI 1.3–6.5) were at increased risk of severe HAdV3 clinical disease.

Discussion
For nearly 25 years epidemiologists in a number of countries have noticed that certain types
of adenovirus strains are often associated with clinical disease and epidemics.1–5,7,10,11,13–
16,18–32 Antigenic and genetic variability clearly play a role in explaining epidemics and severe
disease outcomes.1–5,7,13,14,16,19,21,24,28–30

In our previous 3-year study5 we evaluated more than 3000 clinical HAdV isolates with hexon
gene sequence typing. HAdV3 was the most prevalent serotype found (34.6%).

The majority of HAdV3 genomic characterization work has been reported by investigators
outside the United States, particularly in Asia and South America. Our study’s findings are
consistent with limited historical data generated by the investigation of isolates collected in
North America, either as studies designed to examine the global distribution of HAdV or as
response to outbreak events. The most prevalent HAdV3 subgenome type identified by this
study was HAdV3a2. This variant was first identified from a panel of HAdV positive specimens
isolated in China between the years of 1962–198510 and has been considered the most prevalent
HAdV3 genome type for decades. It has been suggested that HAdV3 has the capacity to remain
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somewhat genetically stable within certain geographic regions while exhibiting a great deal of
variability as distributed globally.30

Having developed a typing algorithm based on previous studies,10,28 we identified two new
HAdV3 subgenome type variants, HAdV3a50 and HAdV3a51, provided evidence suggesting
their recent emergence, and reported an association of HAdV3a51 with more severe disease.
The nomenclature for the two new virus strains is arbitrary as there is no central repository of
REA defined subgenome types, no catalog of high quality REA images, and no library of
supporting sequence data. One must rely upon the indexed medical literature and such literature
is not without controversy. While a number of REA studies seem to agree in following
established REA typing algorithms (i.e. 4- vs. 6- base restriction site enzymatic digests), there
has been a lack of agreement in genome and subgenome type nomenclature, especially with
suspected newly emergent variant types of HAdV3. When specific endonucleases have been
left out of REA characterization efforts, resultant typing data may be inconsistent. A better
nomenclature system and consensus libraries of REA image data are needed for classifying
human adenoviruses through REA techniques. DNA sequence data should be used to validate
these prototype virus gel profiles.

This study had a number of limitations. While the surveillance study was designed to capture
risk information from children and patients with recent transplants, the medical record
information may not have included additional risk factors for evaluation. Multiple laboratory
staff and laboratory interns contributed to this effort and this variability could have introduced
various biases. However, the first author developed well-documented laboratory protocols and
was directly involved with all data collection methods. Performing REA with several
endonucleases on more than 500 HAdV3s presented a variety of challenges, particularly
obtaining adequate DNA for thorough REA characterization. While numerous REAs were
repeated, the challenge was met in large part by standardization of viral culture techniques and
innovations such as the use of tissue cluster plates and the harvest of and DNA extraction from
infected cell pellets coupled with viral supernatant. The study was further limited by the quality
of REA images in the available literature. Sometimes it was difficult to distinguish important
bands from these images.

Due to its specialized and laborious nature, REA has been an infrequent method of adenovirus
characterization. It appears that PCR-based identification methods7,33,34 are supplanting
traditional serotyping and REA methods. While we embraced PCR and sequencing-based
typing methods it is important to note that these methods focus upon limited areas of the
adenovirus genome and have potential to overlook and mistype new HAdV variants which
differ genetically in other gene regions. Hence, until whole genome sequencing becomes less
expensive, REA will continue to have an important role in the epidemiological study of
adenoviruses.

In summary, a large collection of recently circulating clinical HAdV3s from diverse
geographical areas within the United States was examined by molecular analyses. REA
revealed temporal changes in the distribution of HAdV3 genome types and the emergence of
novel subgenome types HAdV3a50 and HAdV3a51. Both strains were associated with an
epidemic of clinical detections and at least one of these novel genome types was associated
with more severe disease. This work and previous examples of virulent viral strain emergence
and genetic HAdV diversity underscore the need for national and international HAdV
surveillance and both serotypic and genotypic characterization.
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Figure 1.
HAdV3 genome types as identified by restriction enzyme analysis with Bam HI. The gel
patterns reveal that most of the HAdV3 genome types found were in the HAdV3a genome
cluster save for HAdV3p1 (lane p1). Lane designations: M1 and M2 are Bio-Rad EZ Load 100
bp (3 kb range) and 1 kb molecular rulers, respectively (Hercules, CA). Lane 3p=prototype
HAdV3p virus (strain GB, US, 1953); lane 3a2=reference HAdV3a2 virus (CDC, 2005).
HAdV3 REA patterns from study specimens: p1=HAdV3p1; a=HAdV3a; a2=HAdV3a2;
a17=HAdV3a17; a50=HAdV3a50; a51=HAdV3a51.
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Figure 2.
New variant HAdV3a50 (lane a50) as distinguished from other genome types by restriction
enzyme analysis with Bcl I. Lane designations: M1 and M2 are Bio-Rad EZ Load 100 bp (3
kb range) and 1 kb molecular rulers, respectively (Hercules, CA). Lane 3p=prototype HAdV3p
virus (strain GB, US, 1953); lane 3a2= reference HAdV3a2 virus (CDC, 2005). HAdV3 REA
patterns from study specimens: p1=HAdV3p1; a=HAdV3a; a2=HAdV3a2; a17=HAdV3a17;
a50=HAdV3a50; a51=HAdV3a51.
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Figure 3.
New variant HAdV3a51 (lane a51) as distinguished from other genome types by restriction
enzyme analysis with Bgl II (panel A) and Hind III (panel B). Lane designations: M1 and M2
are Bio-Rad EZ Load 100 bp (3 kb range) and 1 kb molecular rulers, respectively (Hercules,
CA). Lane 3p=prototype HAdV3p virus (strain GB, US, 1953); lane 3a2= reference HAdV3a2
virus (CDC, 2005). HAdV3 REA patterns from study specimens: p1=HAdV3 p1; a=HAdV3a;
a2=HAdV3a2; a17=HAdV3a17; a50=HAdV3a50; a51=HAdV3a51.
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Figure 4.
HAdV3 genome types identified by restriction enzyme analysis with Sma I. Lane designations:
M1 and M2 are Bio-Rad EZ Load 100 bp (3 kb range) and 1 kb molecular rulers, respectively
(Hercules, CA). Lane 3p=prototype HAdV3p virus (strain GB, US, 1953); lane 3a2= reference
HAdV3a2 virus (CDC, 2005). HAdV3 REA patterns from study specimens: p1=HAdV3 p1;
a=HAdV3a; a2=HAdV3a2; a17=HAdV3a17; a50=HAdV3a50; a51=HAdV3a51.
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Table 3

Risk factors for having a severe adenovirus infection, by proportional odds model.

Variables n Unadjusted OR (95% CI) Adjusted OR (95% CI)

Gender

 Male 216 1.1 (0.7–1.7) ---

 Female 157 reference ---

Age group (yrs)

 0–1 126 2.6 (1.6–4.3) 2.7 (1.6–4.6)

 2–3 103 1.6 (0.9–2.8) 1.7 (0.979–3.1)

 >4 144 reference reference

Adenovirus 3 variant type

 a2 134 3.2 (1.6–6.4) 3 (1.5–6)

 a17 17 3 (1–9.2) 2.2 (0.7–7.1)

 a50 102 2.8 (1.4–5.8) 2.5 (1.2–5.2)

 Other HAdV3a 46 4.1 (1.8–9.2) 2.8 (1.2–6.5)

 a51 74 reference reference

Chronic disease

 Yes 43 5.6 (3–10.8) 5.1 (2.6–9.8)

 No/Unknown 330 reference reference

a
“Other HAdV3” includes two patients with a rare HAdV3 variant type (3a, 3a11) and 44 subjects with coinfections. Coinfections are mixed infections

with more than one adenovirus type based on REA banding profiles.
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