APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2005, p. 3131-3136

0099-2240/05/$08.00+0  doi:10.1128/AEM.71.6.3131-3136.2005

Vol. 71, No. 6

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Quantitative Real-Time PCR Assays for Detection of Human
Adenoviruses and Identification of Serotypes 40 and 41

Narayanan Jothikumar,'*** Theresa L. Cromeans,"** Vincent R. Hill," Xiaoyan Lu,"
Mark D. Sobsey,” and Dean D. Erdman'

Centers for Disease Control and Prevention, Atlanta," and Atlanta Research and Education Foundation, Decatur,
Georgia, and University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-7431°

2

Received 23 June 2004/Accepted 3 January 2005

A quantitative real-time TagMan PCR assay for detection of human adenoviruses (HAdV) was developed
using broadly reactive consensus primers and a TagMan probe targeting a conserved region of the hexon gene.
The TaqMan assay correctly identified 56 representative adenovirus prototype strains and field isolates from
all six adenovirus species (A to F). Based on infectious units, the TagMan assay was able to detect as few as
0.4 and 0.004 infectious units of adenovirus serotype 2 (AdV2) and AdV41, respectively, with results obtained
in less than 90 min. Using genomic equivalents, the broadly reactive TagMan assay was able to detect 5 copies
of AdV40 (which had zero mismatches with the PCR primers and probe), 8 copies of AdV41, and 350 copies of
AdV3 (which had the most mismatches [seven] of any adenovirus serotype tested). For specific detection and
identification of F species serotypes AdV40 and AdV41, a second real-time PCR assay was developed using
fluorescence resonance energy transfer (FRET) probes that target the adenovirus fiber gene. The FRET-based
assay had a detection limit of 3 to 5 copies of AdV40 and AdV41 standard DNA and was able to distinguish
between AdV40 and AdV41 based on melting curve analysis. Both the TagMan and FRET PCR assays were
quantitative over a wide range of virus titers. Application of these assays for detection of adenoviruses and
type-specific identification of AdV40 and AdV41 will be useful for identifying these viruses in environmental

and clinical samples.

Adenoviruses (AdV) are grouped into six species (A to F)
and 51 serotypes based on a variety of biochemical, immuno-
logical, and genetic parameters (2, 26). Adenoviruses have
been identified as a cause of waterborne illnesses in the United
States and in other countries (15), and several serotypes have
been closely associated with acute gastroenteritis. AdV sero-
type 40 (AdV40) and AdV41 (species F) were second only to
rotaviruses as a leading cause of acute gastroenteritis among
children according to one study (3), and AdV31 (species A)
and, to a lesser extent, other adenovirus serotypes of species A,
B, and C have been linked to acute gastroenteritis in infants (1,
4). Recreational waters have been reported to contain species
B and C adenoviruses which have been linked to outbreaks of
pharyngoconjunctivitis (9, 19) and may play an important role
in the transmission of respiratory diseases in recreational wa-
ters through aerosol transmission (6, 26). Other serotypes,
such as AdV31 (1) and AdV51 (7), may be associated with
fecal-oral transmission.

The spatial-temporal detection of waterborne viruses is of
great importance to public health for prevention of illness and
response to outbreaks. Although adenoviruses are thought to
be common in the environment, insufficient data are available
to evaluate their prevalence and distribution. Research has
shown that adenoviruses can be relatively stable in water com-
pared to other viruses (8) and can be resistant to disinfection
in drinking water systems (21, 22). Adenoviruses have been
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detected in environmental waters and drinking water (16, 17,
19, 25) and are of sufficient concern to public health that they
have been placed by the U.S. Environmental Protection
Agency on its Contaminant Candidate List for drinking water
(24). While it has been generally perceived that AdV40 and
AdV41 are the most prevalent adenoviruses in water systems,
insufficient analytical tools and research results have been
available to confidently evaluate this view, especially given the
fact that other adenovirus serotypes can be shed fecally and
may be associated with gastrointestinal disease.

The species F adenoviruses that cause gastroenteritis (e.g.,
AdV40 and AdV41) are particularly difficult to isolate, in con-
trast to other adenovirus species (27), because they grow slowly
in cell culture. Identification of adenovirus isolates can be
accomplished by neutralization with type-specific antisera or by
DNA restriction analysis (1). However, these methods are
time-consuming and results are often difficult to interpret, and
therefore, these methods are impractical for routine testing of
clinical or environmental samples. A sensitive, broadly reactive
test based on PCR amplification is needed for rapid screening
of environmental samples for adenoviruses. Furthermore, spe-
cific identification of adenovirus species F would be useful.
PCR assays can detect adenovirus DNA directly from extracts
of clinical or environmental samples (14, 20), or they can be
used in conjunction with cell culture to determine virus infec-
tivity (16, 25). In addition to its speed, quantitative real-time
PCR offers the additional benefit of permitting estimation of
adenovirus concentrations in environmental samples. Al-
though real-time PCR assays have been reported for detection
of specific species or all species of adenoviruses (10, 11, 13), a
broadly reactive assay with known sensitivity for low levels of
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TABLE 1. Oligonucleotide primer/probe sequences

Assay Primer or probe Name (position no.) (polarity) Sequence (5'-3") T,, (°C)
TagMan”
Forward primer (A-F) JTVXF (18895-18915) (+) GGACGCCTCGGAGTACCTGAG 68
Reverse primer (A-F) JTVXR (18990-18968) (—) ACIGTGGGGTTTCTGAACTTGTT 63
TagMan probe (A-F) JTVXP (18923-18944) (+) CTGGTGCAGTTCGCCCGTGCCA 78
FRET probe”
Forward primer (AdV40-41) JTVFF (619-641) (+) AACTTTCTCTCTTAATAGACGCC 57
Annealing probe (AdV40-41) JTVFAP (671-652) (—) GCGAAGAGTGCCCGTGTCAG 69
Detection probe (AdV40-41) JTVEDP (693-673) (—) CAAGAGGTGCAgCACTTtGAA 62
Reverse primer (AdV40-41) JTVEFR (736-718) (—) AGGGGGCTAGAAAACAAAA 62

“ Position is based on the hexon region of AdV5 of GenBank accession no. AC_000008 T,,, was calculated based on the nearest-neighbor method.
b Positions are based on the fiber protein gene of AdV41 of GenBank accession no. X16583.1. The detection probe was labeled with LC Red 640 at its 3’ end
(693-673) and with a mismatch (small letter) at 676 (T to C) and at 682 (G to T) for AdV40.

infectious adenoviruses would be useful for screening environ-
mental samples. No investigators have reported a real-time
assay to discriminate F species (AdV40 and AdV41) from the
other species. This study was designed to produce these quan-
titative, real-time PCR tools: a broadly reactive real-time PCR
assay for detection of all human adenovirus species and a
specific, discriminatory and sensitive real-time PCR assay for
AdV40 and AdV41.

MATERIALS AND METHODS

Virus isolates and preparations. Adenovirus isolates used in this study were
obtained from Centers for Disease Control and Prevention archives. Fifty-six
isolates previously typed by neutralization assay included AdV1 (2 strains),
AdV2 (4 strains), AdV3 (4 strains), AdV4 (3 strains), AdV5 (1 strains), AdV6 (1
strains), AdV7 (7 strains), AdV8 (3 strains), AdV11 (2 strains), AdV19 (3
strains), AdV20 (1 strains), AdV23 (1 strains), AdV31 (5 strains), AdV34 (3
strains), AdV37 (2 strains), AdV40 (7 strains), and AdV41 (7 strains). AdV2
(ATCC VR-846; American Type Culture Collection, Rockville, MD) and CDC
stocks of AdV40 (Dugan strain) and AdV41 (Tak strain) were cultured in A549
cells in Eagle’s minimum essential medium with 10% fetal bovine serum. AdV2,
AdV40, and AdV41 stocks were prepared by freezing and thawing of cultures at
—70°C three times when cytopathic effect was complete, followed by removal of
cell debris at 900 X g for 10 min at 4°C. The infectivity titers of these stocks,
expressed in infectious units (IU), were estimated by observation of cytopathic
effect in cell cultures of A549 inoculated with four replicates of serial 10-fold
dilutions and calculation of the most probable number (16).

DNA extraction. DNA was purified from 10 wl of adenovirus-infected cell
culture lysate using the QIAamp viral DNA kit (QIAGEN, Valencia, CA) ac-
cording to the manufacturer’s instructions. DNA was eluted with 50 pl of 10 mM
Tris-1 mM EDTA (pH 8.0) and stored at —70°C until use. Quantitative studies
were performed using 10-fold serial dilutions of stock preparations of AdV2 (10°
IU/ml) and AdV41 (5 X 10° IU/ml) in phosphate-buffered saline.

Cloning and sequencing of hexon and fiber gene regions. The sensitivity of the
TagMan assay for AdV3, AdV40, and AdV41 was determined using genomic
equivalent copies (GEC). Specified regions of the genome were amplified and
cloned, and the plasmids were used as GEC. Amplification of the 380-bp region
of the hexon gene of AdV3 was carried out using the forward primer 5'-TGGC
CACCCCATCGATGA-3" (positions 2 to 19) and reverse primer 5'-CTTAGG
AGCGAGTGAATTGTA-3' (positions 381 to 361) of GenBank accession no.
AF542129. Amplification of the hexon region of AdV40 was carried out with the
forward primer 5'-TGGCCACCCCCTCGATGA-3’ (positions 2 to 19) and re-
verse primer 5'-TTTGGGGGCCAGGGAGTTGTA-3’ (positions 381 to 361) of
GenBank accession no. X51782. Amplification of the hexon region of AdV41 was
carried out with the forward primer 5'-TGGCCACCCCCTCGATGA-3" (posi-
tions 219 to 236) and reverse primer 5'-TTTAGGAGCCAGGGAGTTATA-3’
(positions 598 to 578) of GenBank accession no. X51783.

The sensitivity of the fluorescence resonance energy transfer (FRET) PCR
assay for AdV40 and AdV41 was also determined using GEC. For this fiber gene
assay, the PCR products were generated separately from AdV40 and AdV41
using the forward primer 5'-CAAAATAACGCGCTCACTCTT-3" (positions
1606 to 1626) and reverse primer 5'-AGGGTTAAGTTTTCGTTTTCTATTTT
T-3" (positions 1946 to 1920) of GenBank accession no. M28822 to obtain a

341-bp product. The PCR products were cloned into a pDrive cloning vector
using a PCR Cloning”™ kit (QIAGEN, Valencia, CA). DNA sequences of the
cloned products were determined with the BigDye terminator cycle sequence kit
and ABI 377A sequencer (Applied Biosystems). Plasmids were purified using the
Nucleobond 100 kit (Promega).

Standard curve generation. Standard curves were generated for quantitation
of assay sensitivities using stocks of adenoviruses for which IU titers had been
determined and using GEC from cloned sequences of the hexon and fiber gene
regions. Plasmid DNA was prepared, and its concentration was determined
spectrophotometrically using the Nanodrop ND_1000 instrument according to
the manufacturer’s instructions (Nanodrop, Wilmington, DE). The DNA was
10-fold serially diluted in nuclease-free water containing carrier tRNA (100
ng/microliter). Standard curves were generated using 10° to 10® copies of plasmid
DNA.

Prevention of PCR carryover contamination. All standard precautions were
followed to prevent any PCR contamination by adhering to strict laboratory
practices. The pre-PCR manipulations (DNA isolation and PCR set-up) were
performed in a clean room that was physically isolated from the real-time PCR
machine and the post-PCR processing area. Dedicated pipettes and reagents
were used for each location. Negative controls were run with all assays, and no
indications of contamination were detected. Plasmids used for generation of
standard curves were prepared in a separate room. Plasmid standards were never
taken into the PCR set-up room.

Amplification and detection of adenovirus species A to F by TagMan real-time
PCR. Hexon gene sequences obtained from GenBank for different adenovirus
serotypes representing the six adenovirus species were aligned to identify se-
quence homologies suitable for selection of primer and probe targets. The
sequences selected for the forward (JTVXF; nucleotide positions 18895 to
18915) and reverse (JTVXR; nucleotide positions 18990 to 18968) primers and
probe (JTVXP) are shown in Table 1. The JTVXR primer contained deoxy-
inosine at position 18988 to compensate for a fourfold degeneracy at this site.
The selected primers amplified a 96-bp fragment of the adenovirus hexon gene
region. The TagMan probe was labeled with a reporter dye 6-carboxyfluorescein
(FAM) at the 5" end and a quencher dye (black hole quencher) at the 3’ end.
Hexon gene sequences from different adenovirus isolates, including at least two
isolates from each of the six AdV species (A, B, C, D, E, and F), except for AdV
species E, were obtained from GenBank for analysis (Fig. 1). Multiple align-
ments of the hexon sequences were performed to investigate sequence homol-
ogies and select appropriate primer and probe targets. Sequences selected for
the forward primer (JTVXF), TagMan probe (JTVXP), and reverse primer
(JTVXR) are shown in Fig. 1 on the top of the alignment. Based on GenBank
searches, the primers and probe do not cross-react with any published sequences
of animal adenoviruses, except for a feline adenovirus.

The real-time TagMan PCR assay was performed using the QuantiTect Probe
PCR kit (QIAGEN, CA) in a R A.P.LD. real-time PCR system (Idaho Tech-
nology, Salt Lake City, UT). Amplification reaction mixtures contained 2 .l
template DNA, 0.25 mM primers, and 150 nM fluorogenic probe in a final
reaction volume of 20 pl in glass capillaries. The protocol took approximately 90
min to complete with the following PCR conditions: hot-start denaturation step
at 95°C for 15 min, followed by 45 cycles with a 95°C denaturation for 10 s, 55°C
annealing for 30 s, and 72°C elongation for 15 s (at a temperature transition rate
of 20°C/s). All amplification reactions were carried out in duplicate. Amplicons
were visualized by agarose gel electrophoresis and ethidium bromide staining to
confirm the specificity of PCR products. PCR amplification was not improved by
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FIG. 1. Primers and TagMan probe sequences aligned with hexon gene sequences of representative AdV serotypes obtained from GenBank.
Corresponding accession numbers are shown in the right hand column. A to F represent the six AdV species and AdV1 to AdV41 refer to the

different serotypes. The primer and probe sequences are capitalized.

increasing the concentration of magnesium beyond the 3 mM concentration
provided in the buffer.

Detection of species F (AdV40 and AdV41) using FRET probes. For detection
and differentiation of AdV40 and AdV41, the primers and probes were designed
to detect a conserved 118-bp sequence of the fiber gene region (23) as shown in
Table 1. Primers and probes were based on the formulation of a consensus
sequence in the fiber region developed using four GenBank sequences (each) for
AdV40 and AdV41. The accession numbers used include 1.19443.1 for human
adenovirus type 40, M28822.1 for the mastadenovirus h40 fiber gene, X16583.1
for human enteric adenovirus type 41, and M60327 for mastadenovirus 41. The
primers and probes should not detect animal adenoviruses (except, possibly,
feline adenovirus) based on comparison with available sequences in GenBank.

The anchor probe (JTVFAP; positions 671 to 652) was fluorescein labeled at
the 5’ end with LightCycler (LC) fluorescein and phosphorylated at the 3" end to
block extension and has sequence complementarity to both AdV40 and AdV41.
The detection probe (JTVFDP; positions 692 to 673) was labeled at the 3" end
with LC Red 640 and with a mismatch at positions 676 (T to C) and 682 (G to
T) for AdV40. The detection probe was designed with 100% complementarity to
AdV41 but with two mismatches to AdV40, based on available GenBank se-
quences. Positions are based on GenBank accession no. X16583.1, the fiber
protein gene of AdV41. Sequences of primers and probes are shown in Table 1.

The proximity of the LC Red 640 and fluorescein labels results in FRET,
which is monitored at the end of each annealing step during PCR and continu-
ously during melting curve analysis on channel 2. For AdV40, nucleotide mis-
matches at positions 676 and 682 between the detection probe and sense strand
destabilizes the hybrid, resulting in a lower melting temperature during melting
curve analysis. For AdV41, the detection probe forms a perfect match with the
sense strand, thereby resulting in a higher melting temperature for the hybridized
target-probe construct.

The FRET PCR assay was performed using the QuantiTect probe PCR kit as
described above. Amplification reaction mixtures contained 100 nM concentra-
tions of the sensor and anchor probes, 250 nM concentrations of the primers, and
2 pl of sample DNA in a final reaction volume of 20 pl. Optimal assay sensitivity
was obtained with the nonamended master mix containing 3 mM magnesium. A
negative control (without DNA) and positive DNA controls (AdV40 and
AdV41) were included in each run. The temperature profile of the real-time
FRET PCR assay included an initial denaturation step at 95°C for 15 min,
followed by 45 cycles of denaturation at 95°C for 5 s (at a temperature transition
rate of 20°C/s), annealing at 45°C for 10 s (at a temperature transition rate of
20°C/s), and extension at 72°C for 5 s (at a temperature transition rate of 2°C/s).
Detection of the fluorescent signal was made after each cycle’s annealing phase.
After amplification, melting curve analysis was performed by heating the product
to 95°C for 5 s, cooling it to 40°C for 15 s, and slowly heating it to 80°C (at a rate
of 0.1°C/s) under continuous fluorescence monitoring.

RESULTS

Detection of adenoviruses using hexon-based real-time Taq-
Man assay. The sensitivity of the TagMan assay was evaluated
in two ways: using adenovirus stocks (of AdV2 and AdV41)
with a known infectious unit titer and using cloned DNA (of
AdV40, AdV41, and AdV3) from the hexon gene. DNA ex-
tracted from 10-fold serial dilutions of stock cultures of AdV2

and AdV41 was analyzed, and the dilution curves were ob-
served to be linear over a range of 8 log,, for AdV2 and 6 log,,
for AdV41 (data not shown). Based on infectious units, the
sensitivities of the TagMan assay for AdV2 and AdV41 were
0.4 and 0.004 IU, respectively. The difference in sensitivity for
the two types may be related to the differences in the ratios of
noninfectious versus infectious particles. Investigators have re-
ported high noninfectious particle-to-infectious particle ratios
for AdV40 and AdV41 (5). Using GEC, the sensitivities of the
TagMan assay were 5 GEC for AdV40, 8 GEC for AdV41, and
350 GEC for AdV3 (Table 2). AdV40 was used as the model
adenovirus for determining the maximum sensitivity of the
TagMan assay because there are no mismatches between the
AdV40 hexon gene sequence and the primers and TagMan
probe. AdV3 was used as the model adenovirus for estimating
the lower end of the sensitivity range for the TagMan assay
because there are seven mismatches between the AdV3 hexon
gene sequence and the primers and TagMan probe (with one
mismatch being at the 3’ end of the probe). Although the
sensitivity of the TagMan assay for AdV3 was much lower than
for AdV40 and AdV41, the amplification efficiency of the assay
for AdV3 was very good, based on observation of an exponen-
tial increase in fluorescence (data not shown).

A total of 56 adenovirus field isolates representing species A
to F were tested using the real-time TagMan assay. At least
one serotype from each species was tested. All 56 isolates were
detected (Table 3). AdV3, a serotype of species B, was also
consistently detected despite having the most template mis-
matches (seven) with the PCR primers and TagMan probe.
Real-time PCR fluorescence curves for this serotype and other

TABLE 2. Quantitative analysis of plasmid DNA dilution series of
each adenovirus”

Detection limit

Assay Slope R (GEC/reaction)

TagMan

AdV3 hexon —3.517 1.0 350

AdV40 hexon —3.524 1.0 5

AdV41 hexon —3.661 1.0 8
FRET

AdV40 fiber —3.465 0.99 5

AdV41 fiber —3.086 1.00 3

“ Relative standard curves were derived from analysis of a dilution series of the
plasmid from each strain.
b R, regression coefficient.
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TABLE 3. Comparison of TagMan and FRET PCR assays with
representative serotypes from different species of previously typed
field isolates

No. positive/no. negative by:

AdV AdV No. of isolates
species serotype tested TaqMan (all FRET
adenoviruses) (species F)
A 31 5 5/0 0/5
B 3 4 4/0 0/4
7 7 7/0 0/7
11 2 2/0 0/2
34 3 3/0 0/3
C 1 2 2/0 0/2
2 4 4/0 0/4
5 1 1/0 0/1
6 1 1/0 0/1
D 8 3 3/0 0/3
19 3 3/0 0/3
20 1 1/0 0/1
23 1 1/0 0/1
37 2 2/0 0/2
E 4 3 3/0 0/3
F 40 7 7/0 7/0
41 7 7/0 7/0

serotypes representing all adenovirus species showed that the
TagMan assay was efficient at producing and detecting target
amplicons (data not shown). Using agarose gel electrophoresis,
amplicons from positive tests were found to have the expected
amplicon size of 96 bp for the TagMan PCR assay (data not
shown).

Evaluation of FRET PCR assay for detection and differen-
tiation of AdV40 and 41. When the panel of 56 adenovirus
clinical isolates was tested using the species F FRET PCR
assay, all AdV40 and AdV41 isolates were consistently de-
tected, whereas serotypes from all other adenovirus species
were not (Table 3). Using gel electrophoresis, amplicons from
positive tests were found to have the expected amplicon size of
118 bp for the FRET PCR assay (data not shown). In addition

0.45—
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to detection of AdV40 and AdV41 by FRET PCR, isolates of
AdV40 and AdV41 could be distinguished by melting curve
analysis (Fig. 2). Four clinical isolates of AdV40 and three
clinical isolates of AdV41 were correctly identified with the
FRET probe assay (Fig. 2). The melting temperatures (7,,) of
the FRET probes hybridized to the AdV40 and AdV41 tem-
plates ranged from 58.95 to 59.17°C and 62.57 to 63.15°C,
respectively.

The sensitivity of the FRET assay was determined using
cloned DNA of AdV40 and AdV41 from the fiber gene region
as well as with DNA extracted from a stock of AdV41 with a
known IU titer. Based on genomic equivalent copies, the sen-
sitivity of the FRET assay was determined to be 3 GEC for
AdV41 and 5 GEC for AdV40 (Table 2). Based on infectious
units, the FRET PCR assay was able to detect as few as 0.004
IU of AdV41 DNA (data not shown), which was equivalent to
the sensitivity of the hexon-based TagMan assay for AdV41.
The detection of 3 GEC of AdV41 and 0.004 IU of AdV41 is
in agreement with the noninfectious-to-infectious particle ratio
of species F viruses of 1,000 to 10,000 to 1 (5, 18).

DISCUSSION

Conventional PCR assays have been described for adenovi-
ruses based on hexon and fiber gene sequences (2, 13, 28) but
are labor intensive due to the need for post-PCR product
analysis by gel electrophoresis and confirmatory hybridization
assays or sequencing. The present study describes two real-
time PCR assays for sensitive and specific detection of adeno-
viruses. The hexon gene was targeted to develop a broadly
reactive TagMan assay for detection of all adenovirus species.
The adenovirus fiber gene was targeted for specific identifica-
tion of AdV40 and AdV41 using FRET PCR. To our knowl-
edge, this is the first report to describe a real-time PCR assay
targeting the adenovirus fiber gene. The hexon gene has been
the focus of efforts by other researchers (11) to develop a
broadly reactive TagMan assay for adenoviruses. Although

1 AdV40

Temperature [*C)

FIG. 2. Melting curve (dF/dT) derivative of LC Red 640-labeled sensor probe with different samples shows qualitative detection of point

mutation exploiting changes in 7,, during melting curve analysis.
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additional work would need to be performed to comprehen-
sively compare the specificity and sensitivity of the present
assay with the assay of Heim et al. (11), the data from the
present study suggest that the TagMan assay provides sensi-
tivities and specificities for detection of adenoviruses that are
similar to or better than previously published general detection
assays. The TaqgMan assay was able to detect all 56 adenovirus
field isolates representing species A to F. Using cloned plasmid
copies of AdV40 and AdV3 hexon gene sequences, the present
TagMan assay was determined to have a detection limit of 5
GEC for AdV40, 8 GEC for AdV41, and 350 GEC for AdV3.
The consensus sequences used for the TagMan assay primers
and probe exactly matched the target sequence of AdV40, so
these data indicate that the TagMan assay described here has
a detection limit of near 5 GEC for AdV40 and other adeno-
viruses with few mismatches. The detection limit for AdV3 can
be considered to be the worst-case sensitivity estimate for the
TagqMan assay, as this species has seven mismatches with the
TagMan assay primers and probe (the most mismatches of any
of the adenoviruses investigated) (Fig. 1), with one of the
mismatches located near the 3’ end of the probe. The sensi-
tivity for AdV41 was determined to be 8 GEC, although there
are five mismatches for this strain, which further indicates that
the location and type of mismatch is also important. Heim et
al. (11) reported data indicating the sensitivity of their assay to
be between 1.5 and 15 GEC for AdV2. They also reported
their assay sensitivity for AdV2 based on infectivity to be 43
50% tissue culture infective doses (11). The assay we have
described can detect as few as 0.4 IU of AdV2, which indicates
that this assay is as sensitive as or more sensitive than other
published broadly reactive adenovirus assays.

The FRET PCR assay was tested using a panel of 56 ade-
novirus isolates representing species A to F and was found to
be specific for the detection of species F adenoviruses. Sensi-
tivity testing of the FRET PCR assay using AdV40 and AdV41
genomic copies showed that the FRET PCR assay is highly
sensitive for these viruses (with sensitivities of 3 GEC for
AdV41 and 5 GEC for AdV40). The FRET PCR assay sensi-
tivity for AdV40 was similar to the sensitivity of the TagMan
PCR assay reported here for AdV40 based on genomic equiv-
alents. Melting curve analysis of the FRET PCR product in-
dicated that the FRET assay can be useful for distinguishing
between AdV40 and AdV41. Additional testing of more iso-
lates of AdV40 and AdV41 will provide more information on
the ability of this assay to differentiate AdV40 from AdV41.
This species F-specific real-time PCR assay is expected to be a
useful method for rapid, sensitive and specific detection of
AdV40 and AdV41, especially when used in conjunction with
a broadly reactive real-time PCR assay.

The development of a broadly reactive real-time PCR assay
for human adenoviruses was challenging due to the extensive
genetic diversity among the different adenovirus serotypes.
TagMan assays generally have low tolerance for mismatched
sequences within the primer/probe target regions (11-13).
Nevertheless, the TagMan assay in the present study was able
to detect all of the representative adenoviruses belonging to
species A to F in less than 90 min. The development of a FRET
PCR assay that can distinguish between AdV40 and AdV41
will be useful for epidemiological investigations of transmis-
sion routes for these serotypes. F species adenoviruses (AdV40
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and AdV41) are the most recognized adenoviruses in sus-
pected fecal-oral transmission through water and have been
the prototypes for studies of gastroenteritis caused by adeno-
viruses. However, other adenovirus serotypes are fecally shed,
thereby raising the possibility that they may also cause illness
via contaminated water.

The broadly reactive TagMan PCR assay developed in this
study can be a useful tool for performing environmental sur-
veys to determine whether any adenovirus serotypes are
present in water to which humans are exposed. The FRET
PCR assay for AdV40 and AdV41 can be used in conjunction
with the broadly reactive TagMan assay to determine whether
adenovirus-positive samples contain these serotypes, which are
known to cause gastroenteritis. Under this scenario, TagMan-
positive samples that are FRET negative could be further
studied to determine what other adenovirus serotypes other
than types 40 and 41 are present. Thus, these molecular tools
will be useful for environmental monitoring, epidemiological
investigations of disease outbreaks, and molecular epidemio-
logical investigations of adenovirus infections and illnesses as-
sociated with waterborne exposures. Further studies are
planned to determine the applicability, specificity, and detec-
tion sensitivity of the assays in environmental sample concen-
trates such as water.
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