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Human  adenoviruses  (HAdVs)  are  medically  important  respiratory  pathogens.  Among  the  7 recognized
species  (A–G),  species  C HAdVs  (serotypes  1,  2, 5  and  6)  are  globally  endemic  and infect  most  people  early
in  life.  Species  C  HAdV  infections  are  most  often  subclinical  or mild  and  can lead  to  persistent  shedding
from  the  gastrointestinal  and  upper  respiratory  tracts. They  can  also  cause  severe  disseminated  disease  in
newborn  and  immunocompromised  persons,  where  rapid  and  quantitative  detection  and  identification
of  the  virus  would  help  guide  therapeutic  intervention.  To  this  end,  we  developed  quantitative  type-
specific  real-time  PCR  (qPCR)  assays  for  HAdV-1,  -2, -5  and  -6  targeting  the  HAdV  hexon  gene.  All  type-
specific  qPCR  assays  reproducibly  detected  as  few  as  5  copies/reaction  of quantified  hexon  recombinant
plasmids  with a  linear  dynamic  range  of  8 log units  (5–5  × 107 copies).  No  non-specific  amplifications
were observed  with  concentrated  nucleic  acid  from  other  HAdV  types  or other  common  respiratory
pathogens.  Of 199  previously  typed  HAdV  field  isolates  and  positive  clinical  specimens,  all  were  detected

and  correctly  identified  to  type  by  the qPCR  assays;  10 samples  had  2  HAdV  types  and  1  sample  had  3
types  identified  which  were  confirmed  by amplicon  sequencing.  The  species  C  HAdV  qPCR  assays  permit
rapid,  sensitive,  specific  and  quantitative  detection  and  identification  of  four  recognized  endemic  HAdVs.
Together  with  our  previously  developed  qPCR  assays  for  the  epidemic  respiratory  HAdVs,  these  assays
provide  a convenient  alternative  to  classical  typing  methods.

Published  by  Elsevier  B.V.
. Introduction

Human adenoviruses (HAdVs) cause a wide spectrum of dis-
ases of the respiratory, ocular and gastrointestinal tracts. HAdVs
re classified within the family Adenoviridae, genus Mastadenovirus,
nd are further divided into seven species (A–G) and over 50 rec-
gnized types (Harrach et al., 2012). Clinical symptoms, disease
everity and epidemiological patterns of infection are often deter-
ined by virus species or type. Species C HAdVs (serotypes 1, 2,

 and 6) are globally endemic and infect most people early in life
Schmitz et al., 1983). Approximately half of all HAdVs identified in

 three year study of clinically severe infections among U.S. civilians
ere species C (Gray et al., 2007). Uniquely, species C viruses can

stablish infections of mucosa-associated lymphoid tissues where

hey can persist without clinical evidence for life (Garnett et al.,
002). Infections of immunocompetent persons with these viruses
re most often subclinical or lead to mild acute respiratory illnesses.

∗ Corresponding author at: 1600 Clifton Road, N.E., Mailstop G04, Atlanta, GA
0329, USA.

E-mail address: dde1@cdc.gov (D.D. Erdman).
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However, immunosuppressed persons are at risk for severe dis-
seminate life-threatening disease from primary infection or virus
reactivation (Ison 2006; Walls et al., 2003; Echavarría, 2008) as are
immunologically naive newborns (Abzug and Levin, 1991; Cassir
et al., 2014).

HAdVs were traditionally typed by neutralization and/or
hemagglutination inhibition using type-specific hyperimmune ani-
mal  antisera. A variety of molecular methods have since replaced
immunotyping, including genome restriction analysis (Adrian
et al., 1986), PCR-coupled microarrays (Lin et al., 2004); PCR-
fragment length analysis (Adhikary et al., 2004; Ebner et al., 2006),
electrospray ionization mass spectrometry (Blyn et al., 2008), par-
tial sequencing of specific target genes (Lu and Erdman, 2006;
McCarthy et al., 2009) and more recently, full genome sequenc-
ing using next generation molecular methods (Torres et al., 2010).
However, these methods are often complex and time consum-
ing, and are not optimally designed for viral load determinations,
important for monitoring HAdV disease progression and therapeu-

tic efficacy. Quantitative real-time PCR (qPCR) has been proposed
as a rapid, sensitive and widely available technology for detection
and identification of HAdVs more suited for the clinical diagnos-
tic setting (Heim et al., 2003; Metzgar et al., 2010). We  recently
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ntroduced type-specific qPCR assays for identification HAdVs
ost often associated with outbreaks of acute respiratory disease

species B types 3, 7, 11, 14, 16 and 21; species E type 4) to facil-
tate rapid public health response (Lu et al., 2013). In this study,

e describe the development and validation of qPCR assays for the
ndemic species C HAdVs.

. Material and methods

.1. Virus strains and clinical specimens

HAdV prototype strains 1–51 and 179 geographically and
emporally diverse respiratory specimens (nasopharyngeal and
ropharyngeal swabs, nasal wash, tracheal aspirate, blood, plasma
nd stool) and 20 field isolates collected during outbreak investiga-
ions and routine surveillance and previously determined positive
or HAdV-1 (n = 63), -2 (n = 85), -5 (n = 43), and -6 (n = 8) by generic
CR and partial hexon gene sequencing (Lu and Erdman, 2006) were
vailable from CDC archives for testing. To evaluate assay speci-
city, we also tested the assays against high concentrations of other
otential respiratory pathogens, including respiratory syncytial
irus (Long), human metapneumovirus (CAN 97-83), parainfluenza
iruses 1–4, rhinovirus (1A), human coronaviruses (229E and
C43), influenza viruses A (A/California/09) and B (B/Shanghai/99),
ytomegalovirus, herpes simplex virus, human bocavirus (clini-
al specimen), Streptococcus pneumonia and Hemophilus influenza,
nd pooled nasal wash specimens predicted to contain diverse
uman microbiological flora from 20 consenting healthy new mil-

tary recruits.

.2. Primers and probes

Hexon gene sequences of HAdV prototype and field strains avail-
ble from GenBank® (NCBI/NLM) were aligned and type-specific
onserved regions were identified. Multiple primer/probe sets were
esigned using Primer Express

TM
software ver. 3.0 (Applied Biosys-

ems, Foster City, CA) to give predicted type-specific amplification
nd show no major non-specific homologies on BLAST analysis.
ydrolysis probes were labeled at the 5′-end with 6-carboxy-
uorescein (FAM) and at the 3′-end with Black Hole Quencher

TM

 (Biosearch Technologies, Inc., Novato, CA). Optimal primer/probe
oncentrations for each assay were determined by checkerboard
itrations and primer/probe combinations giving the best overall
erformance with a limited panel of HAdVs were further evalu-
ted. Primer/probe sets that performed best at conditions described
elow and with no identifiable cross-reactions were chosen for fur-
her study (Table 1). Primer and probe sequences used for detection
f all HAdVs (pan-qPCR) were from Heim et al. (Heim et al., 2003).

.3. qPCR assays

Total nucleic acid (TNA) extracts were prepared from 100 �l of
irus isolates or 200 �l of clinical specimens using the NucliSens®

iniMAG or easyMAG extraction systems following the manufac-
urer’s instructions (bioMérieux, Durham, NC). qPCR assays were
un following conditions previously described (Lu et al., 2013).
riefly, 25 �l reaction mixtures were prepared by adding 5 �l of
ample nucleic acid extract to 20 �l of iQTM Supermix (Bio-Rad,
ercules, CA) containing optimal concentrations of primer/probes

Table 1). Thermocycling was performed on Stratagene Mx3000P

PCR system (Agilent Technologies, Santa Clara, CA) or an Applied
iosystems® 7500 Fast Dx Real-Time PCR System (Thermo Fisher
cientific, Carlsbad, CA) programed for: 3 min  at 95 ◦C to activate
he iTaq DNA polymerase and 45 cycles of 15 s at 95 ◦C and 1 min
al Methods 237 (2016) 174–178 175

at 55 ◦C. Positive test results were assigned to well-defined fluores-
cent curves that crossed the threshold within 45 cycles.

2.4. HAdV hexon recombinant plasmids (HRPs)

Recombinant DNA plasmids containing sequence-confirmed
full hexon genes of HAdV-1 (Ad.71), 2 (Ad.6), 5 (Ad.75) and 6
(Ton.99) prototype strains were constructed by commercial sources
(DNA Technologies Inc., Gaithersburg, MD;  Cellomics Technology,
Baltimore, MD)  for use as positive controls and for analytical sensi-
tivity studies. The HRPs were quantified using the QubitTM dsDNA
BR Assay Kit with the Qubit® 2.0 Fluorometer (Thermo Fisher Scien-
tific). Standard curves for quantitative assessment were prepared
from replicate serial 10-fold dilutions (1–1 × 107 copies/�l) of the
HRPs in 10 mM TE buffer containing 100 �g/ml herring sperm DNA
(Promega, Madison, WI).

3. Results

3.1. Analytical sensitivity of qPCR assays

The optimized qPCR assays were first evaluated with serial dilu-
tions of the quantified HRPs to estimate their limits of detection
(LODs). Serial dilutions of the respective HRPs containing 50, 5 and
0.5 copies/reaction were each tested in 16 replicates. The type-
specific and pan-qPCR assays gave linear dynamic ranges of 8 log
units (5–5 × 107 copies) and amplification efficiencies exceeding
99% (Fig. 1). All type-specific qPCR assays could reproducibly detect
5 HRP copies/reaction (Table 2). The HAdV pan-qPCR assay showed
comparable LODs with type-specific qPCR assays.

3.2. Analytical specificity of qPCR assays

The primer/probes of each qPCR assay were evaluated in silico
with HAdV hexon gene sequences published on GenBank; no signif-
icant sequence homologies were observed with other HAdV types
that would predict cross-reactivity. BLAST analyses found no signif-
icant homologies with human genome or other human microbial
flora that would possibly lead to false positive results. Each qPCR
assay was  then tested against concentrated genomic DNA (CT val-
ues <20 by HAdV pan-qPCR) from HAdV prototype strains 1–51 to
assess type-specificity. No cross-reactions were detected (Table 3).
The specificity of the qPCR panel was further assessed by testing
laboratory cultures or positive clinical specimens known to con-
tain high concentrations of viral and bacterial pathogens that may
be present in the respiratory tract as described in the Materials and
Methods. No positive results were obtained with any of the sam-
ples with the exception of the human nasal wash pool, where weak
positive results (CT , 38.9 and 38.4) were obtained with the HAdV-
pan and HAdV-1 assays, respectively. Subsequent PCR and partial
hexon gene sequencing confirmed low level HAdV-1 in the pool,
indicating that the virus was  present in the upper respiratory tract
of one or more of the individuals sampled.

3.3. Clinical evaluation of HAdV qPCR assays

To assess the performance of the qPCR assays with diverse HAdV
field isolates and positive clinical specimens, TNA from 199 previ-
ously typed HAdV strains were tested by all assays (Table 4). HAdV
was detected in all samples and correctly identified to type by the
respective qPCR assay. However, 2 different HAdV types were found
in 10 clinical specimens [HAdV-1 (CT , 30.1)/-2 (CT , 31.8); HAdV-1

(CT , 29.0)/-5 (CT , 36.4); HAdV-2 (CT , 32.5)/-1 (CT , 40.4); HAdV-2
(CT , 34.0)/-5 (CT , 39.9); HAdV-2 (CT , 32.5)/-5 (CT , 38.3); HAdV-2
(CT , 35.2)/-5 (CT , 37.1); HAdV-5 (CT , 25.6)/-1 (CT , 32.9); HAdV-5
(CT , 35.3)/-1 (CT , 37.2); HAdV-5 (CT , 31.0)/-1 (CT , 38.0); HAdV-5
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Table 1
Primer/probe sequences of HAdV qPCR assays.

Assay Primer/probesb Sequence (5′-3′) Hexon gene
location

GenBank
accession no.

Final
concentration
(nmol/L)

Amplicon size
(bp)

HAdV-pana Forward primer GCCCCAGTGGTCTTACATGCACATC 18881-18905 AC 000017.1 500 132
Reverse primer GCCACGGTGGGGTTTCTAAACTT 19012-18990 500
Probe TGCACCAGACCCGGGCTCAGGTACTCCGA 18949-18921 100

HAdV-1 Forward primer ATACCCAAACTGAAGGCAATCC 19453-19474 AC 000017.1 250 82
Reverse primer CATTCCACTGAGATTCTCCAACCT 19534-19510 500
Probe TTTTTGCCGATCCCACTTATCAACCTGA 19477-19504 100

HAdV-2 Forward primer AAACGCTCGAGATCAGGCTACT 19326-19347 AC 000007.1 500 83
Reverse primer GCCCGCTTTTTGTAATTGTTTC 19408-19387 500
Probe CACATGTCTATGCCCAGGCTCCTTTGTC 19355-19382 50

HAdV-5 Forward primer ACGATGACAACGAAGACGAAGTAG 19290-19313 AC 000008.1 250 70
Reverse primer GGCGCCTGCCCAAATAC 19359-19343 500
Probe CGAGCAAGCTGAGCAGCAAAAAACTCA 19315-19341 100

HAdV-6 Forward primer CACTGTCCGGAATAAAAATAACTAAAGA 19367-19394 FJ349096.1 500 76
Reverse primer TTTGCCGGCACCTGCTA 19443-19427 500
Probe ACAAATAGGAACTGCCGACGCCACA 19401-19425 50

a HAdV generic primer/probe sequences from Heim et al. (2003) (18).
b Probes labeled at the 5′-end with the reporter molecule 6-carboxyfluorescein (FAM) and at the 3′-end with Black Hole Quencher® 1 (Biosearch Technologies Inc., Novato,

CA).

Fig. 1. Plots of serial 10-fold dilutions of the respective hexon recombinant plasmids ranging from 5 to 5 × 107 copies/reaction obtained with HAdV type-specific- (blue) and
pan-  (red) qPCR assays. Plot inserts show calculated linear correlation coefficients (R2) and amplification efficiencies for each assay.

Table 2
HAdV qPCR assays limits of detection.

HRP copies/reaction No. HAdV qPCR assay positives with 16 replicates of hexon recombinant plasmids (HRPs)a

HAdV-1 HRP HAdV-2 HRP HAdV-5 HRP HAdV-6 HRP

HAdV-1 HAdV-pan HAdV-2 HAdV-pan HAdV-5 HAdV-pan HAdV-6 HAdV-pan

0.5 5/16 4/16 7/16 3/16 5/16 7/16 9/16 6/16
5  16/16 16/16 16/16 16/16 16/16 16/16 16/16 16/16
50 16/16 16/16 16/16 16/16 16/16 16/16 16/16 16/16

a Underlines designate assay limits of detection with >70% replicate positives.
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Table  3
HAdV qPCR assays specificity.

Samples HAdV qPCR assaysa

HAdV-pan HAdV-1 HAdV-2 HAdV-5 HAdV-6

HAdV-1 14.9 14 – – –
HAdV-2 15.2 – 14.4 – –
HAdV-5 15.0 – 15.0 –
HAdV-6 15.6 – – – 15.3
HAdV-3, -4, -7 to -51 12.7–19.5 – – – –
Other respiratory pathogensb – – – – –
Pooled human nasal washc 39.0c 38.4c – – –

a CT values shown for positive samples.
b See Materials and Methods.
c HAdV-1 confirmed by PCR and sequencing of partial hexon gene (15).

Table 4
HAdV qPCR assays results with 199 HAdV field isolates and positive clinical specimens.

Virusa N HAdV qPCR assay results

HAdV-pan HAdV-1 HAdV-2 HAdV-5 HAdV-6

+ – + – + – + – + –

HAdV-1 63 63 0 63 0 1b 62 1b 62 0 63
HAdV-2 85 85 0 2b 83 85 0 4b 81 0 85
HAdV-5 43 43 0 4b 39 0 43 43 0 0 43
HAdV-6 8 8 0 0 8 0 8 0 8 8 0

1–6 (1
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a HAdV type determined by PCR and sequencing of hexon hypervariable regions 

b qPCR amplicons sequence-confirmed for co-presence of HAdV-1, -2 or -5 DNA i

CT , 19.2)/-1 (CT , 37.9)] and 3 HAdV types were found in one speci-
en [HAdV-2 (CT , 37.6)/-1 (CT , 40.0)/-5(CT , 40.2)]. All qPCR findings
ere confirmed by sequencing the respective qPCR amplicons. In
ost cases, only the predominant type (type with the lower CT

alue) was identified by our routine method of generic PCR and
artial hexon gene sequencing (Lu and Erdman, 2005).

. Discussion

In a previous study we described development of type-specific
PCR assays for the epidemic respiratory HAdVs types (Lu et al.,
013). In this study, we expanded this assay panel to include type-
pecific qPCR assays for the endemic species C viruses. Species

 HAdVs can cause severe disseminate life-threatening disease
n immunecompromised patients, particularly in the transplant
ecipients. Rapid and quantitative detection and identification of
he endemic species C HAdVs among newborn and transplant
ecipients with severe disseminated diseases would help guide
herapeutic intervention. Four species C HAdVs assays proved sen-
itive and specific and allowed quantitative assessment of viral
oads based on standard curve analysis using quantified HPRs.

Real-time PCR technology for type-specific identification of
AdVs was first employed by Jones et al. (Jones et al., 2011) to detect
nd identify HAdVs-1, -2, -5 and -6 using the Joint Biological Agent
dentification and Diagnostic System (BioFire Diagnostics, Salt Lake
ity, Utah) and LightCycler® 2.0 (Roche, Indianapolis, IN) platforms.
owever, their assays were not only predicted to be 10–20 times

ess sensitive than our corresponding qPCR assays, but also showed
ome non-specific cross-reactions among the four virus types. Fur-
hermore, their assays were developed and validated on platforms
hat are not in common use outside of U.S. Department of Defense-
ffiliated laboratories.

Among the clinical specimens evaluated in our study, 11 were
ound to contain multiple species C HAdV types. In contrast, our

outine typing method of generic PCR and Sanger sequencing of a
artial region of the hexon gene was only able to identify the pre-
ominant HAdV type in most cases. Kores et al. (Kroes et al., 2007)
as shown the sequential emergence of multiple HAdVs after pedi-
5).
respective samples.

atric stem cell transplantation making simultaneous detection of
HAdVs coinfections especially challenging. Our type-specific qPCR
assays will prove useful for type identification and management of
mixed HAdV infections in immunocompromised persons and may
facilitate future studies to better define the full complexity of HAdV
infections in this population.

Despite these advantages, our qPCR assays have some limita-
tions. Although our expanded assay panel covers HAdV types most
frequently associated with disseminated disease in immunosup-
pressed persons, species A (HAdV-31) and species B (HAdV-34 and
-35) viruses that may  also cause severe infections in these pop-
ulation would not be identified (Echavarría, 2008; Madisch et al.,
2006). Furthermore, since our qPCR assays target short sequences
in the HAdV hexon gene, novel or hexon/fiber recombinant viruses
would not be recognized. For example, a rare recombinant species
C HAdV designated type 57 that was recently reported to contain
a unique hexon gene and a HAdV-6 fiber gene (Walsh et al., 2011)
would not have been identified by our assays.

In conclusion, our qPCR assays permit sensitive, specific and
quantitative detection and identification of the four species C
HAdVs and allow differentiation of HAdV coinfections which are
difficult to distinguish by other methods. Together with our previ-
ously developed qPCR assays for the epidemic respiratory HAdVs,
these assays provide a rapid and convenient alternative to classical
typing methods.
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