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Summary. – It has been previously reported that adenovirus 36 (Ad36) infection is associated with
obesity in humans and other animals. However, there is no clinically available standard protocol to detect
Ad36 DNA. In this study, we developed a method for quantitative and rapid detection of Ad36 DNA. Using a TaqMan probe quantitative polymerase chain reaction (qPCR), we identified that the E3 and E4orf1
regions specifically detect Ad36 DNA, because these regions did not show cross reactivity with other types
of adenoviruses. The limit of detection was 379 copy/ml and 384 copy/ml for E3 and E4orf1 regions of Ad36,
respectively. The %CV (coefficient of variation) for reproducibility of the assay using adenovirus reference
material ranged from 1.07–13.02. After we developed the standard protocol to detect Ad36 DNA, we used
mouse as a surrogate model to confirm its clinical applicability. We administered Ad36 to mice via intranasal
and oral routes, with intraperitoneal administration as the positive control, to analyze the effect of infection
route. Ad36 DNA could be detected in lungs, liver, pancreas, and epididymal fat tissue after intraperitoneal
injection, whereas it was found only in lungs after intranasal injection. No Ad36 DNA was detectable in
any tested organ after oral injection. This indicates that the main route of infection with Ad36 is intranasal,
suggesting that Ad36 is a respiratory virus. The standard protocol for qPCR developed in this study is useful
for clinical detection of Ad36 DNA.
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Introduction
Adenoviruses are medium-sized, icosahedral viruses
70–100 nm in diameter, which possess 26–45 kb doublestranded DNA genome within a non-enveloped protein
capsid (Robinson et al., 2011). More than 60 different serotypes of human adenoviruses have been identified and
grouped into seven different species (human adenoviruses
A to G) (Walsh et al., 2010; Robinson et al., 2013). The human adenovirus genome encodes six early transcription
units (E1A, E1B, E2B, E2A, E3, and E4), which regulate
DNA transcription, and five late transcription units (L1-L5)
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that direct structural proteins (Davison et al., 2003). The E3
transcription units in different human adenovirus species
vary in length, number of open reading frames, and nucleotide sequence (Robinson et al., 2011). Among the structural
proteins, the hexon protein functions as a coat protein on
the viral surface, and the fiber protein mediates the initial
attachment step to host cells for viral internalization (Roberts
et al., 1986; Nemerow et al., 2009).
Adenoviruses have been recognized to cause high rates
of morbidity and mortality in immunosuppressed patients
(Echavarria, 2008). Moreover, adenovirus infections can
involve a number of organ systems and may lead to serious illness (Gu et al., 2003). Adenovirus 36 (Ad36), classified as the species of human adenovirus D, is regarded as
adipogenic: epidemiologic studies have shown that Ad36
infection is associated with obesity in humans and some
animals (Ponterio and Gnessi, 2015), and many studies
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have reported that Ad36 infection increases body weight,
the number of fat cells and the level of fat in various organs
of rats and rhesus and marmoset monkeys (Pasarica et al.,
2006; Dhurandhar et al., 2002). The early region 4 open
reading frame 1 (E4orf1) gene of Ad36 is necessary and
sufficient for adenovirus 36 (Ad36)-induced adipogenesis
(Rogers et al., 2008).
Although obesity is recognized as a disease with multiple
etiologies, the role of microbial and viral infection as an etiological factor has recently received consideration (Adrych,
2005; Astrup et al., 1998; Powledge, 2004). Ad36 infection
has been shown to upregulate several obesity-related genes
including LPL, ATF3, FABP4, C/EBPα, and C/EBPγ (Na et
al., 2012). Furthermore, when E4orf1 of Ad36 was selectively
knocked down by RNAi, the Ad36-induced adipogenic signaling cascade was abolished in 3T3-L1 cells (Rogers et al.,
2008). This demonstrates that Ad36 E4orf1 is associated with
Ad36-induced adipogenesis (Rogers et al., 2008).
Virus neutralization test represents the gold standard
method for serotyping adenovirus isolates (Wadell, 1984).
The laboratory diagnosis of adenovirus infection has typically relied on the detection of a cytopathic effect in a variety of cell lines. Therefore, virus isolation may be associated
with reduced sensitivity as a diagnostic technique, resulting
in false negative results. In contrast, antibody titers persist
for weeks to months or even years, and can be quite reliably
detected e.g. by serum neutralization assays, thereby being
a useful tool for (retrospective) diagnosis of adenovirus
infection and epidemiological studies. It was reported that
in the USA obese adults have a higher prevalence of neutralizing antibodies to Ad36 (30%) compared with non-obese
adults (11%) (Atkinson et al., 2005). We previously reported
that in Korea, 28.6% of obese Korean school children were
positive for Ad36 antibody compared with 13.6% of nonobese school children (Na et al., 2010). Another study
reported that 30% of overweight or obese Korean children
were positive for Ad36 antibodies (Atkinson et al., 2010).
However, virus isolation using cell culture and serotyping
by neutralization is complex and time-consuming, requiring 2–4 weeks (Miura-Ochiai et al., 2007), and the serum
neutralization test is somewhat tedious. Therefore, a more
reliable method requiring a shorter time to detect Ad36
infection would be desirable. Several studies have reported
the detection of Ad36 DNA in mouse organs and in human
adipocyte tissue using polymerase chain reaction (PCR)based methods (Krishnapuram et al., 2011; Salehian et al.,
2010; Ponterio et al., 2015). However, there is no clinically
available standard protocol to detect Ad36 DNA, and,
because of this lack of a standard detection procedure, the
initial target organs and entry routes of Ad36 infection
remain unclear. Moreover, although several methods for
adenovirus DNA detection have been developed (Gu et
al., 2003; Miura-Ochiai et al., 2007; Heim et al., 2003), to
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the best of our knowledge no standard method for the
quantitative detection and identification of Ad36 has been
reported.
In this study, we evaluated the analytical sensitivity and
specificity of a quantitative PCR (qPCR) using the TaqMan
probe. The qPCR assay developed in this study amplified
two target regions, E3 and E4orf1, which are associated
with a variety of early viral functions (Wold and Gooding,
1991; Halbert et al., 1985). After developing the standard
detection method, we used it to detect the presence of Ad36
DNA in various organs of mice infected through intranasal,
oral, and intraperitoneal routes, to evaluate the potential
clinical applicability of this qPCR and provide information
about the natural infection route and initial target organ of
Ad36 infection.
Materials and Methods
Animals and maintenance. Four-week-old female C57BL/6
mice were purchased from the Orient Bio (Sungnam, Korea) and
maintained in a specific-pathogen-free facility with a standard light
cycle (12 h light/dark) and free access to water and food (5% fat
content, Harlan Laboratories, USA) for 90 days after Ad36 infection, according to protocols approved by the Institutional Animal
Care and Use Committee, Sungsim Campus, Catholic University
of Korea (No. 2013-009).
We investigated the distribution of Ad36 DNA in four organs
after infection via three routes: intraperitoneal (positive control),
intranasal, and oral. Tissues examined, included epididymal fat,
liver, and pancreas, which are organs with major metabolic roles,
and lungs, which are the major target of respiratory viruses. The
mice were administered with 5×106 plaque-forming units (PFU)
of Ad36 per mouse or cell culture medium (sham treatment). Mice
were euthanized 1, 3, 7, 30, and 90 days after virus infection (n = 3
mice/group at each time point) to determine the distribution of
the viral DNA.
DNA extraction methods. We evaluated five commercial DNA extraction kits for their ability to recover Ad36 DNA. The kits included
in the comparison were the FTA filter, Chelex-100, DNAzol, Chemagic DNA blood kit, and QIAamp DNA mini kit for detection of
Ad36 DNA (detailed in Table 1). The five extraction methods were
performed in triplicates on 200 µl aliquots of pooled Ad36-infected
cell supernatants obtained by centrifuging cultures at 8,000 rpm for
5 min. Method 1. FTA filter; 200 µl of supernatant were loaded on
the collection area of an FTA Filter (Thermo Fisher Scientific, USA).
After drying, five 1.2×1.2 mm pieces of dried sample paper were
placed into 1.5 ml PCR tubes. DNA was recovered from the matrix
using a simple hot water elution procedure. Inhibitory components
were removed by a short washing step (van Tongeren et al., 2011).
Method 2. DNAzol; 200 µl of culture supernatant were treated
with DNAzol reagent (Thermo Fisher Scientific). The genomic
DNA was precipitated from the lysate using ethanol. Following an
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Table 1. DNA extraction methods used in this study

Method

Kit name

Basis and format

Elution volume (µl)

FTA filter
Chelex-100
DNAzol
Chemagen
QIAGEN

Whatman FTA card
Chelex 100 chelating ion-exchange resin
DNAzolTM reagent
Chemagic DNA blood kit
QIAamp DNA mini kit

card binding; boiling technology
solution-based; ion-exchange columns
solution-based; selective precipitation of DNA
solution-based; magnetic glass particle technology
silica membrane binding; spin column format

50 µl in TE buffer
50 µl in distilled H2O
50 µl of 8 mmol/l NaOH
50 µl in elution buffer
50 µl in AE buffer

ethanol wash, the DNA was solubilized in water (Sun et al., 2014).
Method 3. Chelex-100; 200 µl of culture supernatant were added
to 10% (wt/vol) of Chelex 100 (Bio-Rad Laboratories, USA). The
mixture was then incubated at 55°C for 15 min, vortexed, boiled
for 8 min, and centrifuged for 2 min at 14,000 x g (Echavarria et
al., 1998). The supernatant containing the DNA was used for PCR.
Methods 4 and 5. Chemagen (PerkinElmer, Germany) and QIAGEN methods (Qiagen, Germany); 200 µl of culture supernatant
were applied to two commercial kits (Chemagic DNA blood kit
and QIAamp DNA mini kit). The Chemagic DNA blood kit uses
magnetic beads and the QIAamp DNA mini kit uses a column to
purify Ad36 DNA. Both protocols were performed according to the
manufacturers' instructions. After purification of viral DNA, the
quantity of purified DNA was measured using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA).
Purification of viral DNA from infected mouse organs. We extracted total DNA from four tissues including epididymal fat, liver,
pancreas, and lung using the QIAamp DNA mini kit. Small pieces
of all tissues were placed in 200 µl phosphate-buffered saline and
200 µl tissue lysis buffer was added. The DNA was bound to a spin

column filter, and then washed with 99.9% ethanol followed by
two wash buffers. Total DNA was stored at -80°C until analysis.
Real-time qPCR. The qPCR assay included an internal control
for the detection of Ad36 DNA. The qPCR was performed using an
Applied Biosystems® 7500 cycler (Thermo Fisher Scientific, USA).
The sequences of primers and probes for several targets in Ad36
are listed in Table 2; these sequences were designed using Primer
Express software (v. 2.0; Applied Biosystems, USA) based on the
nucleotide sequence of the Ad36 genome (Acc. No. GQ384080).
We used an Ad36 TaqMan probe (with 6-carboxyfluorescein
[FAM] attached to the 5' end and black-hole quencher 1 [BHQ1]
attached to the 3' end) for quantification of Ad36 DNA and a β-actin
TaqMan probe (HEX attached to the 5' end and BHQ1 attached
to the 3' end) for amplification of β-actin DNA. β-actin is used to
check successful isolation of mouse genomic DNA and serves as
an internal control. The details of primer sets and probes are given
in Table 2. All qPCR reactions were carried out using the TaqMan
universal PCR master mix containing uracil-DNA glycosylase
(Thermo Fisher Scientific, USA). The total reaction volume of 25 µl
containing 5 µl of template DNA, 12.5 µl of 2× TaqMan universal

Table 2. Sequences of the primers and probes used in the quantitative PCR assay
Target gene

Region

Adenovirus 36 E3
(GQ384080)

Primer or probe

E3 forward primer
E3 reverse primer
E3 probe
E4orf1
E4orf1 forward primer
E4orf1 reverse primer
E4orf1 probe
Hexon 1 Hex-1 forward primer
Hex-1 reverse primer
Hex-1 probe
Hexon 2 Hex-2 forward primer
Hex-2 reverse primer
Hex-2 probe
Fiber
Fiber forward primer
Fiber reverse primer
Fiber probe
Mus musculus β-actin Forward primer
(NM007393)
Reverse primer
Probe

Sequence (5'–3')
TTACCGGCAGCAGCACAGT
GACTACCCCCCTCTGTCAGAGA
FAM-AACTAACCTTCTTTCTGATACTAACACTCCTAAAACCGGA-BHQ1
AAAGAGCAGCACAGAGAGATCA
GAGTGAGCGTGCTGGTTC
FAM-TTCAAGGCCATAAATCTGCCCTGATATCCA-BHQ1
TCCAGATGTCAGGATCATTGAGA
TGCTGCCAGATCCATCCA
FAM-CGGTGTTGAAGATGAGCTTCCAAATTATTGCTT-BHQ1
TGGCGAAGTTGCTTCTCAGA
AGGTTGGCCTGAAGGTTTATCTC
FAM-TCAGATCGCCAAGGGTAATCTGTATGCC-BHQ1
GGAGACTTAGTAGCTTGGGACAAAAA
CTTGCTGTTTCAACTTTGCAATTT
FAM-TACACGCACCCTTTGGACAACACCTG-BHQ1
CGAGCGTGGCTACAGCTT
TCTTTGATGTCACGCACGATTT
HEX- ACCACCACAGCTGAGAGG-BHQ1

Position
26796–26814
26882–26903
26824–26863
34417–34438
34533–34550
34499–34528
18936–18958
19001–19019
18963–18995
19080–19099
19132–19153
19101–19128
31464–31489
31532–31555
31496–31521
691–708
729–750
710–727
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PCR master mix, 0.3 µmol/l of each forward and reverse primer,
and 0.1 µmol/l of each probe was added to a real-time PCR plate
(Thermo Fisher Scientific, USA). The PCR conditions were 2 min at
50°C and 10 min at 95°C, followed by 45 cycles of 20 s at 95°C and
1 min at 60°C. To generate the standard curve, the cycle thresholds
(Ct) of the plasmid dilutions were measured. All samples were
tested in triplicate. A threshold cycle (Ct) value for each sample
was calculated by determining the auto-threshold.
Ad36 DNA concentrations used for the standard curve. The
DNA PCR product was purified and inserted into the pGEM-T
vector system (Promega, USA) according to the manufacturer's
protocol. These E3 and E4orf1 plasmids were used as adenovirus
reference materials to determine the reproducibility and the limit
of detection of the assays. Plasmid DNAs were extracted using an
AccuPrep plasmid mini extraction kit (Bioneer, Korea) and the
quantity of plasmid DNA measured using a spectrophotometer.
A series of log dilutions of E3 and E4orf1 standard plasmid DNA
from 106–102 copies/µl was then prepared to establish an external
standard curve for the qPCR.
Statistical analysis. For all data, copies/ml are reported as mean ±
standard deviation (SD). All analyses were performed using GraphPad Prism (v. 5.01; GraphPad Software, USA). The values were
compared using a t-test or one-way analysis of variance (ANOVA)
followed by a post-hoc Tukey test for multiple comparisons. Differences were considered significant at P <0.05.

Results
Comparison of viral DNA extraction methods
Ad36 has a DNA genome. Therefore, we compared five
commercial DNA extraction kits to test their efficiency: the
FTA filter, Chelex-100, DNAzol, the Chemagic DNA blood
kit, and the QIAamp DNA mini kit. The kit names and the
basic technologies used in all methods are listed in Table 1.
After DNA extraction, qPCR was used to detect E3 and
E4orf1 of Ad36, and the log mean, SD, and %CV values were
determined by repeating the measurements four times. Fig. 1
summarizes the yield of purified DNA (copies/ml) obtained
for all sample extracts using the five extraction methods.

Fig. 1
Comparison of DNA extraction methods to detect Ad36 DNA
The detailed extraction methods are shown in Table 1. Two hundred microliters of supernatant from Ad36-infected cells were used to purify Ad36
DNA. The purification yield (copies/ml) was measured in four replicates
using reference materials (plasmids containing E3 or E4orf1 genes). The
comparison between methods was analyzed by ANOVA test. The different
letters on bar graphs indicate statistical significance: capital letters (A, B,
C) for E3 and small letters (a, b, c) for E4orf1. All analyses were performed
using GraphPad Prism v. 5.01.

The log means of the number of DNA copies extracted from
Ad36-infected cells using FTA filter, Chelex-100, DNAzol,
Chemagen, and QIAEN methods were 7.87, 9.32, 7.21, 10.08,
and 10.10 for the E3 region-specific qPCR and 8.92, 10.24,
7.08, 10.35, and 11.01 for the E4orf1 region-specific qPCR,
respectively. Three methods (Chelex-100, Chemagen, and
QIAGEN methods) showed particularly high efficiencies of
virus DNA extraction. Moreover, the % CV of these three
methods was <3%, confirming their good reproducibility.
Of the five methods, with the highest DNA copy level was
QIAGEN method, although this difference was not significant (Fig. 1 and Table 3). Based on these results, the QIAGEN method was confirmed to be the best available for the
extraction and purification of Ad36 DNA.

Table 3. Comparison of five DNA extraction methods for quantitative PCR using E3 and E4orf1 regions
Method

Adenovirus 36 DNA copies/ml (E3 gene)
Log mean

FTA filter
7.87
Chelex-100
9.32
DNAzol
7.21
Chemagen
10.08
QIAGEN
10.10
a
%CV: percent coefficient of variation.

Adenovirus 36 DNA copies/ml (E4orf1 gene)

Standard deviation

%CVa

Log mean

Standard deviation

%CVa

0.46
0.08
0.80
0.02
0.09

5.87
0.83
11.05
0.23
0.94

8.92
10.24
7.08
10.35
11.01

0.72
0.01
0.84
0.08
0.12

8.03
0.09
11.91
0.80
1.07
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(a)

(b)

Fig. 2
Linear regression analysis of Ad36 DNA loads by real-time PCR
Serial tenfold dilutions of E3 (a) and E4orf1 (b) plasmid DNAs ranging from 1×103 – 1×1011 copies/ml were analyzed by E3- and E4orf1-specific qPCR.
The slope (y) indicates the PCR efficiency and the coefficient of determination (R2) indicates the linear regression.

Determination of linearity, sensitivity, and specificity of
E3 and E4orf1 region-specific qPCR
Analysis of tenfold serial dilutions (1×103–1×1011 copies/ml) of plasmid DNA containing E3 and E4orf1 genes
(termed the reference material) confirmed that the E3- and
E4orf1-specific qPCRs had similar linearity (Fig. 2), with R2
of 0.9988 and 0.9982, respectively. Linear regression analysis
of the Ad36-specific qPCR demonstrated valid linearity, with
slopes between 1.0695 and 1.0501, and y-axis intercept points
between 0.4571 and 0.2362 (Fig. 2).
We performed the sensitivity testing using 24 replicates
at different concentrations (10,000, 2000, 400, and 80 copies/ml) in two different laboratories. The sensitivities of the
qPCR were estimated to be 379 copies/ml for E3 and 384
copies/ml for E4orf1. We have also analyzed the 95% probit
using IBM SPSS Statistics 20 (IBM Corp, USA) (Table 4).
The specificity of Ad36 detection with the E3- and E4orf1specific qPCRs was demonstrated using DNA from adenovirus types 1, 2, 3, 4, 5, 6, 7, 10, 23, and 40, which were supplied
by Prof. H. Lee (Medical Center, Department of Microbio-

logy, University of Ulsan). We tested for five genes: hexon
1 and hexon 2, fiber, E3 and E4orf1, using specific primer
sets and probes (Table 2) to compare their cross reactivity.
Specific primer sets and probes for hexon 1, hexon 2, and
fiber showed cross reactivity between adenoviruses 7, 10, 23,
40, whereas E3 and E4orf1 specifically detected only Ad36
(Table 5). These results were expected by the alignment of
E3 and E4orf1 sequences of adenoviruses (Fig. 3).
Determination of repeatability and reproducibility
Intra-assay variation was estimated using reference plasmid DNA containing E3 and E4orf1 genes at concentrations
ranging from 1×104–1×106 copies/ml using E3- and E4orf1specific qPCR. The intra-assay variability was determined
using 20 replicates per batch, and the inter-assay variability
was determined by repeating assays twice a day for 10 days.
The intra-assay %CV was 5.59 for 106 copies/ml and 13.02 for
104 copies/ml in the E3-specific qPCR, and 5.00 for 106 copies/
ml and 11.15 for 104 copies/ml in the E4orf1-specific qPCR.
The inter-assay %CV was 7.99 for 106 copies/ml and 9.71 for

Table 4. Probity analysis for determination of the limit of detection
Copies/ml of plasmid
DNA
10000
2000
400
80
95% probity

Adenovirus 36 DNA copies/ml (E3 gene)
Replicates

Positive reaction

%

24
24
100
24
24
100
24
23
95.8
24
5
20.8
379 copies/ml [interval: 250-907 copies/ml]

Adenovirus 36 DNA copies/ml (E4orf1 gene)
Replicates

Positive reaction

%

24
24
100
24
24
100
24
23
95.8
24
2
8.3
384 copies/ml [interval: 268-737 copies/ml]
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(a)

(b)

Fig. 3
Alignment of E3 and E4orf1 gene sequences of adenoviruses
The sequences obtained from E3 (a) and E4orf1 (b) genes have been deposited in GenBank Acc. Nos. AF534906 (adenovirus 1), J01917
(adenovirus 2), DQ086466 (adenovirus 3), KX384957 (adenovirus 4), AY601635 (adenovirus 5), LC068720 (adenovirus 6), AY921615 (adenovirus 7), KT862547 (adenovirus 8), AJ854486 (adenovirus 9), JN226746 (adenovirus 10), HQ910407 (adenovirus 17), FJ404771 (adenovirus 22),
KF279629 (adenovirus 23), DQ900900 (adenovirus 37), KU162869 (adenovirus 40), AB605246 (adenovirus 53), and GQ384080 (adenovirus 36).
Primer and probe sequences are boxed and labeled. The multiple sequence alignment was performed using ClustalW, based on the similarities
among adenovirus groups.
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Table 5. Detection of adenovirus DNAs by quantitative real-time PCR of several gene regions

Virus type

Quantitative PCR for detection of adenovirus 36 Ct
Hexon 1

Hexon 2

Fiber

E3

E4orf1

Adenovirus type 1a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 2a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 3a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 4a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 5a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 6a
No Ct
No Ct
No Ct
No Ct
No Ct
Adenovirus type 7a
39.95
19.55
11.12
No Ct
No Ct
Adenovirus type 10a
35.64
No Ct
36.32
No Ct
No Ct
Adenovirus type 23a
12.73
15.93
37.50
No Ct
No Ct
Adenovirus type 36b
10.93
11.75
11.87
10.55
11.58
Adenovirus type 40a
No Ct
No Ct
42.31
No Ct
No Ct
a
All viral genomic DNAs were provided by H. Lee, Department of Microbiology, University of Ulsan. bAd36 was purchased from the American Type
Culture Collection (ATCC).

104 copies/ml in the E3-specific qPCR, and 4.14 for 106 copies/ml and 1.07 for 104 copies/ml in the E4orf1-specific qPCR
(Table 6). In this experiment, all intra-assay and inter-assay
%CVs were less than 20%, confirming high reproducibility.
Evaluation of the standard qPCR method using mouse
samples
After developing the standard qPCR method to detect
Ad36 DNA, we wanted to test it using in vivo samples. However, because of difficulties in obtaining samples of human
adipocytes, which may be considered the primary target of
Ad36 infection (Krishnapuram et al., 2011; Dhurandhar,
2001; Pasarica and Dhurandhar, 2007), we established
a surrogate mouse model. In addition, it has not been clear
whether the infection route of Ad36 is oral and/or respiratory, and which organs are the primary target. The analysis of
mouse organ samples after Ad36 infection using the standard
qPCR developed in this study may assist in resolving these
questions.
We investigated the distribution of Ad36 DNA in four
organs after infection of mice with Ad36 via three routes

(intraperitoneal, intranasal, and oral). Tissues tested were
epididymal fat, liver, and pancreas, which are organs with
major metabolic roles, and lungs, which are the major target for respiratory viruses. We infected mice with Ad36 via
each route (15 mice per route) and euthanized the mice 1,
3, 7, 30, and 90 dpi (n = 3 mice/group at each time point)
to determine the distribution of the viral DNA. There was
no detectable Ad36 DNA in the liver, epididymal fat, lungs,
or pancreas at any time point (1, 3, 7, 30, or 90 dpi) in mice
infected via the oral route (Fig. 4). However, Ad36 DNA was
consistently detected in the lungs at 30 dpi via the intranasal
route. In contrast with the lungs, Ad36 DNA was not detected
in epididymal fat, liver, and pancreas neither at 30 nor by 90
days after intranasal infection (Fig. 4).
Discussion
The diagnostics of adenovirus infection can be achieved by
virus isolation in cell culture (tissue culture infective dose 50,
TCID50), antigen/antibody-based methods (immunofluorescence, enzyme immunoassays, serum neutralization test, and

Table 6. Intra- and inter-assay variabilities of plasmid standards using quantitative PCR for detection of adenovirus 36

Variation

Copies/ml of
plasmid standard

Adenovirus 36 DNA copies/ml (E3 gene)

Adenovirus 36 DNA copies/ml (E4orf1 gene)

Mean quantity
(copies/ml)

Standard
deviation

%CVa

Mean quantity
(copies/ml)

Standard
deviation

%CVa

Intra-assay (n = 20)b 1 × 106
1091852.46
1 × 104
9461.82
Inter-assay (n = 20)b 1 × 106
1111728.33
1 × 104
10335.42.
a
%CV: percent coefficient of variation. bduplicates, 10 days.

60984.49
1231.63
88775.92
1003.71

5.59
13.02
7.99
9.71

1270681.24
12518.34
946623.90
9355.58

63489.69
1395.80
39267.42
977.13

5.00
11.15
4.14
1.07
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(c)

(d)

357

Fig. 4
Detection of Ad36 DNA in organs from infected mice
Ad36 DNA was analyzed in epididymal fat, liver, and pancreas of Ad36-infected mice at 1, 3, 7, 30, and 90 dpi (n = 3/group). Intranasal, oral, and intraperitoneal routes were used for infection. Mock indicates organs from non-infected mice. Comparisons were made between the mock-infected and
infected organs at the same times post infection (*; lung vs. mock, #; pancreas vs. mock, †; liver vs. mock, and &; epididymal fat vs. mock). *, #, &, and †
indicate P <0.05. ## indicate P <0.005. ***, †††, and &&& indicate P <0.001. The copies/ml are shown as mean ± standard deviation (SD) and differences
assessed using t tests. All analyses were performed using GraphPad Prism v. 5.01.

immunochromatography), or nucleic acid amplification tests
(Al-Siyabi et al., 2013). Most previous reports have examined
Ad36-specific antibodies in test serum using a serum neutralization test (Atkinson et al., 2005; Na et al., 2010; Atkinson et
al., 2010). However, the presence of Ad36-specific antibody
merely indicates past infection with Ad36. Therefore, others
have attempted to directly detect Ad36 DNA in the samples.
Salehian et al. found Ad36 DNA in the adipose tissue of a patient with unusual visceral obesity (Salehian et al., 2010), and
Ponterio and Gnessi (2015) clearly demonstrated Ad36 DNA
in 4 of 21 adipose tissue samples from obese or overweight
adults. However, both groups used predominantly a conventional PCR-based method to detect Ad36 DNA. It may be
less sensitive and specific than real-time PCR. Therefore, it
would be extremely useful to develop a rapid and reliable
standard method to detect Ad36 DNA that indicates current
Ad36 infection.
In this study, we developed a standard method for viral
DNA extraction and qPCR for the detection and quantification of Ad36 DNA. We selected the E3 and E4orf1 regions

for amplification because these regions showed no conserved
sequences with other adenoviruses. Furthermore, for our
method we used the TaqMan probe system because it has
a high sensitivity and specificity.
Since Ad36 is a DNA virus, the efficiency of the viral DNA
extraction method is critical to maximize the sensitivity of
the standard diagnostic method. Therefore, we tested five
commercial DNA extraction kits, and selected the QIAGEN
method because of its good performance in DNA-purification and its price-performance ratio. As shown above, the
standard protocol established in this study to detect Ad36
genome showed very high reproducibility, sensitivity and
specificity.
To evaluate if the newly developed quantitative PCR
would also be applicable to tissue samples from clinical cases,
we tested samples from Ad36-infected mice as a surrogate
model for human clinical samples. We infected mice with
Ad36 via three routes (oral, intranasal, and intraperitoneal
as positive control) to determine which mouse organ is the
primary target. We showed that there was no detectable
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Ad36 E4orf1 in the liver, epididymal fat, lungs, or pancreas
at any time point (1, 3, 7, 30, or 90 dpi) in mice infected via
the oral route. These data suggest that orally administered
Ad36 cannot infect the gastrointestinal tract or may be immediately eliminated by host immune responses such as
those triggered by TLRs or the respiratory immune system.
In contrast, Ad36 DNA was detected in the lungs 30 days
after infection via the intranasal route. Coxsackievirus and
adenovirus receptor (CAR), the receptor for Ad36, is internalized by cells together with adenovirus after infection.
Furthermore, a CAR isoform, CAREx8, is well expressed in
human epithelial cells of the respiratory tract and is localized
to the apical region of airway epithelia (Excoffon et al., 2010).
Therefore, it suggested that CAREx8 may contribute to the
greater persistence of Ad36 in respiratory organs. A previous
study showed that Ad36 could be transmitted from Ad36infected mice to uninfected mice co-housed in the same cage
(Krishnapuram et al., 2011). This suggests that the respiratory system may be one route of viral transmission. Although
our data showed that Ad36 DNA disappeared early after viral
infection, the previous co-housing study reported that Ad36
DNA was present for up to 12 weeks (Krishnapuram et al.,
2011). We assume that these differences might be related to
the disparity of detection methods and viral infection routes.
In conclusion, we found that Ad36 DNA remains in mouse
lungs for at least 30 days after viral infection via the respiratory tract. This suggests that natural infection path of Ad36
may be via the respiratory tract. Although the first isolation
of adenovirus was performed using adenoid-tissue-derived
cell culture, recent reports showed that the gastrointestinal
tract, as well as the respiratory tract, shed human adenovirus
for weeks or longer (Scott et al., 2016). Moreover, a latent
stage of adenoviral infection was found to persist in tonsillar lymphocytes in almost 80% of the children investigated
(Lion, 2014). However, further investigation is necessary to
understand how Ad36 is transmitted and how long it can
persist in organs. The qPCR method developed here can
be a useful tool to help elucidating these questions. In fact,
a previous report showed that adenoviruses had a cytopathic
effect in cells from Madin-Darby canine kidneys, rhesus
monkey kidneys, and human lung carcinoma (Leonardi et
al., 1995). Therefore, assuming that if the samples cultured
in the cells mentioned above were subjected to the qPCR
method developed in this study, the sensitivity of Ad36 DNA
detection would increase.
Overall, our results suggest that the TaqMan probe qPCR
for Ad36 may have value in clinical studies; for example,
a patient could be rapidly diagnosed at the time of virus infection before obesity develops. Further studies of the qPCR
method with human samples will be performed in the future.
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