
R
f

A
C

A
R
R
A
A

K
F
R
5
S
V
Q

1

a
a
o
a
t
v
a

c
e
A
t
m
P
c

m
M
f

a
e
(

0
h

Journal of Virological Methods 183 (2012) 147– 153

Contents lists available at SciVerse ScienceDirect

Journal  of  Virological  Methods

jou rn al h om epage: www.elsev ier .com/ locate / jv i romet

eal-time  PCR  assay  for  universal  detection  and  quantitation  of  all  five  species  of
owl  adenoviruses  (FAdV-A  to  FAdV-E)

yse  Günes,  Ana  Marek,  Beatrice  Grafl,  Evelyn  Berger,  Michael  Hess ∗

linic for Avian, Reptile and Fish Medicine, Department for Farm Animals and Veterinary Public Health, University of Veterinary Medicine, Vienna, Austria

rticle history:
eceived 20 December 2011
eceived in revised form 3 April 2012
ccepted 18 April 2012
vailable online 25 April 2012

eywords:
owl adenoviruses

a  b  s  t  r  a  c  t

The  present  study  describes  the  development  of  a  SYBR  Green  based  real-time  polymerase  chain  reac-
tion (real-time  PCR)  for detection  and  quantitation  of all fowl  adenovirus  (FAdV)  species.  Primers  were
designed  based  on  conserved  nucleotide  sequences  within  the  52K  gene.  Ten-fold  serial  dilutions  of  a
vector DNA  were  used  as  standard  for  quantitation.  The  real-time  PCR  had  an  efficiency  of  98%,  a  regres-
sion  squared  value  of 0.999  and showed  a  range  of 6.73–6.73  × 108 copies  of FAdV  DNA  per  reaction.  The
assay  was highly  specific  for  FAdVs  and  an  exact  quantitation  of  all 5 FAdV  species  (FAdV-A  to  FAdV-E)
could  be  demonstrated.  It was  shown,  that  twelve  FAdV  serotypes  (FAdV-1  to  8a,  and  8b to 11)  were
eal-time PCR
2K gene
ensitivity
irus shedding
uantitation

detectable  and  quantifiable.  Other  viral genomes  as  well  as  uninfected  chicken  embryo  liver (CEL)  cells
did not  produce  positive  signal.  Cloacal  swabs  were  taken  during  the  animal  experiment,  which  was  per-
formed  with  all FAdV  species.  Shedding  of  FAdVs  was  investigated  in  cell  culture,  by  conventional  PCR
and by  the  developed  real-time  PCR.  The  real-time  PCR was  found  more  sensitive  than  cell  culture  and
conventional  PCR.  Detection  and  quantitation  of  FAdVs  in  different  type  of samples  was  possible  by the
new real-time  PCR.
. Introduction

Fowl adenoviruses (FAdVs) belong to the family Adenoviridae
nd genus Aviadenovirus,  which contains the worldwide distributed
denoviruses of chickens. Some strains are the causative agents
f inclusion body hepatitis, hepatitis-hydropericardium syndrome
nd gizzard erosion, beside other less well defined disease condi-

ions. FAdVs are transmitted horizontally as well as vertically. The
irus could be transmitted in all excretions, yet the highest titers
re found in feces (Adair and Fitzgerald, 2008). FAdVs have been

Abbreviations: BLAST, basic local alignment search tool; bp, base pair; CEL cells,
hicken embryo liver cells; CELO, chicken embryo lethal orphan; CPE, cytopathic
ffect; CT , threshold cycle; d.p.i., days post-infection; FAdV, Fowl adenovirus; FAdV-

 to FAdV-E, species Fowl adenovirus A to Fowl adenovirus E; FAdV-1 to 8a and 8b
o  11, Fowl adenovirus serotypes 1 to 8a and 8b to 11; i.e., id est; L1, loop 1; min,

inute; PBS, phosphate buffered saline; PCR, polymerase chain reaction; real-time
CR, real-time polymerase chain reaction; SPF, specific pathogen-free; TCID, tissue
ulture infective dose; Tm, melting temperature.
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isolated from healthy and diseased domestic fowl, and from other
avian species (McFerran et al., 1972, 1976).

FAdVs are grouped into five different species (FAdV-A to FAdV-
E) due to their molecular structure (Benkö et al., 2005), and
additionally into twelve serotypes (FAdV-1 to 8a, and 8b to 11)
as a result of cross-neutralization tests (Hess, 2000). Recently,
at least twelve genotypes were identified within the five FAdV
species based on the hexon gene sequences (Marek et al., 2010).
The genome of non-enveloped FAdVs is a linear, double-stranded
DNA molecule of approximately 45 kb (Chiocca et al., 1996; Ojkic
and Nagy, 2000; Grgić et al., 2011; Griffin and Nagy, 2011; Marek
et al., 2012).

FAdVs can be diagnosed by electron microscopy (McFerran,
1998), while histological examination was  used to demonstrate
typical intranuclear inclusions by inclusion body hepatitis with
hematoxylin and eosin staining of tissues (Gallina et al., 1973).
Many conventional PCR methods for detection of aviadenoviruses
have been reported using different primer sets, which can amplify
the different regions of the hexon gene (Raue and Hess, 1998;
Meulemans et al., 2001; Raue et al., 2005a,b; Mase et al., 2009).
In addition, different PCRs targeting other regions of the genome
were developed (Hanson et al., 2006; Ivanics et al., 2010; Kajan

et al., 2011). The virus is isolated in embryonated eggs or cell cul-
ture. Afterwards, PCR combined with restriction enzyme analysis
or nucleotide sequencing can be used to determine the genotype
(Raue and Hess, 1998; Meulemans et al., 2001).
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Virus isolation requires special facilities and skilled personnel,
s well as fresh specimens with viable viruses. Sometimes several
assages must be done for isolating a FAdV in chicken embryo liver
CEL) cell culture (Hess et al., 1998). All described detection meth-
ds need a certain amount of time, especially titration in tissue
ulture is somewhat laborious.

Therefore, the aim of this study was to develop a specific and
ensitive SYBR Green based real-time PCR assay for detection
nd quantitation of five FAdV species. The shedding of FAdVs by
xperimentally infected specific pathogen-free (SPF) chickens was
etected and quantified from cloacal swab samples. The sensitivity
f the real-time PCR was compared with virus isolation and con-
entional PCR assay, as well its specificity was tested on samples of
ther avian viral pathogens and uninfected CEL cells.

. Materials and methods

.1. Viruses

CEL cells were used to propagate the following FAdV strains:
AdV-A (CELO), FAdV-B (340), FAdV-C (KR5, C2B), FAdV-D (SR48,
R49, A2-A, UF71) and FAdV-E (CR119, YR36, TR59, Hungary6, 764)
epresenting all 12 FAdV serotypes. When a cytopathic effect (CPE)
as visible, the cells were harvested after three freeze–thaw cycles

n a Falcon tube following 10 min  centrifugation at 700 × g. The
upernatants were collected and used for DNA extraction and inoc-
lation of chickens. The titer of FAdV strains used for inoculation
f chickens was determined according to the method of end point
itration (Reed and Muench, 1938).

.2. DNA extraction

Viral DNA was isolated from cloacal swabs, tissue homogenates
f liver or intestine taken from infected SPF chickens or super-
atants of cell culture using a DNeasy Blood and Tissue Kit (Qiagen,
ienna, Austria) according to manufacturer’s instructions. DNA was
tored at −20 ◦C until use.

.3. Primers

Primers used in this study are listed in Table 1. Primer pair
exon A/Hexon B (Meulemans et al., 2001) was utilized for the
onventional PCR.

Primer sets 52K-F/52K-R (for conventional PCR) and 52K-
w/52K-rv (for real-time PCR) were designed in this study. In order
o design these primers, the complete genome sequences of FAdVs
GenBank accession numbers U46933, AF083975, GU734104,
U188428 and HE608152) were aligned using the software Accel-

ys Gene, version 2.5 (Accelrys, San Diego, CA). Primers 52K-F and
2K-R were designed to anneal within the 52K and pIIIa genes,
espectively. Additionally, PCR products of thirteen FAdV strains
epresenting all 12 FAdV serotypes were sequenced and aligned to
esign the primer pair 52K-fw/52K-rv for the real-time PCR, which
nnealed within the highly conserved 52K region (Supplemental
aterial S.1).
The specificity of these primers was tested in a BLAST search.

ll primers were synthesized by Eurofins MWG  Operon (Ebersberg,
ermany).

.4. Conventional PCR
Conventional PCR was  performed using primer pair Hexon
/Hexon B for amplification of the loop 1 (L1) region of the hexon
ene, as described before (Meulemans et al., 2001; Marek et al.,
010).
 Methods 183 (2012) 147– 153

Part of the 52K and pIIIa genes were amplified using conven-
tional PCR with primer pair 52K-F/52K-R from representatives
of 12 FAdV serotypes. The 25 �l PCR reaction mixture contained
0.4 �M (final concentration) of each primer and 5 �l extracted DNA
(corresponding to 20% of the total reaction volume). The initial
denaturation was set at 94 ◦C for 2 min. Cyclic conditions con-
sisted of 35 cycles at 94 ◦C for 1 min, 62 ◦C for 1 min  and 72 ◦C for
1 min  30 s followed by final extension at 72 ◦C for 2 min. Amplifica-
tion products, which were between 755 and 794 bp depending on
FAdV strain were run on a 1.5% agarose gel. After gel electrophore-
sis, PCR products were purified using QIAquick Gel Extraction Kit
(Qiagen, Vienna, Austria) according to the manufacturer’s recom-
mendations.

2.5. Generation of standard and control vectors

For optimization of the real-time PCR and generation of the stan-
dard curve, the 52K-F/52K-R PCR product of FAdV-D (strain SR49)
was used. To test the exact quantitation of all FAdV species, PCR
products of FAdV-A, FAdV-B, FAdV-C and FAdV-E (strains CELO,
340, C2B and 764, respectively) were obtained. All five PCR products
were cloned into the pCR4-TOPO vector using a TOPO TA cloning kit
for sequencing (Invitrogen, Carlsbad, CA). All clones were checked
for the integrated desired PCR product by restriction enzyme diges-
tion using EcoRI. Positive clones were sequenced in both directions
using M13  forward and reverse primers (Eurofins MWG  Operon,
Ebersberg, Germany).

The vectors were linearized using NotI restriction enzyme
(Invitrogen, Carlsbad, CA) and separated on a 1% agarose gel for con-
firmation and purification. After gel electrophoresis, the correct size
bands were extracted using a QIAquick gel extraction kit (Qiagen,
Hilden, Germany) according to manufacturer’s protocol. Purified
plasmid DNAs were measured three times by a spectrophotometer
(SmartSpec Plus; Bio-Rad Laboratories, Inc., Hercules, CA) and the
copy numbers were calculated using the following formula: [(g/�l
DNA)/(plasmid length in base pairs × 660) × 6.022 × 1023].

2.6. SYBR Green based real-time PCR and standard curve

Real-time PCR was  carried out on a Rotor-Gene Q thermal cycler
(Qiagen, Hilden, Germany) using the double-stranded DNA-binding
dye method with a Rotor-Gene SYBR Green PCR kit (Qiagen, Hilden,
Germany). Each 25 �l reaction mixture contained 5 �l template
DNA and 0.7 �M (final concentration) of each primer (52K-fw and
52K-rv). Cyclic conditions included initial denaturation at 95 ◦C
for 5 min, 40 cycles of denaturation at 95 ◦C for 5 s and com-
bined annealing/extension step at 60 ◦C for 10 s and a melting
step between 60 and 95 ◦C. The fluorescence data were collected
during the annealing/extension step. Data analysis was performed
using Rotor-Gene Q software version 1.7 (Qiagen, Hilden, Germany)
by setting the threshold automatically. For generating standard
curves, 10-fold serial dilutions of standard vector from 10−1 to
10−11 were prepared, starting at 6.73 × 108 copies per reaction and
were run two  times in duplicate. No template control (NTC) was
used in each run to confirm that there was  no contamination in the
assay. A known copy number of target DNA was  plotted against the
corresponding CT values and the standard curve was  constructed.
For quantitation of virus in samples of unknown concentration,
their threshold cycle (CT) values were compared with the standard

curve, and the numbers of copies of FAdV DNA per reaction mix-
ture were calculated. Melting curve analysis was  done to verify PCR
product specificity. The specificity of the real-time PCR was also
confirmed by running the products on a 2% agarose gel.
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Table 1
Primers used in this study.

Primer Sequence (5′–3′) Position Reference

Hexon A CAA RTT CAG RCA GAC GGT 144–161a Meulemans et al. (2001)
Hexon B TAG TGA TGM CGS GAC ATC AT 1041–1021a Meulemans et al. (2001)
52K-F TGT ACG AYT TCG TSC ARA C 12,788–12806b This study
52K-R TAR ATG GCG CCY TGC TC 13,542–13526b This study
52K-fw ATG GCK CAG ATG GCY AAG G 13,075–13093b This study
52K-rv AGC GCC TGG GTC AAA CCG A 13,250–13232b This study
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a Position is given for the FAdV-1 hexon gene (AF339914).
b Position is given for the FAdV-1 genome (U46933).

.7. Sensitivity of the real-time PCR assay

One sample of FAdV DNA (strain SR48) was diluted serially 100-
old and 10-fold. Undiluted sample and its serial dilutions were run
n real-time PCR and in conventional PCR (using primer set Hexon
/Hexon B) and the results were compared.

.8. Specificity of the real-time PCR assay

In order to verify the specificity of the real-time PCR assay, DNA
amples from the following 13 FAdV strains were tested: CELO
FAdV-1), SR48 (FAdV-2), SR49 (FAdV-3), KR5 (FAdV-4), 340 (FAdV-
), CR119 (FAdV-6), YR36 (FAdV-7), TR59 (FAdV-8a), Hungary6
FAdV-8a/8b), 764 (FAdV-8b), A2-A (FAdV-9), C2B (FAdV-10) and
F71 (FAdV-11). Additionally, DNA samples from other avian
iruses such as poxvirus, chicken anemia virus, Marek’s disease
irus, hemorrhagic enteritis virus and egg drop syndrome virus
ere examined in this assay. DNA sample isolated from uninfected
EL cells was also tested.

.9. Quantitation of all FAdV species

Ten-fold serial dilutions of control vectors from FAdV-A, FAdV-B,
AdV-C and FAdV-E were made and were run in replicates. Control
ectors were quantified using standard vector (FAdV-D) by differ-
nt runs of the real-time PCR. The results were compared to the
pectrophotometric measurements. Their mean values and stan-
ard deviations were calculated.

.10. Animal experiment and preparation of samples

Specific pathogen-free (SPF) eggs were obtained from Lohmann
ierzucht, Cuxhaven, Germany. One-day-old birds were placed in
solator units for 70 days at the Clinic for Avian, Reptile and Fish

edicine, Vienna, Austria. One group of 8 birds was  kept unin-
ected as control. Five groups each consisting of 8 one-day-old
hicks were infected orally with 0.5 ml  of 105 tissue culture infec-
ive dose (TCID50)/ml per chicken with FAdV-A to FAdV-E (strains
ELO, 340, KR5, SR48 and YR36, respectively). Reinfection was  car-
ied out at 21 and 42 days of age. Cloacal swabs were taken from

 birds at 3, 7, 10 and 14 days post-infection (d.p.i.) and weekly
ntil termination of the animal trial. Blood samples were taken
eekly and investigated by serum neutralization test to confirm

nfection. Liver and intestine tissue samples were collected from
hickens that died unexpectedly during the experiment. The animal
xperiment was discussed and approved by the institutional ethics
ommittee under the licence number GZ 68.205/0217-C/GT/2007.

Cloacal swabs were placed in 1 ml  PBS containing penicillin
100,000 IU/ml) and streptomycin (1 mg/ml). Samples were filtered

sing syringe filters with 0.2 �m pore size (VWR, Austria). One hun-
red microliters of sample were used for DNA extraction followed
y conventional PCR and by real-time PCR. Also, 100 �l of sample
ere inoculated on CEL cells for virus isolation.
Tissue samples were homogenized with PBS containing peni-
cillin (100,000 IU/ml) and streptomycin (1 mg/ml). Homogenates
were used for DNA extraction. DNAs were examined by the real-
time PCR.

2.11. Virus isolation from cloacal swabs

Primary CEL cells were prepared from 13- to 14-day-old SPF
chicken embryos (Lohmann Tierzucht GmbH, Cuxhaven, Germany)
following a standard procedure (Schat and Purchase, 1998). A sam-
ple was  determined as positive when a cytopathic effect (CPE)
appeared up to three passages.

2.12. Serum neutralization test

Prior to testing, all sera were inactivated for 30 min at 56 ◦C in
a thermomixer (Eppendorf, Austria). CEL cells were prepared as
described in Section 2.11. The serum neutralization test was per-
formed in microtiter plate according to a constant virus dilution
method using 100 �l TCID50/50 �l of respective FAdV reference
strain. The plates were kept for 5 days after inoculation at 37 ◦C
in 5% CO2 and were investigated for CPE.

2.13. Nucleotide sequence accession numbers

The sequences of 52K-F/52K-R PCR products for ten FAdV strains
were submitted to the GenBank with accession numbers HE602018
to HE602021 and HE603114 to HE603119 (Supplemental Material
S.1).

3. Results

3.1. Optimization of real-time PCR assay

Thirteen FAdV strains that belong to five different FAdV species
(FAdV-A to FAdV-E) and twelve serotypes (FAdV-1 to 8a, and 8b
to 11) were examined in the conventional PCR using primer set
52K-F/52K-R. All samples were positive and showed an amplifi-
cation product of the expected length (data not shown). The PCR
products of representatives of all FAdV species were sequenced
(Supplemental Material S.1) and the primer pair for the real-time
PCR (52K-fw/52K-rv) was  designed.

Different primer concentrations were tested. The primer
concentrations higher than 0.7 �M resulted in fluorescence mea-
surement of primer dimers (data not shown). Therefore, 0.7 �M
(final concentration) of each primer was  chosen for a reaction. The
temperature-time profiles as described in manufacturer’s instruc-
tions for the Rotor-Gene SYBR Green PCR Kit (Qiagen, Hilden,
Germany) were chosen.
3.2. Standard curve

The real-time PCR assay showed a detection range of
6.73–6.73 × 108 copies per reaction. The lower detection limit was
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Fig. 1. SYBR Green based real-time PCR using primers 52K-fw and 52K-rv and 10-fold serial dilutions of standard FAdV-D vector. (a) Amplification plot. (b) Standard curve.
The  efficiency was 0.98 (98%), and the regression squared value was 0.999. (c) Melting curve. The specific melting temperature is 87.1 ± 0.1 ◦C.
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0−9 dilution of the standard vector and was corresponding to a
hreshold cycle (CT) of 32.2 in this assay (Fig. 1a). The samples with

 CT ≤ 32.2 were taken as positive and quantifiable within the range
f the standard curve. The assay showed linearity with a R2 value
a regression squared value) of 0.999, a slope (M)  value of −3.378,
nd a reaction efficiency of 98% (Fig. 1b). The specific real-time
CR products had an average specific melting temperature (Tm) of
7.1 ± 0.1 ◦C (Fig. 1c). No template control (NTC) showed a positive

ignal in the amplification plot due to primer dimer formation as
hown in the melting plot (Fig. 1a and c). The specificity of the real-
ime PCR products was confirmed and visualized by agarose gel as

 176 bp band (data not shown).
3.3. Sensitivity of the real-time PCR assay

Undiluted, one hundred- and ten-fold serial dilutions of a DNA
sample SR48 (FAdV-D) were investigated by the conventional PCR
and the real-time PCR. In conventional PCR with Hexon A/Hexon
B primer pair, samples up to 10−2 (1:100) were detected (Fig. 2a).
When the real-time PCR was performed, the last detectable dilu-
tion was 10−6 (1:1,000,000) (Fig. 2b). The undiluted sample gave

a CT value of 12.48. For the 10−2 dilution, a CT value of 19.07 was
measured. The CT of the last dilution (10−6) was 31.33. Therefore,
the new developed SYBR Green based real-time PCR was approxi-
mately 104 times more sensitive than the conventional PCR.
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ig. 2. Gel electrophoresis of PCR products of serial dilutions from DNA sample SR
0−4, 10−6, 10−8, 10−9 and 10−10, respectively; lane 8, negative control; lane 9, pos
ilution detected. (b) Real-time PCR with primers 52K-fw/52K-rv. 10−6 was the low

.4. Specificity of the real-time PCR assay

All 13 tested FAdV strains were detected and quantified. The
pecificity of the real-time PCR products was confirmed by gel
lectrophoresis, whereby bands of approximately 176 bp were
isualized (data not shown).

The real-time PCR was performed with positive samples for
oxvirus, chicken anemia virus, Marek’s disease virus, hemorrhagic
nteritis virus and egg drop syndrome virus, and a sample from
he uninfected CEL cells. All samples were negative; i.e., no specific

elting peak was observed in the melting curve analysis and no
pecific band was visible after gel electrophoresis (data not shown).

.5. Quantitation of all FAdV species

Serial dilutions of control vectors from FAdV-A, FAdV-B, FAdV-C
nd FAdV-E were quantified using a standard curve (obtained with
AdV-D) in the real-time PCR. Results of the real-time PCR agreed
ith the results from the spectrophotometric measurements. It was

onfirmed that all FAdV species could be quantified accurately in
he developed real-time PCR assay. The results for four measure-

ents of 10−3 dilutions are shown in Table 2.

.6. Comparison of virus isolation, conventional PCR and
eal-time PCR

Cloacal swabs obtained from SPF chickens experimentally
nfected with FAdV-A to FAdV-E (strains CELO, 340, C2B, SR48 and
R36, respectively) were investigated by three detection methods:
ell culture, conventional PCR and real-time PCR. The sensitivity
f these methods was compared (Table 3). Depending on FAdV
pecies, between 65% and 80% of samples were positive in the real-
ime PCR assay, whereas 27.5–60% were positive in virus isolation
nd only up to 22.5% of samples were positive in the conventional
CR.

Samples from liver and intestine taken from chickens that died
nexpectedly at different time points during the animal experi-
ent were examined by the real-time PCR assay. All samples were

ound positive (data not shown).

.7. Viral genome copy number in cloacal swabs
All cloacal swab samples taken up to 42 days post infection
ere examined by real-time PCR. Viral genome copy numbers were
etermined and mean values for each time point were calculated
ne M,  100-bp DNA ladder (Invitrogen); lane 1, undiluted sample; lanes 2–7, 10−2,
ontrol. (a) Conventional PCR with primers Hexon A/Hexon B. 10−2 was the lowest
lution detected.

(Fig. 3). The highest shedding of FAdV-A, FAdV-B and FAdV-D were
found at 10 d.p.i. (3.84 ± 0.4, 3.25 ± 0.9 and 5.89 ± 0.6 viral genome
copies per reaction in logarithmic scale (log10), respectively). FAdV-
C had a shedding peak at 7 d.p.i. (an average of 3.27 ± 0.5 copies per
reaction in log10) and FAdV-E at 21 d.p.i. (an average of 4.54 ± 0.9
copies per reaction in log10). The highest genome copy number was
observed in samples of FAdV-D in comparison with other FAdV
species. No shedding was detected from FAdV-B at 3 d.p.i. and
FAdV-D at 35 days of life.

3.8. Serum neutralization test

The antibody response against viruses representing five FAdV
species could be detected initially at 1 week after infection. The
antibody levels increased following experimental re-infection at
21 and 42 days of life, with maximum titers of 14 log2. Depending
on the FAdV strain, the peak titers were seen at 3 or 4 weeks after
the first infection, ranging from 3 log2 to 14 log2 (data not shown).

4. Discussion

Detection of fowl adenoviruses is accomplished usually by virus
isolation in cell culture or by histological investigations. Electron
microscopy is often used to confirm the presence of adenoviruses in
tissues (Adair and Fitzgerald, 2008). However, these techniques are
time-consuming, tedious and do not allow further characterization
of viruses regarding their classification into a specific group. Many
PCR methods for detection of FAdV DNA described in the literature
use primers designed to anneal within the different regions of FAdV
genome (Raue and Hess, 1998; Jiang et al., 1999; Meulemans et al.,
2001; Ganesh et al., 2002; Raue et al., 2005a,b; Hanson et al., 2006;
Mase et al., 2009; Ivanics et al., 2010; Kajan et al., 2011). Great
variation exists between individual PCRs with regard to sensitivity
and specificity. Conventional PCR is a sensitive tool for detecting
different viruses, but the technique is unable to detect viral loads
quantitatively (Watanabe et al., 2005).

Detection by SYBR Green is the simplest and least expensive
approach since it does not require the design of fluorogenic probes
against the viral genome (Segura et al., 2010). SYBR Green based
real-time PCR methods for detection of FAdVs were developed ear-
lier (Romanova et al., 2009; Grgić et al., 2011). Those methods are

based on primers binding within different regions of FAdV genomes
applying either vector or genomic DNA as standard. However, the
real-time PCR detection of all twelve FAdV serotypes was shown for
the first time in the present study. Furthermore, design of primers
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Table  2
Quantitation of FAdV-A, FAdV-B, FAdV-C and FAdV-E control vectors in the real-time PCR using a standard FAdV-D vector.

FAdV species Given concentrationa ± SDb (copies/reaction) CT valuec ±SDb Calculated concentrationc ± SDb (copies/reaction)

A 1.85E+07 ± 5.57E+05 10.08 ± 0.04 2.54E+07 ± 1.51E+07
B  6.31E+06 ± 4.95E+05 15.33 ± 0.4 5.11E+06 ± 1.40E+06
C 1.90E+07 ±  3.21E+05 12.79 ± 0.05 2.28E+07 ± 1.01E+07
E  4.93E+06 ± 1.03E+05 15.26 ± 0.12 4.18E+06 ± 1.85E+06

a Given concentrations were calculated on the basis of spectrophotometric measurements.
b Standard deviation.
c The results of quantitation in the real-time PCR.

Table 3
Cloacal swab samples from chickens infected with all five FAdV species were investigated by virus isolation, conventional PCR and new real-time PCR. Results are shown as
number of positive samples/number of tested samples.

da FAdV-A FAdV-B FAdV-C FAdV-D FAdV-E

VIb PCR Real-time PCR VI PCR Real-time PCR VI PCR Real-time PCR VI PCR Real-time PCR VI PCR Real-time PCR

3 0/5 0/5 2/5 0/5 0/5 0/5 5/5 0/5 3/5 5/5 1/5 5/5 0/5 0/5 2/5
7  3/5 0/5 5/5 4/5 0/5 5/5 5/5 0/5 5/5 5/5 3/5 5/5 3/5 0/5 4/5
10  5/5 0/5 5/5 4/5 1/5 5/5 4/5 0/5 4/5 5/5 5/5 5/5 2/5 0/5 3/5
14  4/5 0/5 5/5 3/5 0/5 4/5 1/5 0/5 3/5 5/5 0/5 5/5 4/5 0/5 3/5
21  0/5 0/5 4/5 0/5 0/5 1/5 2/5 0/5 4/5 3/5 0/5 1/5 5/5 0/5 5/5
28 0/5 0/5 2/5 0/5 0/5 4/5 1/5 0/5 2/5 1/5 0/5 2/5 1/5 0/5 3/5
35  0/5 0/5 4/5 0/5 0/5 3/5 0/5 0/5 3/5 0/5 0/5 0/5 0/5 0/5 2/5
42 0/5  0/5 5/5 0/5 0/5 5/5 1/5 0/5 5/5 0/5 0/5 5/5 0/5 0/5 4/5
Total 12/40 0/40 32/40 11/40 1/40 27/40 19/40 0/40 29/40 24/40 9/40 28/40 15/40 0/40 26/40

(0,12,0)c (2,8,1) (0,17,2) (9,12,3) (0,9,6)

w
F
e
t
p
f
w
f

n
t

a Day of life.
b Virus isolation on CEL cells.
c Positive samples obtained in the 1st, 2nd or 3rd passage in cell culture.

as based on the five available complete genome sequences of
AdV strains (Chiocca et al., 1996; Ojkic and Nagy, 2000; Grgić
t al., 2011; Griffin and Nagy, 2011; Marek et al., 2012) and on
he 52K-F/52K-R PCR products from thirteen FAdVs. Consequently,
rimers binding within conserved regions of the 52K gene (52K-
w/52K-rv) were designed and used in the new real-time PCR. It
as demonstrated that the primer pair 52K-fw/52K-rv was  suitable
or detection of all FAdV species and serotypes.
Genomes of other avian viruses and uninfected CEL cells did

ot produce positive signal confirming the specificity of the real-
ime PCR assay. Additionally, viruses of other adenovirus genera:

Fig. 3. Shedding of all five FAdV species was  calculated by the real-time PCR in c
Siadenovirus (hemorrhagic enteritis virus of turkeys) and Ataden-
ovirus (egg drop syndrome virus) were not detectable in the new
real-time PCR (data not shown).

For the first time an exact quantitation of all FAdV species was
demonstrated. For this, part of the 52K and the pIIIa genes were
amplified and cloned to establish FAdV-D as a standard vector and
the FAdV-A, FAdV-B, FAdV-C and FAdV-E as control vectors. The

exact quantitation of control vectors was tested by the real-time
PCR assay using the FAdV-D standard vector. Their calculated con-
centrations in the real-time PCR confirmed the spectrophotometric
measurements. This comparison showed that the primer pair

loacal swab samples obtained from experimentally infected SPF chickens.
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2K-fw/52K-rv was suitable for an exact quantitation of all FAdV
pecies.

In the present study it could be demonstrated that the SYBR
reen based real-time PCR for detection of FAdVs was more sensi-

ive than conventional PCR using Hexon A/Hexon B primer pair. Not
ll dilutions of the FAdV-D (strain SR48) sample were detected by
onventional PCR, which were positive in the new real-time PCR.

Cloacal swab samples from chickens infected with represen-
ative strains belonging to all FAdV species were examined by

 real-time PCR in order to quantify the virus shedding, in the
resence of neutralizing antibodies. While FAdV-A (FAdV-1, strain
ELO), FAdV-B (FAdV-5, strain 340), and FAdV-D (FAdV-2, strain
R48) showed maximum excretion at 10 d.p.i., the shedding of
AdV-C (FAdV-4, strain KR5) peaked at 7 d.p.i. The highest virus
hedding for FAdV-E (FAdV-7, strain YR36) was  found at 21 d.p.i.
ur study confirmed earlier investigations that the shedding of
AdVs depends on the strain used for infection (Cook, 1983).

Presence of virus was investigated in cloacal swab samples by
irus isolation. Presence of viral DNA was examined by conven-
ional PCR and by the developed real-time PCR. The comparison of
hree detection methods showed that the detection rate of FAdV
n samples could be improved substantially by the developed real-
ime PCR in contrast to conventional PCR using Hexon A/Hexon B
rimers and to virus isolation in cell culture.

Furthermore, it was possible to quantify virus in different type
f samples. All CT values for the samples were in the range of the
tandard curve, and the amount of FAdV present in each sample
ould be determined as the number of copies of FAdV DNA per
eaction mix. If quantitation of virus is done, it must be considered
hat the values are theoretical and need normalization based on
qual quantity and quality of the starting material (Gunson et al.,
006). In this study, the quantitation of FAdVs in different samples
as performed mainly to verify that the real-time PCR could be
sed in different type of sample materials such as supernatant of
AdV infected cell culture, cloacal swab or tissue sample.

In conclusion, the presented SYBR Green based real-time PCR
s suitable for diagnosis of FAdVs and allows for rapid and sim-
le detection and exact quantitation of all FAdV species. Also, it
as the advantage of reduced risk of contamination due to a single
losed tube procedure. It is an applicable method for diagnosis and
esearch of FAdVs, since it allows quantitation in different exper-
mental and clinical samples. The new real-time PCR has a higher
ensitivity compared to virus isolation in cell culture and to con-
entional PCR.
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