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A total of 44 fowl adenovirus (FAdV) samples from 6 European countries, Pakistan, India, Kuwait, Mexico,
Peru and Ecuador were used in this study and the phylogenetic analyses based on the loop 1 (L1) region of
hexon gene were performed. For comparison, available hexon sequences of representatives of different
FAdV species were also used. At least 12 genotypes within the five FAdV species (A–E) were revealed and
the existence of these genotypes was supported by high bootstrap values. Furthermore, three primer pairs
binding to the conserved pedestal regions (HexL1s/HexL1as and HexA/HexB) and pedestal (P1) region and
loop 2 (L2) region (HexF1/HexR1) of the FAdV hexon gene were used for high-resolution melting (HRM)-
owl adenoviruses
hylogenetic analysis
igh-resolution melting-curve analysis
exon gene

curve analysis and results were compared with those of phylogenetic analyses. HRM-curve analysis based
on the HexL1s/HexL1as region grouped all tested field isolates and reference strains into 22 subgroups,
consistently with phylogenetic analysis. This method is a rapid and cost-effective alternative to existing
serotype identification methods and offers a possibility to classify FAdV isolates more precisely. However,
it has limitations such as need for extensive interpretation of results and potential for indeterminate

sequ
f the m
results. Gaining of hexon
information in analysis o

. Introduction

Fowl adenoviruses (FAdVs) belong to the family Adenoviri-
ae, genus Aviadenovirus. The FAdVs are mainly responsible for
aturally acquired outbreaks of inclusion body hepatitis (IBH),
epatitis-hydropericardium syndrome (HHS), respiratory tract dis-
ase and gizzard erosions (Adair and Fitzgerald, 2008).

The virus is diagnosed routinely by virus isolation in embry-
nated eggs or cell culture followed by PCR (Raue and Hess, 1998).
AdVs were grouped into five different species (A–E) and they

re further subdivided into 12 serotypes (FAdV 1–8a and 8b–11)
ased on cross-neutralisation test (Hess, 2000; Benkö et al., 2005).
dentification of the serotypes involved in infection is very use-
ul for epidemiological tracing and important for vaccination in
rder to control a certain disease, mainly IBH. However, a relation-

Abbreviations: FAdV, fowl adenovirus; FAdV 1-8a and 8b-11, fowl adenovirus
erotypes 1-8a and 8b-11; L1, loop 1; L2, loop 2; P1, pedestal region 1; HRM,
igh-resolution melting; IBH, inclusion body hepatitis; CELO, chicken embryo lethal
rphan; TAdV-3, turkey adenovirus 3; DAdV-1, duck adenovirus 1; PiAdV-1, pigeon
denovirus 1; NJ, neighbor-joining; HHS, hepatitis-hydropericardium syndrome.
∗ Corresponding author. Tel.: +43 1250775164; fax: +43 1250775192.

E-mail addresses: ana.marek@vetmeduni.ac.at (A. Marek),
yse.guenes@vetmeduni.ac.at (A. Günes), evelyn.schulz@vetmeduni.ac.at
E. Schulz), michael.hess@vetmeduni.ac.at (M. Hess).

166-0934/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jviromet.2010.09.019
ences of further field isolates offers the potential for novel and additional
olecular epidemiology of FAdV.

© 2010 Elsevier B.V. All rights reserved.

ship between serotype and virulence in FAdV has not been found
(Dawson et al., 1980). Therefore, the designation of isolates into
genotypes could be useful for analysis of the molecular epidemiol-
ogy of FAdV.

PCR followed by restriction enzyme digestion or sequencing of
the products allows the differentiation of field isolates to species
and presumptive serotypes (Raue and Hess, 1998; Meulemans et
al., 2001; Meulemans et al., 2004; Raue et al., 2005). Tests using
PCR together with DNA sequencing are relatively time consuming,
require extensive interpretation and are expensive to use as a rou-
tine typing tool. Recent research has found that the high-resolution
melting (HRM)-curve analysis provides a useful and cost-effective
alternative for large-scale research and diagnostic analyses. In addi-
tion, real-time PCR has gained wide acceptance due to its improved
rapidity, sensitivity, reproducibility and the reduced risk of carry-
over contamination. Very recently it was reported that HRM-curve
analysis of HexL1s/HexL1as region could be used for the identi-
fication and differentiation of all 12 FAdV serotypes (Steer et al.,
2009).

The aim of this study was to investigate the application of HRM-
curve analysis of PCR amplicons from the hexon gene loop 1 (L1)

region using a larger number of field isolates, and reference strains
representing all species and different serotypes, and to establish a
single closed-tube test method for FAdV typing. The results were
compared with those of phylogenetic analysis based on the L1
region of hexon gene.

dx.doi.org/10.1016/j.jviromet.2010.09.019
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:ana.marek@vetmeduni.ac.at
mailto:ayse.guenes@vetmeduni.ac.at
mailto:evelyn.schulz@vetmeduni.ac.at
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. Materials and methods

.1. Source material
A total of 44 virus samples were used in this study. Some charac-
eristics of samples used in the study are listed in Table 1. Reference
AdV strains CELO, SR48, SR49, KR5, 340, CR119, YR36, TR59, 764,
2–A, C2B and UF71 were also analysed.

able 1
ist of samples used in this study.

Year and sample
number

Country Type of bird Number of birds
per pool

M

09/4889 Poland broiler 10 in
to

08/10890 Germany broiler n.d.a liv
09/7498 Austria broiler 8 liv
08/18735 Austria broiler 2 liv

08/18926 Austria broiler 6 liv
08/19507 Austria broiler 1 liv
08/18085 Poland broiler breeder 3 liv
09/8991 Hungary chicken 4 in

08/8872 Germany broiler 5 liv
08/12809 Germany broiler 4 liv
08/12811 Germany broiler n.d. liv
08/12813 Germany broiler n.d. liv
09/7190 UK broiler 1 liv
08/9513 Germany broiler 4 liv
Hungary6d Hungary n.d. n.d. n.
09/8330 Hungary chicken 3 jo

09/8990 Hungary chicken 4 in

08/17833 France broiler 1 liv
08/17832 France broiler breeder 1 liv
AG234d Mexico n.d. n.d. n.
K388-95d Mexico broiler n.d. n.
K99-97d Kuwait broiler n.d. n.
Da60d Germany grey parrot 1 n.
K1013d Ecuador broiler n.d. n.
Peru53d Peru broiler n.d. n.
09/8846 Austria chicken n.d. liv
09/584 Austria chicken 6 ce

K31d Pakistan broiler n.d. n.
IV37d India broiler n.d. n.
09/2602 Austria chicken 10 jo

922/1d Germany chicken n.d. n.
09/1567 Germany broiler 1 gi
09/7468 Hungary chicken 1 liv
09/7469 Hungary chicken 1 liv
09/7471-3 Hungary chicken 5 cl
09/8234 Austria chicken 4 ce

09/9962 Poland broiler n.d. gi
09/9964 Poland broiler n.d. gi
08/19729 Austria broiler 3 liv
09/7470-2 Hungary chicken 5 cl
09/7473-2 Hungary chicken 5 cl
08/21472 Austria broiler 1 in
08/8669 Austria broiler 1 liv
09/6893 Hungary chicken 1 jo

a n.d.: no data.
b IBH: inclusion body hepatitis.
c s.i.: sequence identical.
d Isolates were described earlier (Khanna, 1966; Hess et al., 1998, 1999, 2000; Schonew
e HHS: hepatitis-hydropericardium syndrome.
Methods 170 (2010) 147–154

2.2. Cell culture

The organ pools were homogenized in PBS containing Penicillin

(100,000 IE/ml) and Streptomycin (1 mg/ml). Following 10 min cen-
trifugation at 700 × g the supernatant was filtered using syringe
filters with 0.2 �m pore size. Organ homogenates were used
directly for DNA isolation and for inoculation of confluent mono-
layers of chicken embryo liver cells. The cells were incubated at

aterial Clinical/pathological
observations

Accession
number

Genotype

testine, cecal
nsil

increased
mortality; fibrinous
perikarditis,
perihepatitis

FN869957 D3

er IBHb FN869958 D3
er IBH FN869959 D3
er increased

mortality;
colispeticemia

s.i. to 09/7498c D3

er IBH s.i. to 09/7498 D3
er n.d. s.i. to 09/7498 D3
er n.d. FN869960 D3
testine lameness; swelling

of tarsal joint
FN869961 D2

er IBH FN869962 D2
er IBH s.i. to 08/8872 D2
er IBH s.i. to 08/8872 D2
er IBH s.i. to 08/8872 D2
er IBH FN869963 D2
er IBH s.i. to 09/7190 D2

d. n.d. FN869964 E3
int swabs necrosis of capitis

femoris
FN869965 E3

testine necrosis of capitis
femoris

FN869966 E2

er IBH FN869967 E2
er IBH FN869968 E2

d. HHSe FN869969 C1
d. HHS s.i. to AG234 C1
d. HHS FN869970 C1
d. IBH FN869971 C1
d. HHS FN869972 C1
d. HHS FN869973 C1
er n.d. FN869974 C1
cal tonsil reduced growth;

necrosis of capitis
femoris

FN869975 C1

d. HHS FN869976 C1
d. HHS s.i. to K31 C1
int swabs swelling of tarsal

joint
FN869977 C1

d. IBH FN869978 C1
zzard gizzard erosion FN869979 A1
er, intestine n.d. FN869980 A1
er, intestine n.d. FN869981 A1

oacal swabs n.d. FN869982 A1
cal tonsil increased

mortality; swelling
of tarsal joint

FN869983 A1

zzard gizzard erosion FN869984 A1
zzard gizzard erosion FN869985 A1
er IBH FN869986 A1

oacal swabs n.d FN869987 B2
oacal swabs n.d. FN869988 B2
testine n.d. FN869989 B2
er IBH FN869990 B2
int swabs lameness; swelling

of tarsal joint
FN869991 B1

ille et al., 2008).
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7 ◦C and 5% CO2. After 4–5 days, the supernatants were collected
nd transferred onto new chicken embryo liver cells. The super-
atants of obviously infected cell monolayers, showing cytopathic
ffect were also used for DNA isolation.

.3. Extraction of viral DNA

Total DNA was isolated from 180 �l of tissue homogenates or
ell culture supernatants using the DNeasy Blood and Tissue Kit
Qiagen, Vienna, Austria) according to manufacturer’s instructions.
NA was eluted with 100 �l AE buffer.

.4. Polymerase chain reaction

Diagnosis of FAdV was based on clinical signs and on detec-
ion of FAdV DNA in tissues using PCR for the L1 region of hexon
ene (Meulemans et al., 2001). PCR was carried out using Taq-DNA-
olymerase (Invitrogen GmbH, Lofer, Austria) according to the
anufacturer’s recommendations. Each reaction contained 0.4 �M

final concentration) of each forward (HexA) and reverse (HexB)
rimer and 5 �l of DNA extract (corresponding to 20% of the total
eaction volume). One cycle of 2 min at 94 ◦C was followed by 35
mplification cycles of 1 min at 94 ◦C, 1 min at 62 ◦C and 1 min
0 s at 72 ◦C and a final extension step for 2 min at 72 ◦C. Products
f approximately 897 bp were visualized using UV light following
lectrophoresis and ethidium bromide staining.

After gel electrophoresis, PCR products were extracted from
he gel using QIAquick Gel Extraction Kit (Qiagen, Vienna, Aus-
ria) according to the manufacturer’s recommendations. Eluted PCR
roducts were directly sequenced in both directions. Sequencing
ervices were provided by Eurofins MWG Operon, Ebersberg, Ger-
any and by LGC Genomics, Berlin, Germany. Unique sequences
ere submitted to the GenBank database and the accession num-

ers are given in Table 1.

.5. Sequence analysis

For sequence analysis, primer binding sites were excluded from
nalysis and fragments of the hexon gene were analysed. Assembly
nd analysis of sequences as well as the nucleotide sequence align-
ents were performed using Accelrys Gene version 2.5 (Accelrys,

an Diego, CA), Lasergene (DNASTAR Inc., Madison, WI) and BioEdit
Tom Hall, Ibis Biosciences, Carlsbad, CA) software.

.6. Phylogenetic analysis

For phylogenetic analysis, a 687 bp region (corresponding to
–687 bp of the GenBank sequence AF339914) of the hexon gene
as used. All reference FAdV strains used in this study had identical

equences within the HexA/HexB region to the sequences already
vailable in the GenBank. A number of FAdV sequences have been
ublished (Meulemans et al., 2001; Raue et al., 2005). Sequence
f the pigeon adenovirus 1 (PiAdV-1, GenBank FN824512) was
lso included (Hess et al., 1998). Two isolates representing siaden-
viruses (turkey adenovirus 3, TAdV-3) and atadenoviruses (duck
denovirus 1, DAdV-1) were used for comparison (Hess et al., 1997;
itcovski et al., 1998). Phylogenetic analysis was performed using
ccelrys Gene version 2.5 (Accelrys, San Diego, CA) and Lasergene

DNASTAR Inc., Madison, WI) software. Phylogenetic tree was gen-
rated by the NJ method as implemented in Lasergene (DNASTAR
nc., Madison, WI) software. Robustness of the tree was determined

y bootstrapping of multiple-sequence alignments (1000 sets). An
ffort was made to give a divergence criterion for FAdV typing based
n serotyping data on FAdVs. Grouping into the genotypes was
ased on a threshold value of 95% for nucleotide sequence iden-
ity. Phylogenetic tree was also generated by the NJ method on
Methods 170 (2010) 147–154 149

uncorrected p-distances on 1000 bootstrapped data sets and val-
ues of >70% were shown on the tree as branches when Accelrys
Gene version 2.5 software (Accelrys, San Diego, CA) was used.

2.7. Real-time PCR and HRM-curve analysis

The primers binding to the conserved pedestal regions
(HexL1s/HexL1as and HexA/HexB) and pedestal (P1) region and
loop 2 (L2) region (HexF1/HexR1) of the FAdV hexon gene were
used in this study (Meulemans et al., 2001; Mase et al., 2009;
Steer et al., 2009). Amplification of target sequences was carried
out using a Rotor-Gene Q thermal cycler (Qiagen, Vienna, Austria)
and Type-it HRM PCR kit (Qiagen, Vienna, Austria) according to
the manufacturer’s recommendations. A 25 �l reaction mix con-
tained 0.4 �M (final concentration) of each forward and reverse
primer and 5 �l of DNA extract. One cycle of 5 min at 95 ◦C was
followed by 45 amplification cycles of 10 s at 95 ◦C, 30 s at 55 ◦C
and 24 s, 36 s or 32 s at 72 ◦C (for HexL1s/HexL1as, HexA/HexB and
HexF1/HexR1, respectively). Optical measurements in green chan-
nel were recorded during the extension step. HRM-curve analysis
was performed using increasing temperatures from 65 to 95 ◦C at
intervals (ramps) of 0.1 ◦C with a hold of 2 s at each step. The con-
ventional melt curves were generated automatically and analysis
performed using Rotor-GeneQ series software version 1.7. Geno-
typing was further performed using the normalized HRM data
and for HexL1s/HexL1as normalization regions 84.50–85.00 and
90.50–91.00 were used. In addition, PCR products were visualized
using UV light following electrophoresis and ethidium bromide
staining.

3. Results

3.1. Detection of FAdV by PCR and virus isolation

The oligonucleotide primer pairs used in this study specifically
amplified an 897 bp region of hexon gene. It was possible to amplify
these fragments of hexon genes from all samples used in this study
(data not shown). In addition, all samples were also positive in virus
isolation in cell culture. The samples positive for presence of FAdV
originated from birds coming from UK, Poland, Germany, Hungary,
France and Austria. In addition, several positive samples originated
from Pakistan, India, Kuwait, Mexico, Peru and Ecuador (Table 1).

3.2. Phylogenetic analyses based on hexon gene sequences

In the present study, at least 12 genotypes were identified within
the 5 FAdV species (A–E) based on hexon gene sequences (Fig. 1). In
general, each FAdV species was composed of 1–4 genotypes with
the strains PiAdV-1 and TR22 forming separate clusters (putative
species F and G). Species A consisted of 1 genotype (A1), species
B of 2 genotypes (B1–B2), species C of 1 genotype (C1), species D
of 4 genotypes (D1–D4) and species E of 4 genotypes (E1–E4). The
same division of FAdV isolates was observed when using differ-
ent phylogenetic analyses (data not shown), and the existence of
these genotypes was supported by bootstrap values of >70% (Fig. 1).
Genotypes identified in this study could be separated further into
smaller clusters and these clusters were also supported by high
bootstrap values (data not shown).

Phylogenetic analysis did not show strict clustering of isolates
according to clinical signs of disease. Within species A, for example,

CELO strain, which does not induce gizzard erosions, was grouped
within genotype A1 together with several isolates sampled from
birds with gizzard erosions (Fig. 1, Table 1). No clear link could
be observed between the geographical regions where the samples
came from and phylogenetic relationship (Fig. 1, Table 1).



150 A. Marek et al. / Journal of Virological Methods 170 (2010) 147–154

Fig. 1. Phylogenetic tree of FAdV isolates based on a 687 bp region of the hexon gene. The sequences used for comparison are already published sequences of FAdV strains,
pigeon adenovirus 1 (PiAdV-1) and two isolates representing siadenoviruses (turkey adenovirus 3 (TAdV-3)) and atadenoviruses (duck adenovirus 1 (DAdV-1)) (Hess et al.,
1997, 1998; Pitcovski et al., 1998; Meulemans et al., 2001; Raue et al., 2005). Phylogenetic tree was generated by the NJ method as implemented in Lasergene (DNASTAR Inc.,
Madison, WI) software. Robustness of the tree was determined by bootstrapping of multiple-sequence alignments (1000 sets). Bootstrap values are indicated for the major
nodes. FAdV species are labelled with letters A–G, genotypes with A1, B1–B2, C1, D1–D4 and E1–E4 and 22 subgroups detected with HRM-curve analysis are circled.
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.3. HRM-curve analysis
With HexF1/HexR1 primer pair, representatives of 15 tested
ubgroups generated one or more major peaks and were
isually distinct from each other in conventional melt curve
rofiles of 800 bp products. However, the amplification efficien-

ig. 2. (a, c, e, g, i) Conventional melt curves and (b, d, f, h, j) normalized HRM curves of H
1–B2, C1, D1–D4 and E1–E4 and 22 subgroups detected with HRM-curve analysis are pr
pecies D and (i, j) species E.
Methods 170 (2010) 147–154 151

cies were low compared to other two PCRs (<1.4) (data not
shown).
HexA/HexB PCR products of the approximately 897 bp gener-
ated 23 different conventional melt curves containing one to three
peaks between 84.8 ◦C and 88.8 ◦C. Thirty-nine tested field isolates
and 12 reference strains were grouped within 23 FAdV subgroups

exL1s/HexL1as PCR products of FAdV species A–E. Genotypes are labelled with A1,
esented in different colours. (a, b) Species A, (c, d), species B, (e, f) species C, (g, h)
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Fig. 2.

nd in the normalized HRM graph, each subgroup displayed a dis-
inct curve profile (data not shown). However, strain 340 showed
ow-level of amplification in the HexA/HexB PCR compared to other
wo PCRs and several additional field isolates belonging to species
were also analysed and showed the same result (data not shown).

In the conventional melt curve analysis of the approximately
90 bp HexL1s/HexL1as PCR product, all tested isolates generated
2 different curve forms with one to three peaks between 83.33 ◦C
nd 88.63 ◦C (Fig. 2). Examination of the PCR products by agarose
el electrophoresis resulted in a single stained band indicating that
single pure product was amplified (data not shown). In general,

he melt curve profiles for each individual sample were consistently
roduced from PCR products generated on different days and from
emplates originating from different DNA extractions. HRM-curve
nalysis for both regions of the hexon gene (HexL1s/HexL1as and
exA/HexB) showed slight shifts in melting temperatures between
CRs that ran on different days using templates from different DNA
xtractions, however the conventional melt curve shapes were
nchanged. For one subgroup maximal difference between the
eak temperatures measured from different samples was 0.53 ◦C
data not shown). Using 44 field isolates and 12 reference strains,
2 visually distinct curve profiles were generated, making each
ubgroup easy to distinguish from others. In the normalized HRM

raph, each subgroup displayed a distinct curve profile (Fig. 2).
ifferences in melt curve profiles correlated with phylogenetic
nalysis (Fig. 1). However, analysis of the conventional melt curves
evealed that viruses belonging to the same genotype did not
lways generate identical patterns. Examination of the normalized
inued.)

HRM curves also revealed that the curves generated from viruses
belonging to same genotype did not always resemble each other
(Figs. 1 and 2). In addition, all analysed isolates belonging to species
C showed the same curve profiles (Fig. 2e and f). No clear link
could be established between the serotype and HRM-curve analy-
sis. Therefore, HRM-curve analysis of HexL1s/HexL1as region could
be used for the identification and differentiation of many more
subgroups (22) than 12 FAdV serotypes or genotypes.

4. Discussion

This is the first report detecting and characterizing genetically
FAdVs from larger number of field samples from various countries.
More importantly, phylogenetic analyses indicate the existence of
at least 12 genotypes within FAdV species A–E based on hexon gene
sequences (Fig. 1). The existence of these genotypes was supported
by high bootstrap values of >70%. Earlier, six clusters supported
by high bootstrap values with the Japanese strain TR22 as a sole
member of a seventh cluster were identified using phylogenetic
analysis based on amino acid sequence of the L1 region of the hexon
gene (Meulemans et al., 2004). Similar results were reported in
other studies based on amino acid or nucleotide sequences (Raue
et al., 2005; Ojkic et al., 2008). However, only a limited num-

ber of isolates were investigated, or they were not genetically
diverse. The designation of FAdV isolates into at least 12 geno-
types offers the potential for novel and additional information
in analysis of FAdV molecular epidemiology. Phylogenetic analy-
sis supports the distinction of PiAdV-1 from other FAdV species
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A–E), as reported earlier by cross-neutralisation tests (Hess et al.,
998).

The comparison of phylogenetic analysis to serotyping (cross-
eutralisation test) was not conducted in this study as it is not
pplicable for typing of numerous clinical samples. In addition,
ross neutralisation study for large number of FAdV field iso-
ates is lacking until now. Since cross neutralisation tests are
ime consuming and can give indeterminate results (McFerran and
onnor, 1977), it would be very useful to determine the prototype
equences for each FAdV type and precise genetic divergence crite-
ia for FAdV typing. Therefore, efforts were made to determine the
hreshold values for nucleotide sequence identities for both FAdV
pecies and genotypes. The lowest percent of nucleotide sequence
dentities between the analysed samples within the same species

as 73%, and the highest percent of nucleotide sequence identi-
ies between the samples belonging to two different species was
1.7% (data not shown). Therefore, we would like to propose the
ucleotide sequence identity of approximately 72% as a criterion

or molecular identification of FAdV species. Based on this crite-
ion, both PiAdV-1 and TR22 are members of new putative species
F and G) within FAdVs (data not shown). For PiAdV-1 this sep-
ration is also supported by serological data (Hess et al., 1998).
ince the sequence of hexon region of isolate TR22 (Meulemans
t al., 2004) shows ≤67.2% nucleotide sequence identity with other
pecies B isolates used in this study (data not shown), and the sero-
ogical studies showed contradictory results (McFerran et al., 1972;
rimes and King, 1977), serotyping of this isolate requires further

nvestigations. Based on serotyping data on FAdVs (Benkö et al.,
005) an effort was made to give a divergence criterion for FAdV
enotypes. The close relationship between FAdV-4 and FAdV-10
as also taken into consideration (Erny et al., 1995). Grouping into

he genotypes was based on phylogenetic analyses and a threshold
alue of 95% for nucleotide sequence identity was implemented
o differentiate genotypes since the highest percent of nucleotide
equence identities between samples representing two different
erotypes (A2–A representing FAdV-9 and 75 representing FAdV-
) was 94.9% within the analysed region. However, 12 genotypes

dentified in this study overlap only partially with the reported
2 serotypes (Benkö et al., 2005). For example, species B com-
rises only 1 serotype (FAdV-5), but contains 2 genotypes (B1–B2).
pecies C is composed of 2 serotypes (FAdV-4 and 10), but contains
nly 1 genotype (C1). Interestingly, it was already suggested that
AdV serotypes 4 and 10 could be considered as subtypes of the
ame serotype (Erny et al., 1995). It is important to note that the
enotypes identified in this study could be further separated into
maller clusters and these clusters were also supported by high
ootstrap values. It is possible that new serotypes and genotypes
ill be determined when new samples are investigated and addi-

ional cross neutralisation study for FAdVs is conducted. Further
tudies could also lead to identification of the new threshold value
or nucleotide sequence identities for FAdV genotypes.

In addition, this study provides a direct comparison between
ucleotide sequencing coupled with phylogenetic analysis and
RM-curve analysis for detection of differences in the L1 region
f the FAdV hexon gene for the identification and differentiation
f FAdV genotypes. HRM-curve analysis was applied to amplicons
f three different regions of the FAdV hexon gene, using a com-
ercial PCR kit. Previously published primer pair H1/H2 (Raue and
ess, 1998) was not used since the amplified product contains both
1 and L2 regions and would probably contain numerous melting
omains and therefore, the product would probably be unsuitable

or HRM analysis (Steer et al., 2009).

Primer pair HexF1/HexR1 was shown to amplify DNA fragments
rom all groups (I–III) of avian adenoviruses (Aviadenovirus, Siaden-
virus and Atadenovirus), nevertheless only a small number of FAdV
trains were analysed (Mase et al., 2009). However, in this study,
Methods 170 (2010) 147–154 153

it was possible to amplify the expected fragment from represen-
tatives of all FAdV serotypes (data not shown), hence proving the
universality of these primers. In addition, HRM-curve analysis of
approximately 800 bp PCR products could differentiate 15 tested
FAdV subgroups. However, as the amplification efficiencies were
low compared to other two PCRs (data not shown), HRM-curve
analysis of the HexF1/HexR1 PCR product was shown not to be
suitable for typing of FAdV isolates.

With HexA/HexB primer pair, 23 subgroups were detected with
one or more major peaks and were visually distinct from each other
in conventional melt curve profiles. This result is in agreement
with the recent study where representatives of 12 FAdV serotypes
were used (Steer et al., 2009). Nevertheless, in that study, strain
340 showed low-level or no amplification in the HexA/HexB PCR,
and the amount of product obtained was not sufficient for further
analysis. On the contrary, in this study, a PCR product was success-
fully amplified using strain 340 and this is further supported by
examination of the nucleotide sequence of the strain 340, which
revealed no mismatch with the primers used. In addition, when
using other isolates belonging to species B the amount of prod-
uct obtained was sufficient for further analysis (data not shown).
However, since strain 340 showed low-level of amplification in
the HexA/HexB PCR compared to other two PCRs and several addi-
tional field isolates belonging to species B showed the same result,
we decided not to use HRM-curve analysis of the HexA/HexB PCR
product for genotyping of FAdV isolates.

The melt curve profiles generated using HexL1s/HexL1as
primers were highly reproducible and all tested isolates consis-
tently segregated into the same subgroups when analysis was
based on HRM-curve analysis. Differences in melt curve profiles
correlated with phylogenetic analysis (Figs. 1 and 2). Amplicons of
590 bp HexL1s/HexL1as region from FAdV genotype C1 (serotypes
4 and 10) could not easily be discriminated from each other by
analysis of their HRM curves. However, recently it was reported
that HRM-curve analysis of HexL1s/HexL1as region could be used
for identification of all 12 FAdV serotypes and could differenti-
ate isolates KR5 and C2B from each other (Steer et al., 2009). This
difference may have resulted from different chemistries and dif-
ferent thermal cyclers used in PCRs. It should also be noted that
melt curve profiles generated in this study were different to those
obtained previously with the same primer pair and the same refer-
ence strains (Steer et al., 2009). In addition, while in the previous
study only one reference strain belonging to each serotype (4 and
10) was used, in this study several additional field isolates were
also analysed and showed the same result (Fig. 2e and f). It was sug-
gested previously that FAdV serotypes 4 and 10 could be considered
as subtypes of the same serotype (Erny et al., 1995).

Altogether, 44 field isolates and 12 reference strains represent-
ing 12 different serotypes were used in this study in order to
analyse the usability of the method. Unfortunately, several ref-
erence strains, which clustered in separate genotypes based on
phylogenetic analyses and the strain TR22, which formed a sep-
arate cluster from other species (A–E) were not available (Fig. 1),
thus were omitted in HRM-curve analysis. However, the other tech-
niques used in laboratories for FAdV typing at the moment have
limitation such as lengthy of processes, higher costs or potential
for carry-over contamination compared to HRM-curve analysis.
Therefore, this method is a rapid and cost-effective addition to
existing serotype identification methods and offers a possibility to
classify FAdV isolates more precisely. However, the limitations of
this method are the need for extensive interpretation of results

and obtaining possible indeterminate results. Consequently, at the
present stage it remains questionable if this method could com-
pletely substitute sequencing coupled with phylogenetic analysis.

To our knowledge, this is the first study that presents a com-
parison of genotyping technique based on a closed-tube method
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