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ABSTRACT

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)-
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
results. Gaining of hexon sequences of further field isolates offers the potential for novel and additional

information in analysis of the molecular epidemiology of FAdV.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

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

The virus is diagnosed routinely by virus isolation in embry-
onated eggs or cell culture followed by PCR (Raue and Hess, 1998).
FAdVs were grouped into five different species (A-E) and they
are further subdivided into 12 serotypes (FAdV 1-8a and 8b-11)
based on cross-neutralisation test (Hess, 2000; Benko et al., 2005).
Identification of the serotypes involved in infection is very use-
ful for epidemiological tracing and important for vaccination in
order to control a certain disease, mainly IBH. However, a relation-
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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.
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2. Materials and methods

2.1. Source material

A total of 44 virus samples were used in this study. Some charac-
teristics of samples used in the study are listed in Table 1. Reference
FAdV strains CELO, SR48, SR49, KR5, 340, CR119, YR36, TR59, 764,
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A2-A, C2B and UF71 were also analysed.

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 x g the supernatant was filtered using syringe
filters with 0.2 um 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

Table 1
List of samples used in this study.
Year and sample Country Type of bird Number of birds Material Clinical/pathological Accession Genotype
number per pool observations number
09/4889 Poland broiler 10 intestine, cecal increased FN869957 D3
tonsil mortality; fibrinous
perikarditis,
perihepatitis
08/10890 Germany broiler n.d.? liver IBHP FN869958 D3
09/7498 Austria broiler 8 liver IBH FN869959 D3
08/18735 Austria broiler 2 liver increased s.i. to 09/7498¢ D3
mortality;
colispeticemia
08/18926 Austria broiler 6 liver IBH s.i. to 09/7498 D3
08/19507 Austria broiler 1 liver n.d. s.i. to 09/7498 D3
08/18085 Poland broiler breeder 3 liver n.d. FN869960 D3
09/8991 Hungary chicken 4 intestine lameness; swelling FN869961 D2
of tarsal joint
08/8872 Germany broiler 5 liver IBH FN869962 D2
08/12809 Germany broiler 4 liver IBH s.i.to 08/8872 D2
08/12811 Germany broiler n.d. liver IBH s.i. to 08/8872 D2
08/12813 Germany broiler n.d. liver IBH s.i. to 08/8872 D2
09/7190 UK broiler 1 liver IBH FN869963 D2
08/9513 Germany broiler 4 liver IBH s.i. to 09/7190 D2
Hungary64 Hungary n.d. n.d. n.d. n.d. FN869964 E3
09/8330 Hungary chicken 3 joint swabs necrosis of capitis FN869965 E3
femoris
09/8990 Hungary chicken 4 intestine necrosis of capitis FN869966 E2
femoris
08/17833 France broiler 1 liver IBH FN869967 E2
08/17832 France broiler breeder 1 liver IBH FN869968 E2
AG2344 Mexico n.d. n.d. n.d. HHS® FN869969 C1
K388-954 Mexico broiler n.d. n.d. HHS s.i. to AG234 C1
K99-97¢ Kuwait broiler n.d. n.d. HHS FN869970 C1
Da604 Germany grey parrot 1 n.d. IBH FN869971 C1
K10134 Ecuador broiler n.d. n.d. HHS FN869972 C1
Peru534 Peru broiler n.d. n.d. HHS FN869973 C1
09/8846 Austria chicken n.d. liver n.d. FN869974 C1
09/584 Austria chicken 6 cecal tonsil reduced growth; FN869975 C1
necrosis of capitis
femoris
K314 Pakistan broiler n.d. n.d. HHS FN869976 C1
Iv374 India broiler n.d. n.d. HHS s.i. to K31 C1
09/2602 Austria chicken 10 joint swabs swelling of tarsal FN869977 c1
joint
922/14 Germany chicken n.d. n.d. IBH FN869978 C1
09/1567 Germany broiler 1 gizzard gizzard erosion FN869979 Al
09/7468 Hungary chicken 1 liver, intestine n.d. FN869980 Al
09/7469 Hungary chicken 1 liver, intestine n.d. FN869981 Al
09/7471-3 Hungary chicken 5 cloacal swabs n.d. FN869982 Al
09/8234 Austria chicken 4 cecal tonsil increased FN869983 Al
mortality; swelling
of tarsal joint
09/9962 Poland broiler n.d. gizzard gizzard erosion FN869984 Al
09/9964 Poland broiler n.d. gizzard gizzard erosion FN869985 Al
08/19729 Austria broiler 3 liver IBH FN869986 Al
09/7470-2 Hungary chicken 5 cloacal swabs n.d FN869987 B2
09/7473-2 Hungary chicken 5 cloacal swabs n.d. FN869988 B2
08/21472 Austria broiler 1 intestine n.d. FN869989 B2
08/8669 Austria broiler 1 liver IBH FN869990 B2
09/6893 Hungary chicken 1 joint swabs lameness; swelling FN869991 B1

of tarsal joint

n.d.: no data.

IBH: inclusion body hepatitis.

Isolates were described earlier (Khanna, 1966; Hess et al., 1998, 1999, 2000; Schonewille et al., 2008).

a
b
¢ s.i.: sequence identical.
d
e

HHS: hepatitis-hydropericardium syndrome.
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37°C and 5% CO,. After 4-5 days, the supernatants were collected
and transferred onto new chicken embryo liver cells. The super-
natants of obviously infected cell monolayers, showing cytopathic
effect were also used for DNA isolation.

2.3. Extraction of viral DNA

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

2.4. Polymerase chain reaction

Diagnosis of FAdV was based on clinical signs and on detec-
tion of FAdV DNA in tissues using PCR for the L1 region of hexon
gene (Meulemans et al., 2001). PCR was carried out using Taq-DNA-
Polymerase (Invitrogen GmbH, Lofer, Austria) according to the
manufacturer’s recommendations. Each reaction contained 0.4 pM
(final concentration) of each forward (HexA) and reverse (HexB)
primer and 5 .l of DNA extract (corresponding to 20% of the total
reaction volume). One cycle of 2 min at 94°C was followed by 35
amplification cycles of 1min at 94°C, 1min at 62°C and 1 min
30s at 72°C and a final extension step for 2 min at 72 °C. Products
of approximately 897 bp were visualized using UV light following
electrophoresis and ethidium bromide staining.

After gel electrophoresis, PCR products were extracted from
the gel using QIAquick Gel Extraction Kit (Qiagen, Vienna, Aus-
tria) according to the manufacturer’s recommendations. Eluted PCR
products were directly sequenced in both directions. Sequencing
services were provided by Eurofins MWG Operon, Ebersberg, Ger-
many and by LGC Genomics, Berlin, Germany. Unique sequences
were submitted to the GenBank database and the accession num-
bers are given in Table 1.

2.5. Sequence analysis

For sequence analysis, primer binding sites were excluded from
analysis and fragments of the hexon gene were analysed. Assembly
and analysis of sequences as well as the nucleotide sequence align-
ments were performed using Accelrys Gene version 2.5 (Accelrys,
San Diego, CA), Lasergene (DNASTAR Inc., Madison, WI) and BioEdit
(Tom Hall, Ibis Biosciences, Carlsbad, CA) software.

2.6. Phylogenetic analysis

For phylogenetic analysis, a 687 bp region (corresponding to
1-687 bp of the GenBank sequence AF339914) of the hexon gene
was used. All reference FAdV strains used in this study had identical
sequences within the HexA/HexB region to the sequences already
available in the GenBank. A number of FAdV sequences have been
published (Meulemans et al., 2001; Raue et al., 2005). Sequence
of the pigeon adenovirus 1 (PiAdV-1, GenBank FN824512) was
also included (Hess et al., 1998). Two isolates representing siaden-
oviruses (turkey adenovirus 3, TAdV-3) and atadenoviruses (duck
adenovirus 1, DAdV-1) were used for comparison (Hess et al., 1997;
Pitcovski et al., 1998). Phylogenetic analysis was performed using
Accelrys Gene version 2.5 (Accelrys, San Diego, CA) and Lasergene
(DNASTAR Inc., Madison, WI) software. Phylogenetic tree was gen-
erated 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). An
effort was made to give a divergence criterion for FAdV typing based
on serotyping data on FAdVs. Grouping into the genotypes was
based on a threshold value of 95% for nucleotide sequence iden-
tity. Phylogenetic tree was also generated by the NJ method on

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 pl reaction mix con-
tained 0.4 wM (final concentration) of each forward and reverse
primer and 5l of DNA extract. One cycle of 5min at 95°C was
followed by 45 amplification cycles of 10s at 95°C, 30s at 55°C
and 24s,36s or 32s 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
(datanot 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

Inthe 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).
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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,
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3.3. HRM-curve analysis

With HexF1/HexR1 primer pair, representatives of 15 tested
subgroups generated one or more major peaks and were
visually distinct from each other in conventional melt curve
profiles of 800bp products. However, the amplification efficien-

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

a b
100
A1:081567 A1 081567
A1:007458 A1 097468
A1:007453 0 Al 037489
s
A:097471-3 AT 0874713
A1:08:0234 AT 098234
w
Al:08:0982 A 09382
& Al: 039364 Al 09-9964
Al:CELO ) ArceLa
A1:0818728 — a1 0813720
25 3
g
2w
£
5 S
& [
5 Low
3
1. g
2
B
2
as
10
83 835 81 s4s 85 855 8 eas &7 625 68 835 83 685 %0 805 8l 45 3 5 3 6.5 & a5 ] s 1) 095 20 505 el
Temperature (°C) Temperature (°C)
c L
— sz mang 52 374702
B2 037732 — B2 mnume
B2 0821472 B2m21n2
. 02 9400
—— B 036293
1340
3
25
8
g
&
4
5 H
% z W ]
/ \ i
7\ B
/i \ E
15 i Fa \
/i e 8 \
l \ = \
' \ » \
/x/\ 27\ % \ \
as / \ \ \ \
/ \ \ N
i~ A o N\
= > == N S SO
@s [ us 3 = % 965 o T @5 [ s n 05 os 3 55 = S 9 s & “|s - a5 0 s @
Temperature (°C) Temperature (°C)
© f
.
Ci:AGZH
c1: 3655
c1: ka7
c1: DkD
kLS €1 KRS
C1: Pensd
C1: 098816
c1: 0358
2 ci: kN
€1 var
W C1: 092602
BV o w22
25 A C1: C28
TR 2
I { ]
| Y E
5 I hi b ]
2, | \i £
I il i E}
/| i
| -
8
15 g
S
S
1
s
- \ »
— . \ 4
e i SN
L} s B s 8 85 L3 %5 L4 s L] BES L] 5 k] =5 £l s L] 855 L L) o 885 " 85 ) s 9

Temperature (°C)

w5 )
Temperature (°C)

Fig. 2. (a, ¢, e, g, i) Conventional melt curves and (b, d, f, h, j) normalized HRM curves of HexL1s/HexL1as PCR products of FAdV species A-E. Genotypes are labelled with A1,
B1-B2, C1, D1-D4 and E1-E4 and 22 subgroups detected with HRM-curve analysis are presented in different colours. (a, b) Species A, (c, d), species B, (e, f) species C, (g, h)

species D and (i, j) species E.



03 094689
©03:08-10890
©3:09-7439
D3 0816735
©3:06-18926
30813507
©3:06-18085
03: UF71
O3 SR8
D2: 056581
Oz 086572
©2:05-12808
oz: 0812811
D2 0812013
02:03-7130
©Oz: 033513
Ot SRas

— D4 ATA

dF/dT

Normalised Flucrescence

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

03034899
D3:06-10990
03037498
D3 0B18735
030610926

030618507
D3: 0516085
D3 UFT
D3: SR8
Dz 030991
D2: 089872
D2: 0612008
D2:05-12011
D2:08:12813
D2:03.7190
D2: 089513
D1:5RA49

\ \ \ |- pasa

we 87 w5
Temperature (°C)

845 3 8

E% Hungary
EX764
E2.098330
[
€2:0817633
E2:0817832
E2:096990
E2 TRES

3 E1:CRIS

35

dFdT

Normalised Fluorescence

o7. B8
Temperature (°C)

100

E3: Hungary
E3:764
St E£3;03-8330
E4: YRI5
£2:08-17833
Ez;0817832
E£2:09-09%0
€2, TRSS
E1:CRITS

wEs
Temperature (°C)

o [

o5 @
Temperature (°C)

895

Fig. 2. (Continued.)

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

In the conventional melt curve analysis of the approximately
590 bp HexL1s/HexL1as PCR product, all tested isolates generated
22 different curve forms with one to three peaks between 83.33°C
and 88.63 °C (Fig. 2). Examination of the PCR products by agarose
gel electrophoresis resulted in a single stained band indicating that
a single pure product was amplified (data not shown). In general,
the melt curve profiles for each individual sample were consistently
produced from PCR products generated on different days and from
templates originating from different DNA extractions. HRM-curve
analysis for both regions of the hexon gene (HexL1s/HexL1as and
HexA/HexB) showed slight shifts in melting temperatures between
PCRs that ran on different days using templates from different DNA
extractions, however the conventional melt curve shapes were
unchanged. For one subgroup maximal difference between the
peak temperatures measured from different samples was 0.53°C
(data not shown). Using 44 field isolates and 12 reference strains,
22 visually distinct curve profiles were generated, making each
subgroup easy to distinguish from others. In the normalized HRM
graph, each subgroup displayed a distinct curve profile (Fig. 2).
Differences in melt curve profiles correlated with phylogenetic
analysis (Fig. 1). However, analysis of the conventional melt curves
revealed that viruses belonging to the same genotype did not
always generate identical patterns. Examination of the normalized

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
atleast 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.,
1998).

The comparison of phylogenetic analysis to serotyping (cross-
neutralisation test) was not conducted in this study as it is not
applicable for typing of numerous clinical samples. In addition,
cross neutralisation study for large number of FAdV field iso-
lates is lacking until now. Since cross neutralisation tests are
time consuming and can give indeterminate results (McFerran and
Connor, 1977), it would be very useful to determine the prototype
sequences for each FAdV type and precise genetic divergence crite-
ria for FAdV typing. Therefore, efforts were made to determine the
threshold values for nucleotide sequence identities for both FAdV
species and genotypes. The lowest percent of nucleotide sequence
identities between the analysed samples within the same species
was 73%, and the highest percent of nucleotide sequence identi-
ties between the samples belonging to two different species was
71.7% (data not shown). Therefore, we would like to propose the
nucleotide sequence identity of approximately 72% as a criterion
for molecular identification of FAdV species. Based on this crite-
rion, both PiAdV-1 and TR22 are members of new putative species
(F and G) within FAdVs (data not shown). For PiAdV-1 this sep-
aration is also supported by serological data (Hess et al., 1998).
Since the sequence of hexon region of isolate TR22 (Meulemans
et al., 2004) shows <67.2% nucleotide sequence identity with other
species B isolates used in this study (data not shown), and the sero-
logical studies showed contradictory results (McFerran et al., 1972;
Grimes and King, 1977), serotyping of this isolate requires further
investigations. Based on serotyping data on FAdVs (Benké et al.,
2005) an effort was made to give a divergence criterion for FAdV
genotypes. The close relationship between FAdV-4 and FAdV-10
was also taken into consideration (Erny et al., 1995). Grouping into
the genotypes was based on phylogenetic analyses and a threshold
value of 95% for nucleotide sequence identity was implemented
to differentiate genotypes since the highest percent of nucleotide
sequence identities between samples representing two different
serotypes (A2-A representing FAdV-9 and 75 representing FAdV-
3) was 94.9% within the analysed region. However, 12 genotypes
identified in this study overlap only partially with the reported
12 serotypes (Benkd et al., 2005). For example, species B com-
prises only 1 serotype (FAdV-5), but contains 2 genotypes (B1-B2).
Species Cis composed of 2 serotypes (FAdV-4 and 10), but contains
only 1 genotype (C1). Interestingly, it was already suggested that
FAdV serotypes 4 and 10 could be considered as subtypes of the
same serotype (Erny et al., 1995). It is important to note that the
genotypes identified in this study could be further separated into
smaller clusters and these clusters were also supported by high
bootstrap values. It is possible that new serotypes and genotypes
will be determined when new samples are investigated and addi-
tional cross neutralisation study for FAdVs is conducted. Further
studies could also lead to identification of the new threshold value
for nucleotide sequence identities for FAdV genotypes.

In addition, this study provides a direct comparison between
nucleotide sequencing coupled with phylogenetic analysis and
HRM-curve analysis for detection of differences in the L1 region
of the FAdV hexon gene for the identification and differentiation
of FAdV genotypes. HRM-curve analysis was applied to amplicons
of three different regions of the FAdV hexon gene, using a com-
mercial PCR kit. Previously published primer pair H1/H2 (Raue and
Hess, 1998) was not used since the amplified product contains both
L1 and L2 regions and would probably contain numerous melting
domains and therefore, the product would probably be unsuitable
for HRM analysis (Steer et al., 2009).

Primer pair HexF1/HexR1 was shown to amplify DNA fragments
from all groups (I-1II) of avian adenoviruses (Aviadenovirus, Siaden-
ovirus and Atadenovirus), nevertheless only a small number of FAdV
strains were analysed (Mase et al., 2009). However, in this study,

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/HexLlas
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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of real-time PCR and HRM-curve analysis and sequencing coupled
with phylogenetic analysis using a larger number of field isolates
and reference strains representing all FAdV serotypes. The designa-
tion of FAdV isolates into at least 12 genotypes offers the potential
for novel and additional information for the molecular epidemiol-
ogy of FAdV.
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