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ABSTRACT
Highly virulent fowl aviadenoviruses (genus: Aviadenovirus) represent a significant risk in poultry
farming that may contribute to increased mortality rates and may adversely affect the growth
performance of poultry flocks. In this study, we performed the clinicopathological
characterization of a FAdV strain SHP95 isolated from a commercial farm and its whole
genome sequencing. The study revealed that the isolated strain is a highly virulent serotype 4
FAdV that can cause 100% mortality in day-old specific pathogen free (SPF) chickens with a
dose of 2.5 × 105 TCID50. At a lower viral dose (1.5 × 104 TCID50), the infection in day-old SPF
chickens caused 40% mortality and lesions characteristic for Hepatitis-hydropericardium
syndrome (HHS). The viral strain was detectable by real time PCR in chicken organs, including
the lymphoid organs until day 28 after infection. The whole genome assembly of strain SHP95
revealed a size of 45,641 bp, which encodes for 42 viral open reading frame (ORF). The
comparative analysis in the genome shows 98.1% similarity between strain SHP95 and other
FAdV-4 genomes reported. The major differences in the genome sequence between
pathogenic and non-pathogenic fowl Adenovirus were identified in the right arm of the genome.
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Introduction

Hepatitis-hydropericardium syndrome (HHS) is a
severe condition that affects chickens and has the abil-
ity to reach mortality up to 100% (Ganesh & Raghavan,
2000; Mase et al., 2010). The disease is characterized by
the accumulation of a clear or amber coloured liquid of
aqueous or gelatinous consistency in the pericardial sac
and a deformed heart. In addition, the liver shows
small multifocal areas of necrosis, the infiltration of
mononuclear cells and the presence of basophilic intra-
nuclear inclusions in its cells (Asthana et al., 2013).

Similarly, other notable aspects of the disease are dis-
coloured and swollen friable liver with focal necrosis,
petechial bleeding in the heart muscles and other organs,
lung congestion and oedema, and lastly, pale kidneys
with prominent tubules. (Mazaheri et al., 1998; Chandra
et al., 2000;Ganesh&Raghavan, 2000;Mittal et al., 2014).

Studies to date indicate that the aetiologic agent of
HHS is a Fowl Aviadenovirus (FAdV) species C and
serotype 4 strain (Hess et al., 1999; Balamurugan
et al., 2002; Dahiya et al., 2002; Shivachandra et al.,
2003; Schonewille et al., 2008; Mase et al., 2010; Asth-
ana et al., 2013; Mittal et al., 2014).

In addition, various members of the 12 FAdV sero-
types reported to date can induce inclusion body hepa-
titis (IBH) syndrome; this condition is generally less

serious and has effects on production parameters in
affected farms (less than 30%) (Mittal et al., 2014).

So far, the whole genome sequences of FAdV-4
strains KR5 (Marek et al., 2012) and ON1 (Griffin &
Nagy, 2011) have been reported, both of which are of
low virulence (Cook, 1983; Grgic et al., 2013). How-
ever, it should be noted that during the preparation
of this manuscript, the complete genome of a highly
pathogenic FAdV-4 was reported (Zhao et al, 2015).

In 1995, on a farm from the state of Puebla,Mexico, an
adenovirus that produces HHS symptoms was isolated,
which was named SHP95. The strain is characterized
by its highvirulencewithmortality of 60% inunprotected
birds in the field. In this document, we describe a clinico-
pathological characterization of the virus in specific
pathogen free (SPF) chickens and also present the first
whole genomereport of a highly virulent FAdV-4 capable
of causing 100% mortality in SPF birds.

Materials and Methods

Cell culture and virus isolation

The SHP95 strain of FAdV-4 causingHHSwas isolated in
the state of Puebla, Mexico from a chicken broiler farm in
1995. The virus was isolated from the macerated livers of
infected birds. FAdV-4 propagation was performed in
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primary culture of chick embryo liver cells cultured in
medium 199 supplemented with 10% fetal bovine serum.
After isolation, virus dilutions weremade for single plaque
purification inLMHcells. Briefly, virus dilutions from10–3

to 10–7 were used for infection of LMH monolayers. One
hour after infection the cell layer was overlaid with med-
ium 199 containing agarose at 0.4%, and plates were incu-
bated during 5–7 days. Isolated plaques were then picked
and transferred to a new fresh culture of LMH cells.

Clinicopathological characterization of FAdV-4
SHP95 in chickens

Two experiments were conduced in SPF White Leg-
horn chickens at day 1of age in controlled-environ-
ment Horsfall-Bauer isolation cabinets.

The first experiment was conducted with 180 birds (1
day old) randomly divided in three groups of 60. One
group was not challenged and was kept as a control
group; the remaining two groups were infected with
FAdV-4 SHP95 via the ocular route at one day of age
andmonitored for 28days.The secondgroupwas infected
with FAdV-4 SHP95 utilizing 2.5 × 105median tissue cul-
ture infectious doses (TCID50) while the third group was
infected with 1.5 × 104 TCID50 of the same virus.

For the clinicopathological characterization assay, a
second experimentwas conductedwith 180 birds divided
randomly in two groups. One group of 60 birds was not
challenged and was kept as a control group. The second
group of 120 birds was infected via the ocular route at
day 1 of age using a 1.5 × 104 TCID50 of the same virus
and monitored for 28 days. From both groups, birds
were sacrificed by cervical dislocation utilizing IACUC
approved protocols (five at each time point) on days 0,
1, 2, 3, 4, 5, 6, 7, 14, 21, 28. Necropsy was performed on
all sacrificed birds to evaluate pathology. Chickens of
group two that died due to infection were not utilized
for histopathology or qPCR analysis. 20 birds that sur-
vived infection were maintained until day 50 and evalu-
ated for clinical signs and mortality. Tissues samples
from all of the sacrificed birds were taken from the
liver, proventriculus, caecal tonsils, spleen, kidneys,
bursa of Fabricius, thymus and large intestine with faecal
content, and processed as described below for histo-
pathology and real-time PCR analysis to determine the
presence of the virus. At the end of the trial all surviving
birds were euthanized as described above. All these
experiments were evaluated and approved by ethical
committees from Investigación Aplicada S.A. de C.V.
and Instituto Politécnico Nacional.

Histopathological studies

A portion of 0.5–1 cm2 from each tissue sample was
placed in 10% formalin solution, embedded in paraffin
by 24 h and stained with haematoxylin and eosin for
microscopic examination as previously described
(Kiernan, 2008).

Isolation of viral DNA

For the extraction of total DNA for real time PCR
assays, 0.2–1 g of fresh tissue was taken and 4ml of
PBS was added and macerated using a rotor homogen-
izer. The macerates were frozen and thawed three times
to release the virus and the cellular remains were elimi-
nated by centrifugation at 3000 g for 15 min. Total
DNA was purified using the DNeasy blood and tissue
Kit (Qiagen, Mexico City, Mexico).

Real Time PCR

Quantification of the FAdV-4 load in each of the ana-
lyzed organs was performed by Real Time PCR using a
LightCycler 2.0 (Roche Applied Science, Indianapolis
IN, USA) thermocycler. 25 µl reaction mixture was pre-
pared with 50–200 ng of DNA extracted from each
organ, 0.7 µM of each primer (52K-fw and 52K-rv)
(Günes et al., 2012) and the HotStart-IT SYBR Green
qPCR (Affymetryx, Santa Clara, CA, USA) mixture.
Amplification conditions were as previously reported
(Günes et al., 2012). The data analysis was carried out
using LightCycler 4.1 (Roche Applied Science) software,
automatically adjusting the threshold value. Serial
dilutions of a plasmid vector containing a segment of
gene 52Kwere used to generate the standard curve, start-
ing at 6.7 × 108 copies per reaction.A number of copies of
known DNA template were plotted against the corre-
sponding CT values and the standard curve was built.
Verification of the PCR product was done by analysis
of the alignment curve (Tm of the PCR product).

Genome sequencing

For the isolation of viral DNA the supernatant from a
primary culture of hepatocytes infected with FAdV-4
SHP95 was clarified and then concentrated by ultrafil-
tration using a membrane with a cutoff of 50 kDa
(Millipore, Billerica, MA, USA). The retentate was resus-
pended in 1/10 volume of molecular biology degree
water and subsequently treated with DNase I and
RNase H to a final concentration of 100 U/ml each
and incubated at 37°C for one hour. Subsequently, the
adenovirus DNA was purified using DNeasy blood
and tissue Kit (Qiagen) and then concentrated using
genomic DNA clean and concentrator Kit (Zymo
Research, Irvine, CA, USA). Whole genome sequencing
of FAdV-4 was done by Next-Generation sequencing
using an Illumina Hiseq 2500 system with paired
reads of 150 bp in length, with average of 1.5 × 108 reads.

Genome assembly and analysis

The whole adenovirus genome was assembled using
DNASTAR’s Lasergene Genomics Suite software per-
forming de novo assemblies and guided assemblies
taking the genomes of FAdV-4 strains KR5 and ON1
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as reference. The repeated sequences present in the gen-
ome were identified using Tandem Repeats Finder soft-
ware (Benson, 1999). Genome pairwise alignmentswere
done with mVISTA LAGAN (Brudno et al., 2003).

Results

Virus isolation

A virus from lysates of the samples collected from
chicken livers caused cytopathic effect in LMH cell
line. The presence of FAdV was confirmed by Real
time PCR using specific oligonucleotides as previously
described (Günes et al., 2012). From the liver macerate,
10 fold dilutions were made. Dilution of 104 to 107 were
plated on monolayers of LMH cells in agar media. All
dilutions below 107 gave complete lysates, while
dilutions of 10–7 produced separate plaque formation
Three individual plaques were collected and used to
infect separate plates of LMH cells to propagate the
virus. After virus propagation a virus isolate was inocu-
lated as described below into birds to confirm the
development of HHS.

Mortality and lesions in birds caused by FAdV-4
SHP95

The pathogenicity of FAdV-4 SHP95 was determined
in SPF chickens (1 day of age) at 2.5 × 105 TCID50

and 1.5 × 104 ID. Those infected with 2.5 × 105

TCID50, exhibited a mortality of 100% between days
4 and 7 post-infection, while at 1.5 × 104 TCID50 they
presented a mortality of 40% before day 7 (Figure 1).
Of the surviving birds, 60% showed the characteristic
lesions of HHS (Figure 2 and 3). One of the effects
noted at necropsy was hydropericardium at day 7
post-infection (Figure 2A and 2B). Similarly, a

discoloration of the liver was observed as the infection
progressed. At day 3, small, local necrotic lesions
appeared, which were characterized by a yellowish col-
ouring (Figure 2C). These lesions continued to spread
through the liver at day 4 (Figure 2D) until reaching
the entire organ at day 5 (Figure 2E). The pathological
effect was less noticeable in the remaining organs.
However, a copious amount of a viscous liquid
(oedema) in the thorax and abdomen of the birds
was noted and was, not apparent in control birds.

The histopathological analysis of the liver showed
the presence of inclusion bodies at day 5 and day 7;
however, inclusion bodies were not detected in the
liver histology at day 14 and 28 (Figure 3). Neverthe-
less, as the infection progressed, the liver became fri-
able, inflamed and acquired a yellowish colour
(Figure 2C, 2D and 2E).

FAdV-4 SHP95 replicates in different organs

Organ samples (liver, thymus, spleen, bursa of Fabri-
cius, intestine, caecal tonsils, kidneys and proventricu-
lus) were taken from the birds infected at 1.5 × 104 ID
and real time PCR was performed to quantify the viral
load in each organ (Figure 4). SHP95 was detected in
tissues at 3 days post-infection and reached maximum
genome copies in the liver and intestine between 5–7
dpi. After the first week the genome copies decreased
but viral persistence was noted through study until ter-
mination at 28 dpi.

Genome characteristics

The virus genome of SHP95 is 45,641 bp (Accession
number at GenBank: KP295475) in size with a G + C
percentage of 54.72%. The genome contains 42
encoded open reading frame (ORF) (Table 1), and
like other Aviadenovirus the genes involved in the
infection and replication process are located in the cen-
tral region of the genome, while genes not conserved
between the Adenoviridae family are grouped at both
ends (Figure 5) (Griffin & Nagy, 2011; Marek et al.,
2012).

An important difference of the SHP95 genome com-
pared to the reported genomes of FAdV-4 was ident-
ified in ORF19 (Lip). This gene in SHP95 has two
stop codons caused by deletions of nucleotides (at pos-
itions 36,002 and 36,753 of the SHP95 genome), which
cause changes in the reading frame. These nucleotide
deletions in FAdV-4 SHP95 generate 3 ORF, which
here we named lip1, lip2 and lip3. Of these, ORF19
(lip1) maintains the lipase region of the catalytic
domain as well as the Kozak sequence that permits
ribosome translation, although this transcript has low
encoding potential (Griffin & Nagy, 2011). We did
not identify Kozak sequences in region 5’ at ORF 19
(lip2) and ORF19 (lip3).

Figure 1. Survival curve. At 2.5 × 105 TCID50, 100% of the birds
died at first week post challenge. Only 40% (15 birds) of chal-
lenged birds died at 1.5 × 104 TCID50 of the virus.
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The inverted terminal repeats (ITR) located at both
ends of the genome are 56 bp in size. In addition, another
eight repetitive sequences were identified in the genome
of SHP95 (Table 2). The repetitive sequences TR-A, TR-
E and TR-F are located in the regions with the lowest
similarity percentage compared to FAdV-4 strains KR5
and ON1 (Figure 1). Although their role in the virus
replication cycle has still to be determined, it has been
postulated that these sequences may be regulating the
transcription of some viral genes (Gruss et al., 1981).

Fibre proteins

The size of fibre-1 in SHP-95 strain is 432 amino acid
residues, the same as strainON1 but one amino acid resi-
due less than KR5 and the difference is in the poly G
region. The fibre-2 protein of SHP-95 strain has 432
amino acids residues, the same number than ON1 but
five amino acids less than KR5, the difference is in the
deletion offive amino acid residues of SHP-95 at position
11 (Figure S1, supplemental data).

Similar to other members of FAdV-C the basic resi-
dues rich sequence KRPK/KKRP (position 22–25) and
VYPF (position 36–40) in both fibre proteins of SHP-
95 was identified. These motifs are possibly involved in
nuclear localization and interaction with the penton
base, respectively (Grgic et al., 2011). The fibre-1
protein has a poly G at position 65–79 which was not
identified in fibre-2 with non polar-polar uncharged
(positions 50–66) (Figure S3).

Previous studies have shown the important role of
fibre-2 in virulence of fowl aviadenoviruses (Pallister
et al., 1996). Some authors suggested some amino acids
relevant for virulence based on the amino acid compari-
sonof strainswhich induceHHSandnon-virulent strains,
positions located at 219 and 380 in the fibre-2 protein of
KR5 (Marek et al., 2012). At position 219(214 in SHP-95)
the non-pathogenic strain KR5 has a glycine (G) as in all
non-pathogenic strains and SHP-95 has aspartic acid (D)
as in all pathogenic strains studied until now. In the pos-
ition 380 (375 in SHP-95) the amino acid substitution is
threonine (T) in SHP-95 and the pathogenic strains
while in KR5 it is alanine (A). Additionally, we notice at

Figure 2. Macroscopic damage in the heart and liver of birds challenged with SPH95. 2A and 2B show hydropericardium at day 7
post-infection. 2C shows liver at 3 days post-infection with localized damage and slight yellowing; 2D shows liver at 4 days post-
infection; and 2E shows liver at 5 days post-infection with a gross pathological damage.
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position 295 in SHP-95 and the pathogenic strains, threo-
nine (polar uncharged amino acid), while in non-patho-
genic strains this amino acid is methionine or isoleucine
(non-polar aliphatic amino acids).

Discussion

Fowl aviadenoviruses (FAdVs) are present in chicken
farms all over the world. The most severe form of dis-
ease associated with FAdV is HHS, which has been
attributed exclusively to serotype 4 (Hess et al. 1999;
Ganesh & Raghavan, 2000; Balamurugan et al., 2002;
Asthana et al., 2013; Kim et al., 2014).

In this study, FAdV-4 SHP95 was isolated from a
commercial farm in the state of Puebla in Mexico
and clinicopathologically characterizated in SPF chick-
ens to reproduce the development of HHS and high
mortality in unprotected birds. The strain SHP95
caused up to 100% mortality in unprotected SPF
birds at 8 dpi (at a dose 2.5 × 105 TCID50); and 40%
mortality when a lower infective dose was used

(1.5 × 104 TCID50). This result confirms that the mor-
tality in chickens under the evaluated conditions has a
dose-dependent relation. Compared to other highly
virulent strains, the challenge dose which caused
100% mortality in SPF birds is lower or similar to
other experimental studies with highly pathogenic
FAdV-4 strains (Mazaheri et al., 1998; Mase et al.,
2010).

At a low dose of infection, the histopathology of the
liver revealed the presence of inclusion bodies in early
stages of infection similar to other FAdVs-4 that cause
HHS (Chandra et al., 2000; Ganesh & Raghavan, 2000).

The highest copy number of viral DNA was detected
in all organs between 3 and 7 days post-infection, high-
lighting an increased quantity in liver, intestine and
spleen with respect to the other analyzed tissues.
Changes in the quantity of viral DNA correlated with
the time of appearance and disappearance of inclusion
bodies in the liver of birds as noted in other studies
(Chandra et al., 2000; Ganesh & Raghavan, 2000). Fol-
lowing the critical stage of infection during the first

Figure 3. Histological changes in liver of birds infected with SPH95. Inclusion bodies were observed at day 5 and 7 post-infection
(arrows). However, at 2, 3 and 4 weeks post-infection, no obvious inclusion bodies in liver were seen.
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week after infection, copies of the viral genome
decreased and the inclusion bodies disappeared,
although the virus persisted in birds until the end of
experiments.

In addition to non-lymphoid tissues, the presence of
SHP95 in lymphoid organs (bursa of Fabricius, thy-
mus, caecal tonsils, spleen) was also confirmed by
real time PCR. The tropism in lymphoid tissues

might be linked to the mortality effect in birds at a
high viral dose and to the manifestation of HHS, as
has been hypothesized previously (Naeem et al.,
1995). A particularly high load of viral DNA was
detected in spleen with respect to the other lymphoid
organs. Previous studies (Schonewille et al., 2008)
reported a drop of lymphocytes and a generalized sup-
pression of the humoral and cellular immune system

Figure 4. Tissue tropism and genome copies of SPH95 in different organs from day 1 until day 28 post-infection. Three organs of
different birds were analyzed every day until day 7; after that, the virus quantification was performed at days 14, 21 and 28. Viral
genome copies are expressed in Log10 of genome copies. The mean (small rhombus) and standard deviation (vertical lines) are
provided for virus genome copies.
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after infection with a virulent FAdV-4 in chickens. In
this trial, we found adenoviral DNA in the main lym-
phoid organs, which could explain the previously
reported effect.

With respect to the genomic analysis, some nucleo-
tide sequences of genes and partial genome of highly
virulent FAdV-4 has been described. However, to
date there are no reports describing the complete gen-
ome of a FAdV-4 capable of inducing HHS. The fact
that SHP95 can readily induce HHS and induce high
mortality underscores the importance of determining
what genomic variation may exist in comparison to
other complete genomes of FAdV-4 isolates, e.g.,
strains ON1 and KR5, which are non-virulent (Griffin
& Nagy, 2011; Marek et al., 2012; Asthana et al., 2013;
Kim et al., 2014).

The genome of SHP95 is 45,641 bp in length, and
has a high degree of homology (98.1%) with the gen-
ome of others previously reported FAdVs-4 (Marek
et al., 2012; Griffin & Nagy, 2011). Additionally, the
SHP95 genome differs in more than 50% from other
FAdVs of different serotypes (Table S1).

In the central region of the SHP95 genome we
noticed similar organization and a high percent of
homology with respect to other FAdV4 strains and
FAdV-s in general. Similarly as reported previously
for FAdV-C strains, SHP95 genome has two fibre
genes: fibre-1 and fibre-2 (Chiocca et al., 1996; Griffin
& Nagy, 2011; Marek et al., 2012).

In the left part of the SPH95 genome, 11 ORFs
(ORF0-IVa2) prior to the start codon of the viral

DNA polymerase showed a high homology with the
same region present in KR5 and ON1 (Griffin &
Nagy, 2011; Marek et al., 2012).

Also, at the right end the SHP95 genome showed a
similar organization to genomes of KR5 and ON1.
However, the percent of similarity was low, particularly
in ORF27, ORF16, ORF19A and ORF4 which differed
more than 4% until 25% (Table S2). The SHP95 gen-
ome differed also in size with respect to non-patho-
genic FAdVs-4, due to deletions in the repetitive
region (TR-F). Repetitive regions are present in gen-
omes of FAdVs but until now no relevant function
has been reported. Nevertheless, these TR sequences
are dispensable in FAdV (Ojkic & Nagy, 2001).

Also at the right end, another remarkable difference
was noted in ORF19 (lip) of SHP95. This gene has an
earlier stop codon, which generates a shorter protein
than the one in KR5 and ON1. There have been pre-
vious reports, which we corroborated into a compara-
tive alignment (data not shown), stating that ORF19
(lip) has similarity to triacylglycerol lipase of the
Marek disease virus (MDV) (Corredor et al., 2008).
The role of Lip in the viral cycle of FAdVs has not
been studied; but in MDV this protein enhances the
replication and pathogenic potential (Kamil et al.,
2005). Although there is no evidence about the func-
tion of orf19 (lip) in FAdVs, studies should be per-
formed to confirm a possible participation of this
gene in virus replication.

With regard to the virulence association of fibre-2,
previous studies reported that this protein has an effect

Figure 5.Map of the complete genome of Fowl Adenovirus serotype 4 strain SHP95. The graphs represent the comparison between
the SHP95 genome and genomes of low pathogenicity fowl aviadenovirus serotype 4. This comparative analysis reveals that the
largest differences are located on the right arm of the genome.
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on the virulence of fowl adenovirus (Pallister et al.,
1996). Additionally, aligning fibre-2 amino acid
sequences of several FAdVs-4 which induce HHS and
apathogenic strains, we noted particular amino acid
substitutions between both kinds of strains (Marek
et al., 2012). According to this, fibre 2 of SHP95 has
changes in amino acids D214 and T375 like other

strains which induce HHS (all polar amino acids). In
comparison, apathogenic strains have nonpolar
amino acids at the same positions. Additionally, we
observed a similar polar-nonpolar substitution at
(T→I/M)295. Nevertheless any functional conse-
quences of amino acid substitutions in fibre-2 protein
of pathogenic strains (inducing HHS) is still
speculative.

Currently, the majority of ORFs of FAdVs are still
not characterized and it is necessary to continue studies
about their function on viral infection, replication, and
virulence. In this report, we present the first whole gen-
ome of a highly virulent strain and therefore it rep-
resents an important starting point to initiate studies
on the molecular basis of the virulence and genetic
determinants that trigger the onset of HHS.
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