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ABSTRACT

The detection of avian coronaviruses (AvCoV) in wild birds and the emergence of new AvCoV
have increased in the past few years. In the present study, the pathogenicity of three AvCoV
isolates was investigated in day-old chicks. One AvCoV isolated from a pigeon, which
clustered with the Massachusetts vaccine serotype, and two AvCoV isolated from chickens,
which grouped with a Brazilian genotype lineage, were used. Clinical signs, gross lesions,
histopathological changes, ciliary activity, viral RNA detection, and serology were evaluated
during 42 days post infection. All AvCoV isolates induced clinical signs, gross lesions in the
trachea, moderate histopathological changes in the respiratory tract, and mild changes in
other tissues. AvCoV isolated from the pigeon sample caused complete tracheal ciliostasis
over a longer time span. Specific viral RNA was detected in all tissues, but the highest RNA
loads were detected in the digestive tract (cloacal swabs and ileum). The highest antibody
levels were also detected in the group infected with an isolate from the pigeon. These
results confirm the pathogenicity of Brazilian variants, which can cause disease and induce
gross lesions and histopathological changes in chickens. Our results suggest that non-
Galliformes birds can also play a role in the ecology of AvCoV.
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Research Highlights illness and sometimes kidney disease, egg drop and
loss in egg quality, and mortality in young birds,
depending on the affected species.

The detection of AvCoV in wild birds has
increased in the past few years in a wide range of
bird species belonging to diverse orders such as
Charadriiformes, Anseriformes, Columbiformes, Galli-
formes, Pelecaniformes, and Psittaciformes (Jonassen
et al, 2005; Hughes et al, 2009; Tarnagda et al,
2011; Domanska-Blicharz et al., 2014; Kim & Oem,
2014). Strains genetically very close to vaccine strains
(such as the Massachusetts (Mass) strain of infectious

e The two strains isolated from chickens induced
lesions mainly in the kidney.

e The pigeon strain mainly caused respiratory signs
and histopathological changes.

e High RNA loads were detected in cloaca and ileum
up to 42 dpi.

» The highest antibody levels were detected in chicks
infected with a pigeon strain.

Introduction

AvCoV, which include infectious bronchitis virus and
other bird coronaviruses, belong to the genus Gamma-
coronavirus, subfamily Coronavirinae, family Corona-
viridae (ICTV, 2014). AvCoV can induce diseases in
Galliformes birds, such as chickens, turkeys, pheasants,
peafowl, partridge, guinea fowl, and quails (Guy et al.,
1997; Cavanagh et al., 2002; Jackwood & Wit, 2013;
Torres et al., 2013; Ducatez et al., 2015). Most of the
reported clinical signs are associated with respiratory

bronchitis virus) and more genetically distant strains
have been detected in various wild and feral birds (Fer-
reira et al., 2007; Woo et al., 2009; Felippe et al., 2010).
Nevertheless, only two studies have reported clinical
signs in non-Galliformes birds. An AvCoV was isolated
from racing pigeons that had ruffled feathers, dys-
pnoea, and mucus at the beak (Barr et al., 1988).
Another study described an AvCoV isolated from a
teal that could cause nephritis (Liu et al, 2005).

Wild birds are reservoirs of other viruses, such as
avian influenza and avian avulavirus (Olsen et al.,
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2006; Kim et al., 2008). The prevalence of viruses in
wild aquatic birds seems to vary according to bird
sampling and location (Jordan et al, 2015; Wille
et al., 2016). Therefore, the importance of wild birds
that could act as a vector of AvCoV to the poultry
industry (Cavanagh, 2005) remains unclear. Our
group detected AvCoV from pigeon and chicken
samples that were classified into the two most common
phylogenetic groups circulating in Brazil: Massachu-
setts and Brazilian variant strains (Felippe et al,
2010). In the present study, the AvCoV were isolated
from pigeon and chicken samples and inoculated into
day-old chicks. The infection outcomes of each strain
were evaluated and compared, covering the possible
sites of virus strain replication. These results may
offer a deeper understanding of the pathogenicity of
the Brazilian variants and provide new insights into
the role of pigeons in the eco-epidemiology of AvCoV.

Materials and methods
Chickens

One hundred and ninety-nine one-day-old, specific-
pathogen-free (SPF) White Leghorn chicks (provided
by the Biovet Laboratory, Vargem Grande Paulista,
Brazil) were maintained in isolators at the research
facility of Biovet Laboratory at a controlled tempera-
ture and were supplied with feed and water ad libitum.
All experimental procedures were performed according
to the Brazilian Ethics Community guidelines and
approved by the State University of Campinas Animal
Ethics Committee (CEUA Protocol n°005/13).

Viruses

Three avian coronavirus strains previously isolated by
the Laboratory of Animal Virology at IB-UNICAMP
were used (Felippe et al., 2010): (1) an avian corona-
virus strain designated pigeon/Brazil/UNICAMP67
T/2007 (pigeon-67T strain) that was isolated from a
pigeon (Columba livia) and classified as the Massachu-
setts group (GenBank accession number HM561882);
(2) an avian coronavirus strain chicken/Brazil/
UNICAMP801//2007 (chicken-801 strain) that was
isolated from broiler breeders (Gallus gallus domesti-
cus) located in southern Brazil (GenBank accession
number HM561889); and (3) an avian coronavirus
strain chicken/Brazil/UNICAMP810/2007 (chicken-
810 strain) that was isolated from broilers (G. gallus
domesticus) located in south-eastern Brazil (GenBank
accession number HM561891). Both chicken strains
were isolated from chickens with respiratory signs,
and these strains were classified into the Brazilian var-
iant group based on partial S1 gene sequencing. Viruses
were grown in 9-day-old embryonated chicken eggs
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and titred according to the Reed and Muench method
(Reed & Muench, 1938).

Experimental design

One hundred and sixty-five one-day-old chicks were
split into three groups and infected with the AvCoV
strains. Groups were infected with the AvCoV
pigeon-67T strain, chicken-801 strain, or chicken-810
strain by intraocular and intranasal routes with
0.2ml containing 10°° embryo infectious dose
(EIDsg) per chicken. These groups were designated
pigeon-67T, chicken-801, and chicken-810, respect-
ively. A fourth group, with 34 one-day-old chicks,
was maintained as a control group. Chickens were
monitored daily by visual observation for clinical
signs (Elbers et al., 2005) and for survival during the
42 days of the experiment. Five birds from each
infected group were randomly selected and euthanized
at2,4,5,7,9, 11, 14, 21, 28, 35, or 42 days post infec-
tion (dpi). Samples of the cloaca, blood, and organs
(sinus, trachea, lung, caecal tonsil, kidney, and testis)
were collected on these days. However, at 2 dpi, the
caecal tonsils were not collected, and at 2 and 4 dpi,
blood was not collected. In the control group, two
birds per day were selected and euthanized. All selected
organs were used for viral RNA quantification by real-
time RT-PCR specific to AvCoV, and the organs col-
lected at 2, 5, and 7 dpi were tested for histopathologi-
cal changes. Trachea samples collected at 4,7, 9, 11, 14,
and 21 dpi were also used for measuring and evaluating
ciliary activity in the trachea. Blood was collected for
measurement of the humoral immune response by
the indirect ELISA test.

Tracheal ciliostasis

The entire trachea was removed immediately after the
birds were euthanized at 4,7, 9, 11, 14, and 21 dpi, and
three thin tracheal rings (one from the top, one from
the bottom, and one from the middle of the trachea)
were selected from each bird and then cut and placed
in Minimal Essential Medium (MEM with Hank’s
salt) in a 24-well microplate. The tracheal rings were
observed for ciliary activity using a microscope and
were scored for the inhibition of ciliary activity. The
corresponding scores were: 0: all cilia beating; 1: 75%
beating; 2: 50% beating, 3: 25% beating; 4: all cilia
stopped (Cook et al., 1999). The average of the ciliary
activity scores from each group per day was then
calculated.

Detection and quantification of viral RNA in
organs

Tissue samples were pooled per interval, group, and
organ. Pooled samples were homogenized in 400 pl
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of ice-cold Dulbecco MEM (Life Technologies, Carls-
bad, CA, USA). Tissue homogenates were centrifuged
at 4°C for 10 min at 1000xg, and supernatants were
collected. Viral RNA from tissue suspensions was pur-
ified using the QIAmp Viral RNA mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
instructions. Real-time RT-PCR targeting the untrans-
lated region (UTR) of AvCoV was used according to a
previous study (Callison et al., 2006), with slight modi-
fications. Briefly, the Quantitec Probe RT-PCR kit (Hil-
den, Germany) was used with final concentrations of
500 nM of each primer and 100 nM of the Tagman
probe labelled with FAM fluorescence, in a total indi-
vidual reaction volume of 25l containing 5 ul of
RNA (0.2-20 ng). After an initial reverse transcription
step (50°C for 30 min) and an initial denaturation step
at 95°C for 15 min, 45 cycles (95°C for 15 s then 60°C
for 1 min) were performed with fluorescence detection
at the end of the annealing-extension step. Amplifica-
tion and fluorescence detection were conducted in an
Applied Biosystems 7500 Real-time PCR cycler (Foster
City, USA). An external standard curve was created
using spectrophotometrically determined copy number
standards of purified PCR product for the UTR gene.
Threshold cycles (Ct) were converted to copy numbers
as described previously (Ferreira et al., 2007). Ct values
above 37.09 were considered negative.

Histopathology

For histopathological evaluation, organs from inocu-
lated and control groups were collected and fixed in
4% paraformaldehyde for 12 h at room temperature.
The specimens were subjected to diaphanization
with xylene, dehydrated in graded ethanol, embedded
in paraffin, cut in 5-um-thick sections, and processed
by standard histological procedures (Bancroft & Gam-
ble, 2008) Histopathological changes were evaluated
on sections stained with haematoxylin and eosin
(H&E). One sample for each collected organ was
examined from each animal. All the sections were
examined by light microscopy. The analysis was per-
formed blindly by three independent investigators
who evaluated the slides, each one containing three
parts.

Detection of specific antibodies against AvCoV

The humoral response in chickens was evaluated by
an indirect ELISA using ID Screen’IBV Indirect (ID
vet Innovative Diagnostic, France) according to the
manufacturer’s instructions. The microplate was
read at 450 nm and evaluated for the presence of
antibodies.

Statistical analysis

One-way analysis of variance (ANOVA) and Student’s
t-test were performed to compare the quantity of viral
RNA detected in the infected groups with the control
group. Differences among target tissues of all infected
groups were also evaluated. The differences were con-
sidered significant at P < 0.05.

Results
Clinical signs and gross findings

No mortality was observed in any infected group. No
clinical signs or mortality were observed in the control
group. All infected groups showed clinical signs from 2
to 9 dpi. At 2 dpi, chickens from all infected groups
appeared depressed, with signs of listlessness, ruffled
feathers, and lowered wings. The peak of morbidity
was at 5 dpi, with 70% for chicken-801 and -810 groups
and 80% for the pigeon-67T group.

Respiratory problems, such as dyspnea and cough-
ing, were also observed at 2 dpi in the pigeon-67T
group. At 5 dpi, birds from all groups had tracheal
rales and mild signs of anorexia, watery faeces, and
lack of coordination (Figure 1(A)). After 9 dpi, birds
gradually recovered until 14 dpi, when no clinical
signs were observed. At necropsy, congestion and cat-
arrhal exudates were observed in the tracheal lumen
among 4 and 9dpi chicks in all infected groups.
Urate deposition in the kidney was observed in chick-
ens infected with the chicken-810 and chicken-801
strains at 5 dpi (Figure 1(B)). Gross lesions were not
observed in any other organs examined after infection
with any strain.

Inhibition of ciliary activity

Complete ciliostasis (0% active cilia) was observed at 4,
7, and 9 dpi in the pigeon-67T group (Table 1). In the
chicken-801 group, complete ciliostasis was found a
few days later at 9 and 11 dpi. The chicken-810
group showed ciliostasis gradually increasing until
11 dpi, but this group did not have a complete absence
of ciliary activity. For all infected groups, a recovery of
50% of ciliary activity was observed at 14 dpi, and full
recovery was observed at 21 dpi. As expected, no cilios-
tasis was observed in the control group.

Virus RNA detected after infection

Viral RNA specific to AvCoV was detected in all
infected groups in the sinus, trachea, lung, caecal tonsils,
cloaca, kidney, and testis after virus inoculation and at
different days post infection (Figure 2). No viral RNA
was detected in the control group. No significant differ-
ence was found among the average RNA quantity
measured by real-time RT-PCR (P>0.05) in the
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Figure 1. Clinical signs/gross lesions were observed after infection with AvCoV strains. (A) Chicks infected with the pigeon-67T
strain at 5 dpi presenting clinical signs such as depression and prostration. (B) Gross lesions observed in the chicken-810 group
at 4 dpi with swollen and pale kidneys and ureters distended with white urates.

Table 1. Average ciliary activity scores observed from 4 dpi till
21 dpi after infection using different AvCoV isolates in
experimental groups.

Group
dpi Control Chicken-801 Chicken-810 Pigeon-67T
4 0 14 2.1 37
7 0 24 24 36
9 0 37 33 3.8
1 0 37 29 2.7
14 0 1.8 24 1.8
21 0 0.0 0.8 0.2

Note: The corresponding scores for ciliary activity were: 0: all cilia beating;
1: 75% beating; 2: 50% beating, 3: 25% beating; 4: all cilia stopped.

infected groups. The viral RNA loads were significantly
higher in the cloacal swabs and caecal tonsils compared
to other tissues (P < 0.05) for all infected groups. Viruses

were detected in many tissues until the end of the exper-
imentat42 dpi, except in the testis of all infected groups.

Histopathology

Moderate congestion, mild degeneration of pseudos-
tratified ciliated cells, and lack of cilia were observed
in the sinuses after inoculation with pigeon-67T strain
at 2 dpi and chicken-801 and chicken-810 strains at
5 dpi. Discrete mononuclear cell infiltrates, oedema
in lamina propria, and a moderate hyperkeratosis
were also observed in the sinuses of chicks infected
with the pigeon-67T strain at 5 dpi. All infected groups
also had a severe lack of cilia in pseudostratified ciliated
cells and moderate congestion in the trachea at 5 and
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Figure 2. Viral RNA measurement by real-time RT-PCR in sinus, trachea, lung, kidney, caecal tonsils, cloaca and testis of non-infected
chickens, and chickens infected with pigeon-67T, chicken-801, or chicken-810 strains. The means + standard deviation with no

common letters differ significantly (P < 0.05).
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7 dpi. Severe diffuse congestion was observed in lungs
of the chicken-801 group at 7 and at 5dpi in the
pigeon-67T and chicken-810 groups. Lungs of birds
infected with the pigeon-67T strain had moderate
erythrocyte infiltration in the parabronchi and atrium,
mild lymphocytic interstitial pneumonia, and moder-
ate oedema. Additionally, multiple demineralization
areas were observed in the parabronchi and atrium,
and multiple granulomas (characterized by central
necrosis surrounded by multinucleated giant cells,
epithelia histiocytes, and heterophils) were seen in
the lungs in the pigeon-67 T group at 5 dpi.

Renal lesions, such as mixed inflammatory infiltra-
tion in the renal pelvis, moderate oedema, and a dis-
crete presence of hyaline cylinders in the tubules,
were observed in the chicken-801 and chicken-810
groups at 5 dpi. Interstitial nephritis was observed in
chickens from the pigeon-67 T group at 2 and 5 dpi.
Oedema in lamina propria was found in ileum samples
of birds infected with the chicken-810 strain, but only a
very discrete oedema was observed in birds infected
with the 801 strain at 7 dpi; no characteristic lesions
were observed in the ileum in chicks infected with
the 67T strain. No characteristic lesions were found
in the testis and caecal tonsils of infected groups nor
in any organ of the control group.

Antibody response

Specific antibodies to avian coronavirus were detected
in the chickens inoculated with the chicken-801,
chicken-810, and pigeon-67T strains (Figure 3). The
pigeon-67T strain induced the highest detectable
immune response at 7 dpi until the end of the exper-
iment. The chicken-801 and -810 groups had
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detectable antibody titres at 28 and 14 dpi, respectively,
and a long-lasting immune response was observed until
the end of the experiment in all inoculated groups. As
expected, no specific antibody against AvCoV was
detected in the control group.

Discussion

AvCoV have been isolated from many wild birds
(Jonassen et al., 2005; Hughes et al., 2009; Tarnagda
et al., 2011; Domanska-Blicharz et al., 2014; Kim &
Oem, 2014). Nonetheless, few reports describe the
pathogenicity of AvCoV isolates from other species
in chickens. In 1985, an AvCoV was isolated from
racing pigeons which had respiratory signs and mor-
tality (Barr et al., 1988). The AvCoV isolate was inocu-
lated into 4-week-old SPF chickens and induced
marked respiratory rales. An AvCoV isolate from teal
caused listlessness, huddling, ruffled feathers, dark
shrunken combs, and 80% mortality in 15-day-old
SPF chickens (Liu et al., 2005). Infected birds gradually
recovered after 20 dpi. An AvCoV isolate from peafowl
induced similar clinical signs in chickens from 5-
14 dpi, but all birds survived (Sun et al., 2007). In
our study, chicks infected with the pigeon-67T strain
developed severe clinical signs, mainly respiratory
signs, compared to the chicken strains (chicken-801
and chicken-810). All birds showed clinical signs and
morbidity up to 9 dpi similar to those previously
reported for different AvCoV strains (Otsuki et al.,
1990). The AvCoV isolate from teal caused severe
gross lesions in the kidney (Liu et al, 2005). In our
study, the pigeon isolate did not cause lesions in the
kidney. As discussed in an earlier report (De Wit

T
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days post infection

@ Control mchicken-801

m chicken-810

=pigeon-67T

Figure 3. Humoral immune response induced in the control group, and in the chicken-801, chicken-810, and pigeon-67T groups
after infection of day-old chickens, at different days post infection. The means + standard deviation with no common letters differ

significantly (P < 0.05).



et al., 2015), the Brazilian variants from chickens did
induce gross lesions in the kidney.

Ciliostasis at different levels is induced by AvCoV
from chicken samples after experimental infection in
chickens (Raj & Jones, 1997; Benyeda et al., 2009; De
Wit et al., 2015). Our AvCoV isolated from a pigeon
was able to induce the complete absence of ciliary
activity, earlier and for a longer period than the
chicken-801 and chicken-810 strains. Our results using
a Mass-like isolate from a pigeon are in accordance
with a previous study (Otsuki et al., 1990) that reported
ciliostasis induced by the M41 strain in White Leghorn
chickens up to 9 dpi. Similarly, following infection of
chicken tracheal organ culture with M41, a strain that
mainly causes respiratory lesions, higher apoptosis was
observed compared to the predominantly nephropatho-
genic strains (Chhabra et al., 2016).

Histopathological changes in the lung and kidney
were reported after infection with a pheasant isolate
(Sun et al., 2007). In the present study, histopathologi-
cal changes in the respiratory tract of chickens infected
with the pigeon-67T strain were more severe than in
chickens infected with the chicken-801 and chicken-
810 strains. The pigeon strain also induced moderate
interstitial pneumonia, oedema, and mononuclear
infiltration in mice at 3 dpi (Martini et al, 2015).

Avian coronavirus is able to replicate in epithelial
cells of different organs, but the trachea is most com-
monly indicated as the primary site of replication in
Galliformes birds using isolates from those birds
(Otsuki et al, 1990; Raj & Jones, 1997; Fan et al,
2012). In our study, the pigeon strain as well as the
chicken strains replicated in a wide variety of tissues,
since RNA was identified in all eight investigated tis-
sues. High viral RNA levels were detected in the
sinus, trachea, and lungs, suggesting virus replication
is occurring in those tissues. Additionally, high
amounts of viral RNA were also detected in a broad
range of tissues, especially in the digestive tract but
also in the testis and kidney. Interestingly, no signifi-
cant histopathological change in the gastrointestinal
tract could be observed, despite long-term shedding
of high viral RNA loads as previously noted (Ambali
& Jones, 1990; Raj & Jones, 1997; Benyeda et al.,
2009; Benyeda et al., 2010).

Similarly to a previous study (Barr et al., 1988), our
pigeon-67T strain induced a higher humoral immune
response compared to the chicken-801, chicken-810,
and control groups. On the other hand, the low anti-
body levels detected in the chicken-801 and chicken-
810 groups might be due to a different cross-reaction
with the antigen used in the ELISA. A previous study
also showed a low antigenic relationship by virus neu-
tralization due to 25% divergence of the Mass and Bra-
zilian variant lineages in their S1 amino acid sequences
(Chacon et al., 2011).
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The use of live vaccines can result in reversion of
virulence (Jackwood & Lee, 2017) and reports indicate
the circulation of vaccine strains in wild birds (Sun
et al, 2007; Domanska-Blicharz et al, 2014). The
AvCoV strain isolated from a pigeon was able to cause
clinical signs, gross lesions in the trachea, ciliostasis,
and histopathological changes. Similar findings, except
for additional kidney gross lesions, were observed in
chickens infected with Brazilian variants as expected.
RT-PCR detected viral RNA in eight different tissues
after infection with the three AvCoV isolates. Our results
suggest that non-Galliformes birds can also play an
essential role in the ecology of AvCoV, mainly due to
the high genetic diversity of AvCoV.

Ethical approval
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