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Recombinant turkey coronavirus: are some S gene structures of
gammacoronaviruses especially prone to exchange?
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ABSTRACT The objective of the present study was to
characterize the atypical turkey coronavirus strain
detected in a commercial meat turkey farm in Poland.
Using the viral metagenomics approach, we obtained a
complete genome sequence of coronavirus, isolated from
duodenum samples of animals suffering from acute en-
teritis. The nearly full-length genome consisted of 27,614
nucleotides and presented a typical genetic organization
similar to that of Polish infectious bronchitis virus (IBV)
or French turkey coronavirus/guinea fowl coronavirus
strains. Phylogenetic analysis based on both the full-
length genome and the whole S gene suggested that
gCoV/Tk/Poland/G160/2016 is related to turkey and
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guinea fowl coronavirus and not IBV strains. Sequence
analysis of the genome revealed unique genetic charac-
teristics of the present strain, demonstrating that the
virus emerged as a result of the exchange of the S gene of
IBV GI-19 lineage with the S gene related to the North
American turkey coronaviruses and French guinea fowl
coronaviruses. Analysis of earlier, similar recombinations
suggests that both the S gene structures may be partic-
ularly mobile, willingly switching between different
gammacoronavirus genomic backbones. The identified
recombinant caused a severe course of the disease, which
may imply that it is in the first phase of breaking the
barriers between different bird species.
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INTRODUCTION

Members of the Orthocoronavirinae subfamily in the
Coronaviridae family and the Nidovirales order are
enveloped viruses with a positive-sense, single-strand,
nonsegmented RNA genome of approximately 27–
32 kb in size. This subfamily consists of 4 genera—
Alphacoronavirus, Betacoronavirus, Gammacoronavi-
rus, and Deltacoronavirus. Only gammacoronaviruses
and deltacoronaviruses infect bird species, but some of
them can also infect mammals (Cui et al., 2019).
Currently, 2 of the existing 3 Gammacoronavirus subge-
nera—Igacovirus and Brangacovirus—were identified in
birds, and the third—Cegacovirus—is identified in a ma-
rine mammal, beluga whale (SW1 virus) (ICTV 2020).
The main representative of avian coronavirus (ACoV)
species of the Igacovirus subgenus is the infectious
bronchitis virus (IBV). This is the first coronavirus
discovered in the world since the disease was described
in 1931, with viral etiology confirmed 5 yr later
(Schalk 1931; Beach and Schalm 1936). Subsequent
members of ACoV are turkey coronavirus (TCoV) and
guinea fowl coronavirus (GfCoV) (Jackwood et al.,
2010; Liais et al., 2014).

Infectious bronchitis virus is a highly contagious virus
responsible for respiratory diseases, nephritis, reproduc-
tive disorders, and sometimes digestive tract disorders in
chickens. Despite the research on the virus that has been
carried out for over 84 yr and the availability of many
live attenuated and inactivated vaccines, the disease still
causes large economic losses in the poultry industry
worldwide (de Wit et al., 2011; Jackwood 2012; Jordan
2017). The disease of young turkeys was first identified
in the 1970s of the last century in the USA, where for
years, it was known as blue comb disease, as mud fever,
or more recently as turkey coronavirosis (Guy, 2013).
Turkey coronavirus is responsible for enteritis called
poult enteritis complex or a more acute form of enteritis
known as poult enteritis mortality syndrome. In Europe,
the first TCoV was isolated in 2008 from turkey poults
exhibiting clinical signs compatible with poult enteritis
complex (Maurel et al., 2011). Guinea fowl coronaviruses
were identified for the first time in 2011 in France as the
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causative agent responsible for peracute enteritis called
fulminating disease (Liais et al., 2014).

Avian coronaviruses have similar phylogenetic rela-
tionships and genomic structures. Their genome consists
of 15 nonstructural proteins encoded by open reading
frame (ORF) 1a/b at the 50-end, followed by the struc-
tural proteins spike (S), envelope (E), membrane (M),
and nucleocapsid (N) encoded by other ORF at the 30-
end. This part of the genome also encodes a few low-
molecular-weight accessory proteins whose number and
nature vary depending on the species and even the
ACoV strain. These proteins would be 3a, 3b, 4b, 4c,
5a, and 5b, although TCoV, GfCoV, and some IBV
strains also have an ORF NS6 located downstream of
the nucleocapsid protein encoding the 6b protein
(Maurel et al., 2011; Ducatez et al., 2015; Brown et al.,
2016; Domanska-Blicharz et al., 2020). In addition to
their similar genome structure, these strains also have
a close genetic relationship as nucleotide similarity of
whole genomes between TCoV/GfCoV and IBV strains
is higher than 86%. The most different part of the
genome between these viruses is the S gene that shares
at most 36% identity (Jackwood et al., 2012; Brown
et al., 2016). Deep molecular analysis suggests that
TCoV and GfCoV might emerge from recombination
events between IBV and another unknown coronavirus,
the donor of the S gene (Jackwood et al., 2010; Brown
et al., 2016). Moreover, a comparison of the full-length
genomes of the only European (French) and North
American TCoV strains indicates that they would
have different evolutionary pathways in North America
and Europe (Brown et al., 2016). The different S genes
affected the tropism of the virus as acquiring such a
structure of this gene caused an affinity switch from
the respiratory/renal system observed in the case of
IBV to the digestive system in the case of TCoV/GfCoV
(Wickramasinghe et al., 2015; Bouwman et al., 2019).

The presence of IBV was identified for the first time in
the chicken population in Poland at the end of the 1960s,
and then, a few waves of epidemics caused by different
IBV variants appeared every 8–11 yr: GI-1 in 1988,
GI-13 in 1997, GI-19 in 2004, and GI-23 in 2015. During
this period, IBV strains described as unique early Polish
variants and recombinants were also detected
(Domanska-Blicharz et al., 2020). In turn, the preva-
lence of TCoV in the Polish turkey population was esti-
mated at the level of about 6.5%. The S gene structure of
Polish TCoV was similar to other French/European
TCoV. So far, no viruses similar to GfCoV have been
detected. The objective of the present study was to char-
acterize the atypical TCoV strain detected in a Polish
turkey farm.
MATERIALS AND METHODS

Flock and Sample Collection

The meat turkeys (Big6) in the number of 29,042 fe-
males were reared in a commercial farm consisting of 2
houses. In the hatchery and on their 22nd day of life,
the turkeys were vaccinated against turkey rhinotrachei-
tis (Poulvac TRT; Zoetis Sp. z o.o., Warsaw, Poland) by
spray. In addition, birds were immunized for the third
time against turkey rhinotracheitis using the vaccine
Aviffa RTI (MERIAL S.A.S., Lyon, France) on day 63
and against Newcastle disease using the vaccine Cevac
Vitapest L (Ceva Sant�e Animale, Libourne, France) on
day 71 via drinking water. In June 2016, an increase in
mortality (on the 21st day of age in the first house and
28th day in the second house) began to be observed,
which lasted for 4–5 wk. In the beginning, about 100–
130 birds per week were found dead, but 2 wk later, on
the turkeys’ 35th day of life, this number increased
dramatically to over 1,000 birds per week. Later on,
the mortality of birds began to decline, and 3 wk later,
it reached 20–30 birds per day (Figure 1A). Infected
birds were apathetic and stunted (Figure 1B). In addi-
tion, they showed ruffled feathers and reduced feed and
water intake, and their feces were watery and foamy
with a greenish brown color, which sometimes contained
mucosal fragments and urates. The consequence of the
birds’ diarrhea was dehydration. There was also a distur-
bance in thermoregulation—birds gathered around a
heat source and clumped into groups. The postmortem
examination of dead turkeys at the farm mainly revealed
swollen, congested but sometimes also pale and thin-
walled intestines, which were filled with gasified, watery
content (Figure 1C). The total mortality rate was 21.6%.
The overall performance of the turkey flock has deterio-
rated because the BW of the 15-wk-old bird was reduced
by 4% (8.9 kg), with a 2.5% higher feed conversion rate
(2.6 kg/kg of BW). Fragments of the duodenum
collected from several (4–5) birds at 5, 9, and 14 wk of
age were sent to the laboratory for testing.
RNA Extraction and Molecular Methods

Samples delivered to the laboratory were kept refriger-
ated until testing. They were grounded and suspended
(w/v) in phosphate-buffered saline. The suspensions
were centrifuged at 3,000! g for 15 min, and 200 mL
of the obtained supernatants was used for nucleic acid
isolation, which was carried out using the QIAamp cador
PathogenMini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. Few different molecular as-
says were applied for detection of viruses regarded as
those that are mainly responsible for enteritis in turkeys.
Real-time reverse transcription PCR (RT-PCR) was
carried out as previously described for the amplification
of a 143-bp 50-UTR fragment of the coronavirus of the
Igacovirus subgenus (Callison et al., 2006). The presence
of astroviruses was detected by RT-PCR aimed at the
RNA-dependent RNA polymerase gene fragment
(Tang et al., 2005). For parvovirus identification, the
amplification of NS1 of the Aveparvovirus gene was
applied (Zsak et al., 2009). The amplification of the high-
ly conserved NSP4 gene region was used for rotavirus A
detection (Day et al., 2007). We also applied a set of
primers previously used for S gene amplification of Euro-
pean TCoV (Maurel et al., 2011). In addition, Illumina



Figure 1. Disease symptoms of turkeys recordedin the infected flock: (A)mortality course observed for a 16-wk period; (B) turkey stunting noted at
10 wk of age; (C) changes in intestines observed during necropsy of dead turkeys: swollen and congested intestines.
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MiSeq technology (Illumina Inc., San Diego) offered by
the Department of Microbiology, National Veterinary
Institute (SVA), Uppsala, Sweden, was applied for com-
plete genome amplification. Shortly, 180 mL of the
filtered supernatant was treated with 20 mL of TURBO
DNAse (Invitrogen, Waltham) and 2 mL of RNase One
(Promega, Madison) at 37�C for 30 min. RNA was
extracted from 200 mL of the treated supernatant using
a combination of TRI (Sigma, Darmstadt, Germany)
and Direct-zol RNA MiniPrep (Zymo Research, Irvine)
and eluted in 30 mL of DNase/RNase-free water. The
first-strand synthesis was performed using the Super-
script IV First-Strand cDNA Synthesis Kit (Invitrogen,
Waltham) according to the manufacturer’s instructions.
After treatment with RNase H at 37�C for 20 min, the
second-strand synthesis was performed with the addi-
tion of the Klenow fragment (New England Biolabs, Ips-
wich) to the first-strand cDNA. The reaction was run at
37�C for 1 h before a 10-min termination step at 75�C. A
DNA library was prepared using a Nextera XT sample
preparation kit (Illumina Inc., San Diego) and then vali-
dated and quantified using a Bioanalyzer (Agilent,
Santa Clara). Sequencing was performed on a MiSeq in-
strument using the MiSeq Reagent kit v3 (Illumina Inc.,
San Diego), according to the manufacturer’s
instructions.
Molecular Data Processing

The sequencing data were processed using the CLC
Genomics Workbench (Qiagen, Hilden, Germany). The
sequencing reads were trimmed based on quality and
de novo assembled into contigs, with which BLAST (Na-
tional Center for Biotechnology Information, Bethesda)
against a virus database was performed to identify
matching virus species. The reads were also mapped to
the available reference sequences, and then, the
consensus sequence was extracted. The phylogenetic
analysis of the complete genome was conducted to inves-
tigate the relationship of the obtained virus with
different coronaviruses downloaded from GenBank
including North American and French TCoV, GfCoV,
and numerous IBV from different regions such as
Poland, the USA, China, and Korea. For a comparison
of S genes, more available sequences of avian gammacor-
onaviruses detected in turkeys, guinea fowl, and chickens
were included. Multiple sequence alignments were gener-
ated using the Geneious 2020.1.1 program (Biomatters
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Ltd., Auckland, New Zealand), and the percentage of
nucleotide and amino acid sequence similarities was
assessed using the same software program. Phylogenetic
trees of the S gene and the complete genome were gener-
ated from the aligned nucleotide sequences using the
maximum likelihood method inMEGA version 7 (Molec-
ular Evolutionary Genetics Analysis, Pennsylvania) us-
ing the best-fitting nucleotide substitution models.
Bootstrap analyses of the resultant trees were performed
using 1,000 replicates (Tamura et al., 2013). To detect
any recombination events, the complete genome of the
detected TCoV, and selected the most similar sequences
were analyzed using 9 different methods available in
RDP package version 4 (Center for Microbial Ecology,
Michigan; RDP, GENECONV, BootScan, MaxChi,
Chimaera, SiScan3Seq, LARD, and PhylPro) (Martin
et al., 2015). Only the recombination events identified
by at least 3 methods with a P-value lower than 1.0 !
10E-30 were considered true. In addition, to visualize
the similarity of particular fragments of the genome to
different gammacoronaviruses, SimPlot version 3.5
(Phylip; https://bio.tools/simplot) analysis was also
conducted. In all analyses performed using both software
programs, the window and step sizes of 200 and 20,
respectively, were used.
RESULTS

Molecular Investigation

Astroviruses, parvoviruses, and rotaviruses A were
not identified, whereas real-time RT-PCR results for
specimens from all 3 sampling times revealed the pres-
ence of gammacoronavirus. However, the threshold
values obtained for samples collected from 5-, 9-, and
14-wk-old turkeys were different (16.7, 30.5, and 33.9,
respectively). Unfortunately, the conventional molecu-
lar methods used to determine the S gene sequence of
the detected coronavirus failed to produce the expected
amplicons, despite the large amounts of virus indicated
by the low Ct values obtained from 5-wk-old turkeys.
The virus detected in 5-wk-old birds was named gamma-
CoV/Tk/Poland/G160/2016 and further processed for
whole-genome sequencing.

Genome Organization and Phylogenetic
Analysis

The nearly full-length genome consisted of 27,614 nu-
cleotides and began from 50-UTR, followed by 2 large
ORF that encode polyproteins 1a (pp1a) and 1b
(pp1b), then ORF S, 3a, 3b, E, M, 4b, 4c, 5a, 5b, N,
and 6b, and ending with 30-UTR (Table 1). The phylog-
eny based on the complete genome sequence revealed
that the gCoV/Tk/Poland/G160/2016 strain was in
the same branch of the phylogenetic tree as gammacoro-
naviruses isolated from turkeys and guinea fowl, which
was different from IBV (Figure 2A). The full-length
nucleotide genome of gCoV/Tk/Poland/G160/2016
had the closest similarity to the genome of GfCoV/



A
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Figure 2. Phylogenetic analysis of (A) the complete genomes and (B) the S gene of gammacoronaviruses constructed using MEGA.
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FR/2011 at the level of 89.3%. The next gammacorona-
viruses with high similarity to gCoV/Tk/Poland/G160/
2016 were North American TCoV, with a nucleotide
sequence identity of 88.1–88.7%. The nucleotide identi-
ties with IBV strains ranged from 79.5 to 86.9% with
CK/CH/XDC-2/2013 and gammaCoV/Ck/Poland/
G195/2012, respectively. The homology to the whole
genome of the Chinese ahysx-1/2016 strain was 81.4%.
Similar alignment was obtained in the S gene
phylogenetic tree, with gCoV/Tk/Poland/G160/2016
being the most closely related, with 83.5–84% nucleotide
identity to GfCoV/FR/2011 and other French GfCoV
strains from 2014–2016 (Figure 2B). The next gamma-
coronaviruses with high similarity to gCoV/Tk/
Poland/G160/2016 were North and South American
TCoV strains, with the nucleotide sequence identity be-
tween 77.4 and 80.2%. In turn, the studied strain showed
lower identity to Italian quail coronavirus and French
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Table 2.Confirmation of the recombination event in the genome of
the gCoV/Tk/Poland/G160/2016 strain.

Methods Average P-value, E-10 (10N1)

RDP 3.038E-159
GENECONV 2.664-173
BootScan 1.639-123
MaxChi 1.312-55
Chimaera 4.558-33
SiScan 4.164-83
3Seq 1.165-14

Average P-values obtained in the 7 methods available in RDP software.
1Exponent in scientific notation.
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TCoV, at the level of 74.7 and 62.9–63%, respectively.
The only IBV with a higher identity of 76.6% to the
gCoV/Tk/Poland/G160/2016 strain was the Chinese
ahysx-1/2016 strain, but the homologies of the other
IBV strains that were compared were much lower, at
the range of 45.6–46.1%.
Recombination Analysis

Recombination analysis of aligned full-length gamma-
coronavirus sequences was performed to assess if the
analyzed Polish TCoV strain is a recombinant. Our anal-
ysis spotted only one recombination event that meets
previously set conditions as it was supported by 7
different methods, with a very good global KA P-value
of 3.29E2173 (Table 2). This recombination occurred
between the Polish IBV gCoV/Ck/Poland/G195/2012
strain (major parent) and Gf/F/2011 (minor parent),
with the breaking point at the nucleotide position
20,099 and the end point at the nucleotide position
23,799. We confirmed this recombination event via Sim-
plot analysis (https://bio.tools/simplot; Figure 3).
Figure 3. Bootscan analysis of the recombination event based on pair
DISCUSSION

We report the identification of a gammacoronavirus in
turkey flock suffering from acute enteritis. Molecular fea-
tures of this coronavirus, the probable genesis of its
origin, and also the course of the induced disease seem
to be interesting. Generally, the overall length and struc-
ture of the Polish TCoV genome are similar to those of
Polish IBV strains or French TCoV/GfCoV. Phyloge-
netic analysis based on both the full-length genome
and the whole S gene suggested that gCoV/Tk/
Poland/G160/2016 is related to TCoV and GfCoV
and not IBV strains. It branched in the cluster of Euro-
pean TCoV/GfCoV in the phylogenetic tree constructed
on the whole-genome sequences analyzed in this study.
In turn, the phylogenetic tree based on the whole S
gene showed that gCoV/Tk/Poland/G160/2016 clus-
tered closely with GfCoV and North American TCoV
strains and separately from European TCoV. The
recombination event was detected within the genome
of the Polish TCoV strain, with predicted recombination
points in 1b just before S and at the S end, clearly indi-
cating that the S gene is the mobile fragment inserted
into its genome. A member represented by Polish IBV
of GI-19 lineage gCoV/Ck/Poland/G195/2012 was
identified as the major potential parent and a member
represented by GfCoV as the minor probable parent.
Similar recombination positions were already previously
reported by Ducatez et al., 2015, Brown et al., 2016, and
Wang et al., 2020. Wang et al. (2020) stated that the
IBV strain ahysx-1/2016 is a recombinant of Chinese
IBV Ck/CH/LLN/131040 and North American TCoV
strains. In turn, Brown et al., 2016 suggested that
French TCoV 080385d and GfCoV/2011 strains are
recombinants of European IBV ITA/90254/2005 and
wise distance, modeled with a window size of 200 and step size of 20.
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different donors of the S gene, unknown in the case of the
TCoV 080385d strain and related to North American
TCoV in the case of GfCoV/2011. A thorough analysis
of these recombinations indicates some common fea-
tures. First of all, major parents—donors of the genome
backbone of resultant recombinants—were IBV locally
circulating in these regions. But interestingly, all 3
parental IBV strains (Italian ITA/90254/2005, Chinese
Ck/CH/LLN/131040, and Polish gCoV/Ck/Poland/
G195/2012) belonged to the GI-19 lineage (Brown
et al., 2016; Wang et al., 2020). This observation may
suggest the exceptional lability of the S gene of this
IBV lineage, which has the property of being easily
switched with an analog equivalent from other donors.
Moreover, suchlike easy transfer property seems to
have the S gene related to North American TCoV. A
pool of such genes seems to circulate widely—in North
and South America, Europe, and Asia (Jackwood
et al., 2010; Moura-Alvarez et al., 2014; Ducatez et al.,
2015; Wang et al., 2020). These S genes acquired from
the recombination event are a driving force for changes
of pathogenicity, host specificity, and tissue tropism,
later on, undergoing genetic changes, which give viruses
a further better adaptation for the new host. Full adap-
tation requires the virus to be “attenuated” so that it
does not kill the host too quickly and provides a perma-
nently persistent transmission chain. The examples of
well-adapted pathogens are low pathogenic avian influ-
enza viruses in waterfowl (Olsen et al., 2006). In this
aspect, it seems interesting to track the severity of the
disease in the animals in which coronaviruses with the
North American S gene have been identified.
The coronavirus with the S gene similar to North

American TCoV was the ahysx-1 strain identified in
November 2016 in apparently healthy chickens in a com-
mercial chicken farm in Anhui province, China (Wang
et al., 2020). It cannot be ruled out that such well-
adapted viruses to chickens are similar to the ahysx-1
strain. To date, no report of similar coronaviruses in
chickens exists, but it may be due to diagnostic short-
comings that prevent reliable detection of a very diverse
S gene of IBV. The ahysx-1–like IBV jumped to the tur-
keys and mutated. In field cases, such changed TCoV are
generally detected in flocks affected by enteric diseases,
sometimes accompanied with increased mortality, but
it depends on the age of infected birds, concurrent infec-
tion, and management practices. On the other hand,
some reports pointed out the prevalence of TCoV in
healthy flocks. In experimental studies, disease symp-
toms are milder with moderate growth depression and
negligible mortality. The Italy/Elvia/2005 strain similar
to North American TCoV was detected in 2005 in
diseased quail (Coturnix coturnix) flocks reared for
restocking purposes (Circella et al., 2007). Affected birds
showed depression, severe diarrhea, dehydration,
reduced growth, and 5–10 or 70% mortality in adult
and young birds, respectively. The presence of gamma-
coronavirus with North American TCoV–like S in
guinea fowl was associated with a condition called fulmi-
nating disease as infected birds showed very acute
enteritis: severe prostration, a dramatic decrease in wa-
ter and feed consumption, and daily mortality of up to
20%. Similar disease symptoms were also reproduced un-
der laboratory conditions (Liais et al., 2014). Subsequent
French GfCoV strains identified in field cases of fulmina-
tion disease in 2014 had the altered S gene, resulting in a
higher affinity to guinea fowl coronavirus receptor bind-
ing. This phenomenon most probably reflects the process
of the virus’s adaptation to this bird species (Bouwman
et al., 2019). The symptoms observed in the Polish
turkey flock seem to be similar to those observed in
guinea fowl flocks in France infected with GfCoV. The
severe course of the disease is usually identified as the
first phase of breaking the interspecies barrier and indi-
cates incomplete adaptation of the pathogen to the
host. It would be extremely interesting to accurately
trace the course of the disease and concomitant changes
of the virus genome during several passages through the
organisms of various bird species. Unfortunately, the
main barrier in these types of studies is the problem
with virus propagation in in vitro models.

In conclusion, we identified a recombinant TCoV strain
from heavily diseased turkeys. Recombination analysis
showed that this virus emerges as a result of the exchange
of the S gene of GI-19 IBV lineage, with the S gene related
to the North American TCoV and GfCoV lineage. Anal-
ysis of earlier, similar recombinations suggests that both
the S gene structures may be particularly mobile, willingly
switching between different gammacoronavirus genomic
backbones. The identified recombinant caused a severe
course of the disease, which may imply that it is in the first
phase of breaking the barriers between different bird spe-
cies. Understanding the mechanism of coronavirus jump-
ing and adaptation to the new host is also key in the
aspect of the current severe acute respiratory syndrome
coronavirus 2 pandemic.
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